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SUMMARY

The contractile action of angiotensin upon smooth muscle
preparations has been studied to try and elucidate the mechanism of
action of angiotensin. To distinguigh between the primary interaction
of angiotensin with the smooth muscle cells and the resulting
contraction, responges to acetylcholine were also measured.

On guinea-pig ileum, angiotensin responses were found to be
more sugceptible to metabolic inhibition than acetylcholine responses
and this suggested that the angiotensin response might invelve an
energy dependent step. In further experiments it was shown that this
energy dependent mechanism was associated with the direct component
of angiotensin's action in this tissue. However, the existence of
an indirect, cholinergic mechanism was a complicating factor and the
investigation was therefore extended to rat descending colon and rat
uterus where the action of angiotensin was wholly direct.

Conditions which had revealed the energy dependent mechanism
on guinea~pig ileum failed to affect these preparations and the use
of more severe conditions produced an equal reduction of responses
to acetylcholine and angiotensin, the magnitude of which varied from
tigsue to tissue. A study of the carbohydrate metabolism of these
tissues revealed differences both between tissues and during the
course of the ocestrous cycle which explained the observed variation
in tissue responses during metabolic inhibition. The energy dependence
of the angiotensin response was demonstrated by the use of 244~
dinitrophenol, a more specific metabolic inhibitor, and this confirmed
that energy was required for the direct interaction of the hormone with
the smooth muscle cells. The possible role of a mediator in thig action

of angiotensin was investigated but from preliminary experiments, it



appeared that neither cyclic AMP nor prostaglandins were involved.
Although the nature of the energy dependent mechanism has not

been elucidated it seemsa that it may involve the movement of inorganic

ions. Thege findings are related to a possible mechanism of aclion

for angioctengin.
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INTRODUCTION

GENTFRAL INTRODUCTION

The term hormone was first used by Starling in 1905 to describe
secretin and gastrin but it was initially suggested by W. B. Bardy.
Derived from the Greek (I excite), it is used to describe those cellular
secretions which constitute the second regulatory system in higher
animals. Hormones act at specific sites but in contrast to the nervous
system, there is no direct connection between the region of secretion
and the site of action. They are transported in the body fluids,
usually the blood, and can therefore act at several sites within the
organism where they bring about changes to integrate and co-ordinate
cellular function.

The currently accepted hypothesis of hormone action involves
an initial hormone-~receptor interaction which congtitutes the first
step in a chain of cellular processes leading to the physiological
response. Receptor sites are believed to be macromolecular components
of finite number which possess a genetically deftermined structure and
are capable of specific recognition and interaction with hormones with
a high degree of specificity and affinity. It is possible to divide
hormones into two groups on the basis of their site of action; the low
molecular weight steroid hormones which act at intracellular recepior
sites and the high molecular weight peptide hormones which act at
receptors located on the cell membrane (Rasmusscn, 1969). The adrenal
cortical hormone aldosterone is an example of a steroid hormone and has
been shown to be localised in the cell nucleus wiere it is thought to
stimulate the synthesis of a specific type of m-RNA. It is hglieved
that specific proteins are induced which in some way alter the cells
permeability to sodium, although there is contrcversy over the precise

mechanism (see reviews by Sharp & Leaf, 19663 Fanestil, 1969).



The ability of steroid hormones to penetrate the cellular
membrane allowes a direct interaction with intracellular structures.
In contrast, peptide hormones act at the cell membrane and therefore
have an indirect effect upon the intracellular environment. Peptide
hormones may affect enzyme reactions at the plasma membrane with
a consequent alteration in the trans-membrane movement of essential
substances or they may exert an allosteric effect upon the membrane
resulting in a molecular rearrangement. Alternatively, the action of
the hormone might be mediated via an intermediate compowmnd, or
messenger, whose formation or destruction is influenced by the hormone.
This second messenger hypothesis was proposed by Sutherland and co-
workers (Sutherland, Oye & Butcher, 1965) following a study of the role
of cyclic AMP in a number of hormone-target systems. They suggested
that hormones cause a change in the level of intracellular nucleotide
which alters the metabolic behaviour of the cell and in so doing,
translates the information originally contained in the hormone. The
intracellular concentration of cyclic AMP has been shown to be controlled
by two enzymes, adenyl cyclase which catalyses its formation from ATP
(Sutherland, Rall & Mennon, 1962; Rall & Sutherland, 1962) and
phosphodiesterase which catalyses its hydrolysis to S5-AMP (Butcher
& Sutherland, 1962) and since adenyl cyclase has been shown to be
membrane bound, it has been suggested as the target site for hormonss.
Each hormone must act at a site which is specific for that hormone and
which is located prior to the point of stimulation of adenyl cyclase.
Combined with the specificity conferred by the differeﬁoe in the
individual tissues response to adenyl cyclase, this explains the ability
of adenyl cyclase to act as a 'Universal Messenger' for tissue-hormone
interactions (Rasmussen, 1970). Further, it raises the interesting
possibility that a single hormone may produce a variety of effects in

different tissues through a common mode of actione.



Since 1965, cyclic AMP has been implicated in the action of
many peptide hormones (reviews: Birnbauer, Pohl, Krans & Rodbell,
19703 Sutherland & Robison, 1966; Robison, Butcher & Sutherland,
1965 and 1968; Sutherland, Oye & Butcher, 19653 Rasmussen,.l970), and
gsome steroid hormones (Singhai, 1973). However, not all peptide
hormones have been shown to act in this way and furthermore, it has
become apparent that the role of cyelic AMP is far more complex than
was originally envisaged by Sutherland and co-workers. Many hormones
thought to act by increasing imiracellular cyclic AMP have been shown
to increase the release of prostaglanding from their target tissues
(Ramwell & Rebinovitz, 19713 Butcher, 1970) and this has led to the
suggestion that prostaglandins may be imvolved in hormone action.
Several workers have proposed that prostaglandins might constitute
a negative feedback mechanism by inhibiting adenyl cyclase and thereby
terminating hormone action (Bergstirom, 1967; Herton, 1969; Butcher,
19703 Ramwell & Shaw, 1967). An alternative hypothesis is that some
peptide hormones may act primarily upon the release of prostaglandins
which in turn aptivatea adenyl cyclase and increases intracellular cyclic
AMP conoentration (Kuehl, Humes, Cirille & Ham, 1972 ). Both mechanisms
are highly controversial and have to be reconciled with the observation
that prostaglandins can both increase and decrease intracellular cyolic
AVP depending upon the tissue (Ramwell & Rabincwitz, 19713 Butcher, 1970;
Kuehl et 21, 1972). An interesting recent development in hormone
research has been the suggestion that cyelic GHP may be involved in
promoting cellular events that oppose those believed to be mediated via
inereased intracellular levels of cyclic AMP (H:.ddem, Hadden, Haddox
& Goldberg, 19723 Goldberg, Haddox, Hartle & Hacdden, 19733 Hogan &
Shields, 1974). Thus the action of a hormone miy be a result of its
effects upon the synthesis of the mutually antaconistic nucleotides,

oyclic AMP and cyelic GMP.
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In the present study an attempt has been made to elucidate
the mechanism of action of the peptide hormone angiotensin. Early
interest in angiotensin centred upon its pressor action and this
resulted in extensive investigations of ites contractile action upon
isoiated emooth muscle preparations. More recently, however, it has
been recognised that angiotensin has an important role in sodium and
water homeostasis which is probably of greater physiological
significance than the contractile action. The present study has
evolved from an interest in the action of angiotensin upon transepithelisl
sodium and water movement in isclated sacs of mammalian inteatiné.
Attempts to extend these investigations and elucidate the mechanism
of action of angiotensin have proved difficult éue to the lack of an
adequate method for controlling experiments on this preparation. In
the absence of other agents which stimulate sodiuvm trangport it hss
been necessary to compare the inorement in transport produced by angio-
tensin with the basal transport, the mechanism of which is alsc unknowne.
In the present study the contractile action of angiotensin has been
compared with an agonist of known mode of actiom. It was hoped that,
using this approach, it would be possible to separate an initial
interaction of the hormone with the plasma membrane from the resulting
activation of the contractile mechanism. A primary aim of this investigation
has been to determine whether the contractile action of angiotensin

might be related to the actions of the hormone upon ion movement.,
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INTRODUCTION TO THE LITERATURE REVIEW

The present study has involved an investigation of the mode of
action of the hormone angiotensin upon isolated smooth muscle
preparations and it is therefore relevant to review our knowledge of
the biochemistry and physiological importance of this hormoﬁa together
with our present knowledge of ité mode of action. The literature on
the contractile action of angiotensin and the mechanism of smooth
muscle contraction has been reviewed in greater detail. A survey of
gtudies on the metabolic requirements of smooth muscle contraction
has been included since the present investigation has involved a study
of the energy requirements of the angiotensin response. Particular
emphasis has therefore been placed upon studies of the energy

requirements of individual spasmogens.

The literature review has been presented in four main parts:

1. The renin-angiotensin system and the hormone angiotensin.

The biochemistry and physiological role of angiotensin.

2. The mechanism of smooth muscle contractiszn ineluding the

energy requirementse.
3. The contractile action of angiotensin upon smooth muscle.

4. Other investigations of the mode of actiin of angiotensin.



1. THE RENIN-ANGIOTENSIN SYSTEH AND THE HORMONE ANGIOTENSIN

The endoorine role of the kidney was first recognised by
Tigerstadt and Bergmann (1898) who discovered that crude saline
extracts of rabbit kidney produced a pressor response in un-
anaesthetised rabbits. They named the active principal in the extract
renin. Many years elapsed befofe this obaservation was extended but
following increased interest in the 1930's, Page and Helmer (1940)
and Braun-Menendez et al (1940) demonstrated that renin was an enzyme
producing its effect by the production of a small molecule, subsequently
named angiotensin (Braun-Menendez & Page, 1958).

The biochemistry of the renin-angiotensin system has been
extensively reviewed (Peart, 1965; Page & McCubbin, 1968; Lee, 19693
Mulrow & Goffnet, 19693 Gross, 1971). Renin is a proteolytic enzyme
which is stored and released from the juxta —glomerular cells of the
kidney and it acts on an alpha-2 globulin substrate to produce angio-
tensin I, a decapeptide. The physiologically active hormone is
angiotensin II, an octapeptide, which is produced from angiotensin
I by means of converting enzyme found in the plasma. In the remainder
of this thesis, the term angiotensin will be used to denote the
octapeptide and only brief mention will be made of the decapeptide
which will be specifically denoted as angiotensin I. The change of
angiotensin I to angiotensin II has been shown to entail the enzymic
removal of two aminoacids, leucine and histidine from the C terminal
end of the peptide. More, recently converting enzyme has been
discovered in the lung (Ng & Vane, 1967 and 1968) and it has been
sugzgested that this may be the major site for conversion.

The structure of angiotensin was elucidated in 1956 (E11liot& Peart,
19653 Skeggs ot al, 1956) and it was synthesised the following year
(Schwarz, Bumpus & Page, 19573 Schwyzer, Iselin, Kappeler, Riniker,

Rittel & Zuber, 1957). Angiotensin is rapidly removed from the



cireulation by the tissuves snd by a number of related polypeptidases
known as angiotensinases which occur in the plasma. A complete
reaction scheme for the formation and destruction of angiotensin has
been summarized by Gross (1963).

Many studies have been made of the physiological rgle of the
renin-angiotensin system and it has generally been assumed that the
action of renin is solely through release of angiotensin (Groes,
1971). Renin production and release is stimulated by a reduction
in renal blood flow or perfusion pressure, by a reduction in the
blood volume and by a reduction in the renal sodium load. (see
reviews by Lee, 19693 Davis, 1967 and 1971; Mulrow & Goffnet, 19693
Gross, 1971). Generally, acute stimuli result in increased renin
release whereas chronic or repeated stimuli have an additional effect
upon synthesis and storage.‘ Several control mechanisms have been
suggested for renin. The sympathetic nervous system has some influence
and may act as a fine control of release. Enhanded sympathetic tone
increases renin release and in addition, a diurnal variation in renin
:elease has been shown to parallel the diurnal variation in sympathetic
tone (Gordon, Kuchel, Liddle & Island, 1967). Two other mechanisms
have been suggested for the control of renin release. In the
baroreceptor or stretch hypothesis, the receptor is located in the
afferent glomerular arteriole and responds to decreased stretch of the
vascular wall by causing increased renin secretion. This hypothesis
was first suggested by Braun-Menendez (1946) and Goormaghtigh (1944)
and has been developed by Tobian (1960). The macula densa theory, on
the other hand, is that renin secretion responds to alteration either
in sodium load or in sodium concentration at the macula densa. MNore
recently it has been suggested that the control mechanism may involve
both types of receptors (Blaine, Davis & Harris, 1973). Angiotensin

has been shown to inhibit the release of renin and this has been



attributed to a direct action upon the juxta-glomerular cells (Shade,
Davis, Johnson, Gotshall & Spelan, 1973) which is calcium dependent
(Ven Dongen & Peart, 1974). This provides a negative feedback control
system to work in unison with the positive stimnlatory pathwayse

Angiotensin was first recognised by its pressor actﬁon in the
intact animal and has since hean'revealed ag a constrictor agent several
times more potent than adrenaline (see reviews bys Gross, 19713 Whelan,
Seroop & Walsh, 19695 Lee, 1969) . Angiotensin causes a sustained
contraction of most isolated smooth muscle preparations and the
literature relating to this action will be reviewed in greater detall
at a later stage. However, the role of angicfensin in the maintenance
of blood pressure remasins obscure despite several decades of intensive
research and there is still considerable doubt as to the importance of
the renin-angiotensin system in the aetiology of clinical hypertension
(Reviews: Lee, 19693 McCubbin & Page, 19683 Larazh, Boer, Brunner,-
Buhler, Sealey & Vaughan, 1972; Peart, 1971). In contrast, there is
increasing evidence for an involvement of angiotensin in the control
of sodium and water homeostasis and thus of intravascular volume.
Furthermore, actions of angiotensin upon the adrenal cortex and upon
the kidney are observed with physiological concentrations of the hormone
whereas smooth muscle contraction is only observed with higher
concentrationse.

Angiotengin has been shown to effect the producfion and release
of aldosterone. The first suggestion that aldosterone secretion was
controlled by a humoral factor other than ACTH or plasma electrolytes
was made in 1959 (Yankopoulas, Davis, Kliman & Peterson, 19593 Denton,
Goding & Wright, 1959) and the factor responsiblc was named aldosterone
gtimulating hormone (ASH). In a series of ablation experiments,

J.0. Davis and co-workers demonstrated that the source of the ASH was

the kidney (Davis, 1960; Davis, Carpenter, Ayers, Holman & Bahn, 1961).
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At the same time two groups reported that intravenous angiotensin in
man stimulated aldosterone secretion (Genest, Koiw, Nowaczynski &
Leboeuf, 1958; Laragh, Angers, Kelly & Lieberman, 1960). This
provided confirmation for Gross (1958) who, on the basis of earlier
work on the interrelationship of the kidney and the adrenal, had
suggested that angiotensin could be the stimulus for aldosterone
release. There is now considerable evidence to support this hypothesis
and this has been reviewed (Lee, 19693 Davis, 1967 and 19713 Boyd

& Peart, 1972). However, it is still not clear whether angiotensin
ig the only factor controlling aldosterone release or whether it has
the same importance in all species. It has been reported that in the
rat angiotensin only stimulates aldosterone production in sodium
deficient animals (Kinson & Singer, 1968) and in the sheep there is
doubt as to the physiological importance of angiotensin in the control
of aldosterone (Blair-West, Coghlan, Denton, Coding, Wintour & Wright,
1968). The evidence for an aldosterone stimulating factor of non-
adrenal origin is reviewed by Davis (1971). Studies upon the action
of angiotensin on aldosterone biosynthesis are reviewed by Boyd and
Poart (1971) and it would appear that the effect is upon an early
stage of the pathway, possibly between cholesterol and pregnenalone.
There have been several reports and this action of angiotensin is
stimilated by low plasma Qodium or high plasma potassium and that

this interaction occurs at the zona glomerulosa.

Since renin is produced and released within the kidney, it has
long been supposed that the renin-angiotensin system ﬁay have an
important intra-renal action. There is now considerable evidence
that angiotensin does have a direct effect upon the renal tubule in
addition to the indirect effect via aldosterone. Reviews by Hulrow
& Goffnet (1969), Gross (1971 and 1973) and Lockett (1973) cover most
of the work in this field. In experimental animals, the action of

angiotensin has been shown to be dependent upon the concentration; low
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sub-pressor doses causing an anti-natrivesis and a fall in glomerular
filtration rate and larger doses producing a natrivresis unrelated to

a temporary fall in glomerular filtration rate and urine production.
There has been general agreement that the natriuretic action of angio-
tensin is due to a direct action upon the renal tubule (Vaﬁdar, 19633
Leysacc, 1965; Lowitz, Stumpe & Ochwadt, 19693 Worcel & Meyer, 1970)
but the anti-natriuretic action has been attributed both to a direct
tubular éction (Barraclough, 19653 Barraclough, Jones & Marsden,

1967) and to an indirect action via changes in glomerular filtration
rate (Heally, Barcena, O'Connel & Schreiner, 19653 Malvin & Vander,
19673 Kover, Balindt & Tost, 19713 Waugh, 1972). Studies in man have
Yielded equally contradictory data. Normal subjects respond with anti-
natrivresis to all dose ranges of angiotensin that can be consistently
applied (Laragh, Cannon, Bentzel, Sicinski & Meltzer, 1963) but
hypertensive patients respond with natrivesis (Itskovitz, Murphy

& Schoenberg, 1967). In both animals and in man, the action of
angiotensin is also affected by body sodium status and the functional
status of the kidneys (see review by Gross, 1971).

These investigations of the action of angiotensin are
complicated by the marked pressor action of the hormone which itself
affects renal function. Attempts have been made to devise methods of
separating these actions using in vivo techniques, but this has proved
to be extremely difficult. In addition to causing a reduction of total
renal blood flow, angiotensin also causes a redistribution by producing
a more marked vasoconstrictioﬁ in the cortex than in the medulla
(Carriere & Friborg, 1969) . Furthermore, angiotensin causes a re-
distribution of tubular activity with a decreased load in superficial '
fubules and an increased load in deeper juxt a-medullary tubules
(Finberg & Peart, 1970 and 1972). To overcome these problems, the

action of anglotensin upon sodium and water movement has been
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investigated using imolated trans-epithelial transporting systems.

Three types of preparation have been used in these studiess
amphibian skin and bladder, mammalian intestine and mammalian kidney
tissue. A direct stimulation of active sodium transport has been
rep;rted on frog skin (McAfee & Locke, 1967) but this has not been
obgerved on toad skin, bladder or colon (Barbour, Gill & Barther,

19643 Covello & Crabbe, 1965). More recent studies in toad bladder
(Coviello, 1972) and toad skin (Coviello & Brauchman, 1973) have
revealed a hydrosmotic effecf of angiotensin which regembled that
produced by vasopressin. No concomitant effect on sodium movement was
observed and the action has been attributed to a permeability change
produced by a stimulation of-adenyl cyclase (Coviello, 1973). This
contradicts a previous report (Handler, Butcher, Sutherland & Orloff,
1965) in which angiotensin was found to have mo effect upon adenyl
cyclase or cyclic AMP levels in the toad bladder snd furthermore was
not observed to effect sodium movement. These differences may be due
to the marked seasonal variation that occure in the response to
angiotensin.

Angiotensin has also been shown to stimulste water and sodium
movement in everted sacs of small intestine from zdrenalectomised-
nephrectomised rats (Crocker & Munday, 1967 and 1970) and intact
dioestrous rats (Crocker, 1971). A dose dependent action of angiotensin
upon sodim and fluid transport by everted sacs of descending rat colon
has been reported by Davies, Munday and Parsoms (1969 and 1970) and
low doses were found to stimulate transport wherezs higher doses
inhibited transport. These workers used adrenalestomised-nephrectomised
rats in order to reduce the circulating levels of angiotensin but in
a recent report (Hornych, Meyer & Milliez, 1973) it has been demonstrated

that the biphasic effect of angiotensin is only oiserved in these

animals and in the normal unoperated animal all concentrations of
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angiotensin inhibit sodium transport in the descending colon and
gtimulate it in the ascending colon. They suggest that the action
of angioftensin upon sodium movement might be mediated via an effect
upon eyclic AMP whereas Munday and co-workers have reported that
angiotensin stimulates the second secdium pump (Davies, Mund&y &
Parsons, 19723 Parsons & Munday, 1972). Evidence for an action of
angiotensin upon this pump has also been reporfed from studies on
rat kidney cortex slices where angiotensin stimulates active sodium
movement (Munday, Parsons & Poat, 1971 and 1972). However, in
contrast Leysacc and co-workers have reported an inhibitory action
of angiotensin upon sodium movement in this preparation (Leyaaco,
lassen, & Hess-Thaysen, 1961). The difficulty in controlling
experiments on isolated transepithelial transporting systems may well
account for some of these conflicting results.

Angiotensin has been shown to effect the sympathetic nervous
system but the physiological significance of this action has yet to be
established. There has been controversy over the mechanism of inter-
action of angiotensin with the peripheral sympathetic nervous system,
which has been ascribed both to a potentiation of noradrenaline
release (reviewed by Zimmermann, Gomer & Lias, 1972) and an inhibition
of re-uptake (reviewed by Khairallah, 1971 and 1972). It is possible
that angiotensin may produce both effects depending upon the concentration
(Khairallah, 1971 and 1972). Angiotensin also stimulates sympathetic
ganglia (Reit, 1972) and has an important action upon the central
nervous system (reviewed by Buckley, 19723 and Severs é Daniels=Severs,
1973) which may increase sympathetic outflow and so be involved in the
pressor response. Central administration of angiotensin in animals
has been shown to cause drinking (Fitzsimons, 19723 Severs, Summy-

Long & Daniels-Severs, 1974) and it is therefore possible that
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angiotensin may have a physiological role in the control of water
intske. Further research is necessary to establish the importance

of thig action in the overall control of water and sodium homeostasise.
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2. THE MECHANISM OF SMOOTH MUSCLE CONTRACTION

Since this study has been concerned with the primary inter-
action of angiotensin with the smooth muscle cell and not with the
contraction mechanism, it is not relevant to make a detailed survey
of the vast literature relating #o smooth muscle contraction. However,
two aspects which are involved in the present investigation will be I
roviewed: the role of inorganic ions in the contraction process and
the metabolic requirements of contraction.

(a) Inorganic Ions and Smooth Muscle Contraction

(i) Introduction

There is now considerable evidence that the mechanism of smooth
muscle contraction is closely analagous to the sliding filament system
of vertebrate striated muscle (Ebashi, 19693 FEbashi, Endo & Ohtsuki,
19693 Ruegg, 1971). Smooth muscle cells contain actin filaments
indistinguishable from those in striated muscle and a very similar
tropin-tropomyogin system and although there are several biochemical
differences in the myosin component, this does form an aggregated
structure under physiological conditions (Hamoir, 1973). The
contractile units in vertebrate smooth muscle cells are arranged
obliquely with respect to the cell axis and as a result of shortening
become progressively more angled (Small, 1974).

(ii) The Role of Calcium Ions

In smooth muscle, as in skeletal muscle, the tone of the
contractile proteins is ultimately controlled by the calcium ion (see
roviews by Daniel, 1964aj Axelsson, 1970; Burwitz & Suria, 19715 Ruegg,
19713 Somlyo & Somlyo, 1968). The interaction of actin and myosin,
enzymically Mg-activated actomyosin ATP-ase, is regulated by the
tropin-tropomyosin system and calcium is a de-repressor at the allosteric
aite for this regulation, troponin (Ebashi et al, 19693 Ebashi, 1972).

Thus an increase in intracellular calcium concentration causes calcium
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to bind to troponin and thereby removes the inhibitory effect upon the
aotin filaments exerted via the mediator tropomyosin.

Tn the relaxed muscle cell the calcium concentration is less
than 10~! mol. and this must inorease to around 107 nol. for threshold
contractions and 10~ mol. for maximal contractions (Ebashi et al 19693
Ruegg, 19713 Somlyo & Somlyo, 1968; Caldwell, 1968). The extra
cellular and total muscle calciunm concentration are greater than
1 mmol (see reviews by: Lullmann, 19705 Rueggs 1971) and therefore the
activator caleium for smooth muscle contraction can be supplied by
influx from the extracellular space (see reviews by: Somlyo & Somlyo,
1968; Hurwitz & Suria, 19713 Hurwitz, Hubbard & Little, 19725 Bohr,
1973). However it is well known that in skeletal muscle a major
source of activator calcium is the sarcoplasmic reticulum with its
associated transverse tubular system (reviewed by Naylor, 1966). For
many years it was thought that {there was no comparable structure in
smooth muscle cells but abundant sarcoplasmic reticulum has now been
observed (Somlyo, Devine, Somlyo & North, 19713 Gabella, 1971 and
1973). Most of this is smooth sarcoplasmic reticulum and it is situated
adjacent to the plasma membrane in close association with the calviolae,
characteristic pit like invaginations of the plasma membrane which may
be analogous to the tranverse~t system of gkeletal muscle (Gabella,
1973) «

Recent work has shown that the sarcoplasmic reticulum in gmooth
muscle cells is of variable size and ranges from 9% of total cell
volume in arterial musele to 2% in the taenia~coli of the guinea-
pig (Devine, Somlyo & Somlyo, 1973). Both the sarcoplasmic reticulum
and the mitochondria have been shown to bind calcium and together with
the calcium bound at the plasma membrane, this constitutes an intra-
cellular store of activator calcium for the contractile process (see

reviews byt Somlyo & Somlyo, 19683 Hurwitz & Suria, 19713 Devine et
al, 1973; Bohr, 1973; Reuter, 1974).
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(iii) The Role of Membrane Depolarisation

It has long been recognised that membrane depolarigation is not
essential for contfaction of smooth muscle (see reviews by: Hoffman,
19693 Hurwitz & Suria, 19713 Somlyo & Somlyo, 1968). The ability of
certain agents to induce 00ntraqtion in the presence of depolarised
membrane has been atiributed to a mobilisation of calcium from intra-
cellular stores. Contraction produced by membrane depolarisation is
due to release of calcium from superficial membrane sites and influx
from the extra—-cellular space and is thus dependent upon the extra-
cellular calcium concentration (Hurwitz & Suria, 1971j Sitrin & Bohr,
19723 Bohr, 19733 Reuter, 1974).

(iv) The Regulation of Intracellular Calcium Concentration

Several mechanisms have been implicated in the regulation of
oytoplasmic calcium concentration. The cell membrane has a low
permeability to calcium and this helps to maintain the large calcium
gradient (Van Breemen, Farinas, Casteels, Gerba, Wuytack & Deth, 19733
Somlyo & Somlyo, 19685 Hurwitz & Suria, 1971). Calcium is also
removed from the cytoplasm by active accumulation in the intracellular
binding sites. An ATP dependent calcium uptake has been observed in
the mitochondrial and microsomal fraction of uterine muscle (Carsten,
19693 Batra & Daniel, 1971) of intestinal muscle (Andersson, Lundholm
& Mohme-Lundholmy, 19723 Godfraind & Verbecke, 19733 Devine et al,
1973) and of vascular smooth muscle (Fitzpatrick, Landon, Debas
& Hurwitz, 19723 Baudounin et al 1972; Baudounin-Legros & Meyer, 1973)
and this has been suggested as the major mechanism responsible for low
intracellular calcium (Borle, 1973). There is also extensive evidence
that calcium binds to the inner surface of the plasma membrane by an
energy dependent process (Devine et al, 19733 Bokr, 19733 Van Breemen,
Fanrias, Casteels, Gerba, Wuyltack & Deth, 19733 ¥Wolowyck, 19713

Rothstein, 1968) and attempts have been made to separate a plasma
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membrane fraction and demonstrate calcium fizxation (Derynck et al,
1973). There is also evidence for an outwardly directed calcium pump
located on the membrane (Tomita & Watanabe, 1973; Casteels,
Raeymaikers, Goffin & Wuytack, 1973) which is dependent upon ATP.

In addition, several workers havq suggested a caleium extrusion
mechanism coupled to influx of sodium down its electrochemical gradient
(Tomita & Watanabe, 19733 Reuter, Blaustein & Haesler, 19733 Burton

& Godfreaind, 1973). However, it has been suggested recently that this
exchange may be confined to calcium bound at the membrane surface and
may not involve intracellular calcium (Villamil, Rettori & Yegatti,
19733 Raeymaikers, Wuytack & Casteels, 1974).

(v) The Effect of Spasmozens upon Caleium Movement

An agent could produce a contraction of smooth muscle by
increasing the membrane perméability to caleium or by inhibiting the
active removal of caleium from the cytoplass. It has further been
suggested that there may be an inwardly directed calcium pump which is
coupled to sodium efflux the activation of which ﬁould result in
smooth muscle contraction (Bohr, Siedel & Sobieski, 19693 Brading,

19733 Reuter et al, 1973). Competition of sedium and calcium for the
superficial anionic binding sites (Bohr et al, 1969; Brading, 1973)

would explain the observed protagonistic effects of extracellular

sodium and calcium ions on tension development in smooth muscle (Goodford,
19673 Caldwell, 1968; Busselin & Carmeliet, 1973). An increase in
cytoplasmic calecium produced by stimulation ef this pump would be an
active process requiring energy from metabolism az opposed to the

passive prbceases of release from intracellular binding sites or

increase in membrane permeability.

It is now clear that many spasmogena can zffect calcium release
from intracellular hin&ing sites in addition to & stimulation of calcium

influx (Hurwitz & Suria, 19713 Bohr, 1973). Two phases may be
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distinguished in the contractile responses to such agents, an initial
rapid phase due to intracellular calcium release and a sustained slow
phase due to an influx of extracellular calcium (Bohr, 1964 ; Godfraind
& Kaba, 1969 & 19725 Hurwitz & Suria, 19743 Sitrin & Bohr, 1971s Van
Breemen ot al, 19733 Ohashi, Ohga & Saito, 19733 Deth & Van'Breemen,
1974) .

The relative contributions of extracellular and intracellular
calcium to a contractile response can be investigated by the recently
developed lanthanum technique (Reviews: Van Breemen, et al, 19733
Weiss, 1974). The trivalent lanthamwmion replaces calcium at saturable
and superficial membrane sites and prevents movement of calcium across
the plasma membrane. Agonists which mobilise intracellular calcium
produce one contraction in the presence of lanthanum but subsequent
responses are inhibited. Thus intracellular sites which release calcium
for contraction are distinct from those that remove it during relaxation.
(Vvan Breemen et al, 1973).

(vi) The Effect of Calcium Ions on Membrane Yermeability

In addition to their role in the activation of the contractile
mechanism, calcium ions are also important in the control of membrane
permeability. An increase in the amount of calcium in the membrane causes
stabilisation and a decrease in excitability (reviewed by: Burnstock et al,
19633 Bohr, 19633 Rothstein, 19683 Tomita, 1970; Kuriyama, 19703
Bulbring & Tomita, 1970) by reducing sodium and calcium permeability
and increasing potassium permeability. It has beon suggested that
fluctuations in potassium binding to the membrane due to the ocutward
calciun pump produce changes in potassium permeability which give rise
to the characteristic slow wave of smooth muscle membrane potential
(Tomita & Watanabe, 1973). Calcium influx has been implicated in the
action potential of smooth muscle (Bulbring & Kuri jama, 19633 Brading

& Tomita, 19683 Bennet, 1967).
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(vii) The Effeoct of other Inorganic Cations

Other cations influence smooth muscle contraction mainly through
their effect upon the movement and distribution of calcium ions (Bohr,
1964). Thus msgnesium ions compete with calcium ions at extracellular
and intracellular binding sites and alter membrane permeability to
calecium (Altura & Altura, 1974). Sodium and potassium ions also
compete with calcium at anionic binding sites on the plasma membrane
and have antagonistic effectis upon membrane permeability to calciunm,
which is increased by high potassium or low sodium (Tomita & Watanabe,
1973) .

(viii) Cyclic AMP and Smooth Muscle Contraction

The first suggestion that changes in cytoplasmic cyclic AMP
might be involved in smooth muscle contraction and relaxation was made
in 1960 (Sutherland & Rall, 1960). There is now considerable evidence
that the action of catecholamines is associated with increased cyclic
nucleotide concentration (Reviews: Sutherland & Robison, 19663
Andersson, 19725 Marshall & Kroeger, 1973) but the correlation between
contraction and cyclic AMP concentration is poor (Andersson, 1972) .
Cyclic AMP increases calcium uptake by intracellular binding sites and
by the plasma membrane (Andersson, 1972) and may increase efflux
(Marshall & Kroeger, 1973). However, many agents causing contraction
of smooth muscle are associated with an increase in cyelic ANMP or
a biphasic effect of a decrease succeeded by an increase. This has
been attributed to the existence of several distinct pools of the
nuleotide within the cell which may change independently and which
are controlled by separate phosphodiesterases (Andersson, 1972). The
increase in cyclic AMP concentration produced by certain spasmogens may
be important in the activation of phosphorylase kinase which is necessary
t0 increase the supply of energy to the contractile process (Anderason,

1972). Alternatively the activation may be the direct result of the
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inerease in intracellular calcium concentration (Diamond, 1973).
Recently both cyclic AMP dependent and independent mechanisms have
been suggested for phosphovlase activation in smooth muscle (Gross

& Mayer, 1974). It has also been suggested that the contractile

state of smooth muscle may be controlled by the relative concentrations

of cyclic AMP and cyelic GMP (Dunham, Haddox & Goldenberg, 1974).

(b) The Metabolic Requirements of Smooth Muscle Contraction

Smooth muscle requires a supply of energy both to activate the
contraction process and to maintain the integrity of its cellular
structure. The earliest studies of the energy rathways in smooth
muscle were by Rona and Neukirch (1912) who examined the stimulating
action of various sugars on intestinal preparations whose contractile
ability had been abolished by exposure to glucose free media. Since
then the use of this technique has demonstrated that energy production
in smooth muscle is by the Embden-Myerhof pathway (Prasad, 1935a and
1935bs Feldberz & Solandt, 19423 Furchgott & Shorr, 19463 Coe, Detar
& Bohr, 1968), the Krebs cycle (Furchgott & Wales, 1951 and 19523
 Coe et al, 1968) and by the oxidation of fatty acids (Furchgott & Shorr,
19463 Coe et al, 1968).

(i) The Effect of Metabolic Inhibition upon Tone

Inhibition of oxidative metabolism, whether by chemical agents
(Schmidt & Nichol, 1933; Farah, West & Angel, 19%0; Born & Bulbring,
1950) or by anoxia (Evans, 19263 Gross & Clark, 1923; Garry, 1928
Prasad, 1935b; West, Hadden & Farah, 1951; Detar & Bohr, 1968) causes
a progressive loss of tone and a reduction of induced contractions of
gmooth muscle preparations which is mostmarked im the absence of
exogenous substrate (Prasad, 1935b; West, Hadden & Farah, 19513
ILundholm & Mohme-Lundholms 1960). A similer effect has been observed

with inhibitors of glycolysis which are most active under anaerchic
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conditions (Prasad, 1935b; Shibita & Briggs, 1968; Rengachari, Paton
& Daniel, 1972). Thus, under normal conditions energy production in
smooth muscle is by both anaerobic and aerobic mechanisms.

(ii) The Effect of Metabolic Inhibition upon Contractility

Generally smooth muscle tone is more susceptible to metabolic
inhibition than either induced contractions or spontaneous activity
and there are marked differences in the sensitivity of individual
smooth muscle preparations. Since the loss of contractility due to
metabolic inhibition is greatest in tissues undergoing contraction,
whether spontaneous or induced (Prasad, 1935bs Coe et al, 1968) it
probably relates to the energy demands upon the tissue rather than to
the time of exposure.

Thig close association between contractility and energy supply
is due to the very small stores of high energy phosphates present in
smooth muscle (Walaas & Walaas, 19503 Lipman, 19513 Cspao & Cergely,
19505 Born, 19563 Daemers Lambert, 1968) which are inadequate for one
contraction (Lundholm & Mohme-Lundholm, 1962 aund 1965; Furchgott,
1966). Thus, the decline of contractility under conditions of metabolic
inhibition can be correlated with a fall in creatine phosphate content
of the tissue (Born, 1956; Namm & Zucker, 1973) and is accompanied by
a fall in ATP (Born & Bulbring, 1955; Namm & Zucker, 1973). Smooth
muscle contraction is supported by a simultanecuz increase in cellular
enorgy production. Stimulation of anaerobic glyvolysis results in
an increased production of lactic acid which is nost marked under
anserobic conditions when there is a parallel fall in the tissue
content of glycogen (Prasad, 1935a; Axelsson, Hozberg & Timms, 1965).
However, some of the lactic acid may be produced by a direct action of
the spasmogen distinct from its contractile action (Lundholm & Hohme-
Lundholmy 19632; Namm and Zucker, 1973) and furt!ermore contraction is

not consistently associated with increased glyco;enolysis (Lundholm
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& Mohme~Lundholm , 1963b). More.recently; smooth muscle contraction
has been observed to cause an increaze in the activity of enzymes of
the glycolytic pathway (Bostrom, Hogberg & Johangson, 1973). The
activation of phosphorylase kinase has already been mentioned and has
been atiributed both to increaseﬁ cyclic AMP and calcium ionse.
Increased aerobic metabolism results in an increase in oxygen
uptake during contraction (Bulbring, 1953). This is best geen under
isometric conditions since the decrease in tissue length during
igsotonic contraction reduces the muscle surface area and tends to
reduce oxygen uptake. Stretching the muscle also enhances the uptake
of oxygen (Bulbring, 1953) which confirms the original observation
by Lovatt Evans (Evans, 1923) and is compatable with an increase in
tonus (Fvans, 1926). It is also interesting that spontanecous activity
cauges a fluctuation in oxygen consumption which has been attributed
to variations in tissue metabolism (Bozler, 1948; Bulbring, 1953).
Recent work has implicated the calcium pump in this spontaneous rhythm
(Tomita & Watanabe, 1973).

(iii) Comparative Studies of the effect of Metabolic Inhibition

upon induced contractions

There have been few comparative studies of the effect of
metabolic inhibition upon induced contractions of smooth muscle. On
rabbit intestine, contractions produced by the direct muscle stimulants
potassium chloride and barium chloride are reported to be less sensitive
to oxygen lack than the responses to adrenaline and pilocarpine (Gross
& Clark, 1923). Similarly, the response of rat uterus and stomach
strip to prosta glandin has been shown to be dependent upon energy
metabolism (Paton & Daniel, 1967; Coceani & Wolfe, 1966). FExposure of
these tissues to conditions of metabolic inhibition preferentially
reduced responses to prostaglandin but had little effect upon responses

to acetylcholine. More recently, it has been reported that responses
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of vascular muscle to angiotensin and histamine, unlike the responses
to catecholamines or potassium, require a continuous supply of
exogenous glucose. This has been attributed to a change in receptor
conformation in substrate free solution (Altura & Altura, 1970).

(iv) The Effect of Metabolic Inhibition upon the Maintenance

of induced contractions

It has been reported that removal of glucose or inhibition of
oxidative metabolism reduces the ability of smooth muscle preparations
to maintain induced contractions, even in the continued presence of
the agonist (Feldberg & Solandt, 19423 Born & Bulbring, 19553 Borm,
19563 West et al, 1951; Eckenfels & Vane, 1972). The sustained, or
tonic, phase of the potassium response has been shown to be energy
dependent and this has been attributed to a stimulation of active
calcium influx (Urakswa & Holland, 1964) which may be related to
sodium efflux (Pfaffman, Urakawa & Holland, 1965). More recently it
has been suggested that prostaglandin synthesis may be important for
the maintenance of induced contractions of smooth muscle (Eckenfels
& Vane, 1972).

(v) The Effect of Metabolic Inhibition upon Ton Distribution

in Smooth Muscle Cells

It is evident that the effect of metabolic inhibition upon
gmooth muscle contraction is not sgimply due to an interference with
the contractile mechanism. The importance of active ion movement,
particularly of calcium, has been mentioned and this will be prevented
ﬁy metabolic inhibition. Similarly intracellular calcium binding is
e nergy dependent ag is the plasma membrane permeability. Exposure
of smooth muscle preparations to metabolic inhibition for an hour
induces a progressive, non-gpecific leakings in the plasma membrane
(Casteels, Van Breemen & Wuytack, 1972; Raemaekers et al, 1974).

There have been several reports that the energy necessary for the
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membrane events may be differentiated from that for the contractile

process (Prasad & Macleod, 1969; Bueding, Bulbring, Gercken, Hawkins
& Kurijama, 19673 Rangachari et al, 1972). Thus cellular energy may
be'comﬁartmentalised such that the ATP generated is used only for

specific processes (Webb, 1966).
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3. ANGIOTENSIN AND SMOOTH MUSCLE CONTRACTION

The literature on the action of angiotensin on smooth muscle
is vast and it is therefore necessary to concentrate this review on
thoge agpects relevant to the present study. To facilitate this,
the review has been divided into two sections:

(a) The response of smooth muscle preparations to Angiotensin.

(b) The role of inorganic ione in the interaction of angiotensin
with smooth muscle and the modification of contractile responses
by altered ion concentration.

INTRODUCTION

It has been generally accepted that the angiotensin molecule,
like that of most other peptide hormones, is too large to penetrate
cellular membranes and therefore interacts with specific receptor
gites on the surface of the cell (Rasmussen, 1969). Structural
analogues of angiotensin have been used to investigate the features
of the angiotensin molecule necessary for receptor binding and
activation. Although there have heen many comparative studies of
angiotensin receptors in different tissues, there is still considerable
doubt as to whether there is a universal angiotensin receptor. There
have been many reports that angiotensin receptors in smooth muscle
differ from those in the adrenal medulla and in various nervous
tissues (Khairallah, Toth & Bumpus, 19703 Khairallah, 19723 Peach, '
19713 Peachy; Bumpus & Khairallah, 19693 Bumpus, 1971) and in a recent
study differences have been reported in the angictensin receptors of
three smooth muscle preparations, rat colon, rat uterus and rabbit
aortae (Papadimitriou & Worcel, 1974). Alternatively, it has been
suggested that apparent tissue differences in the characteristics of
the angiotensin receptor may be due to differences in the excitation-

contraction coupling mechanisms (Mimran, Hinrichs & Hollenberg, 1974).
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(a) THE RESPONSE OF ISOLATED SMOOTH MUSCLE PREPARATIONS TO ANGIOTENSIN

Angiotensin causes a contraction of most isolated smooth muscle
preparations which is slow in onset and of long duration. Repeated
exposure to anglotensin results in a reduction of the contractile
response, a phenomenon which is known as tachyphylaxis. It has been
suggested that tachyphylaxis results when angiotensin occupies the
receptor sites and prevents further stimulation (Page & Bumpus, 1961).
This may be due to an increase in binding of angiotensin molecules
or to a decrease in breakdown by angictensinases (Khairallah, Page,
Bumpus & Turker, 1966). Consequently, analogues of angiotensin which
are not metabolised, such as the l-sarcosine derivatives, cause the
development of prolonged tachyphylaxis as do analogues which bind
strongly to the receptor site (Hall, Khosla, Ehairallah & Bumpus, 1974).
Isolated vascular smooth muscle is generally slower in response and
shows more marked tachyphylaxis than intestinal muscle preparations
and this resulted in the early use of intestinal smooth muscle for
the investigation of the contractile action of angiotensin.

The action of angiotensin has been imvestigated upon several
intestinal smooth muscle preparations and ome of the most useful has
been the isolated guinea-pig ileum. This responds to angiotensin
on a linear dose response relationship in the range 1 to 10 nmol
(Gross & Turrian, 19603 Bisset & Lewis, 19623 Regoli & Vane, 1964)
and the responses are regular and repeatable. There is a delay of
30 to 40 seconds between addition of angiotensin and the beginning of
the contraction and a maximal response is obtained within 90 seconds.
Repeated administration of angiotensin gives rise to a tachyphylaxis
which is most marked at high concentrations (Godfraind, Kaba & Polster,
19663 Godfraind, 1968). This may be avoided by increasing the period
between successive responses to angiotensin. (Godfraind, Kaba & Polster,

1966). The contractile action of angiotensin upon guinea-pig ileunm
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has been resolved into two components, a direct action upon the smooth
maiscle cells and an indirect action mediated through the parasympathetic
nervous elements (Khairallah & Page, 19613 Robertson & Rubin, 1962).
Godfraind and co-workers have reported that the indirect action of
angiotensin gives rise to an initial fast contraction which after

a transgient fall mefges into the slow sustaimed contraction produced
by the direct action of the hormone. Isometric recording allowed

a clearer dissociation of the two phases of the angiotensin response
than did isotonic recording (Godfraind et aly 1966). Two mechanisms
have been suggested for the indirect action of angiotensin upon the
isolated guinea-pig ileum, a stimulation of ganglion cells in
Auerbach's Plexus (Khairallah & Page, 1961) and a stimulation of the
parasympathetic nerve endings (Ross, Ludden & Stone, 1960). Recent
studies indicate that the indirect action of angiotensin is due to

a stimulation of acetylcholine release from the post-ganglionic nerve
endings (Panisset, 19673 Suzuki & Matsumoto, 1965).

Other intestinal tissues which contract in response to angio-
tensin include rabbit ileum (Robertson & Rubiﬁ, 1962) , mousé ileum
(Goldenberg, 1967), rat small intestine and colon (Bisset & Lewis,
1962) and guinea-pig taenia coli (Regoli & Vame, 1964).

The isolated rat Eolon is a particularly useful tissue for
investigation of the contractile action of angiotensin. It responds
to angiotensin in a dose dependent manner over a concentration range
of 1 +to 10 nmol. (Bisset & Lewis, 1962). In sddition, the action of
angiotensin is wholly direct (Regoli & Vane, 1964; Ellis & Reit, 1969j
which makes it suitable for bioassay of angiotensin. Regoli and Vane
gelected rat descending colon as the most suitsble tissue for the
bioassay of angiotensin in plasma and devised rethods of increasing
the sensitivity and specificity of the prepara-ion. A similar study

has been performed more recently by Gagnon and Sirois (1972).
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Responses of rat colon to angiotensin will show tachyphylaxis, but as
with guinea pig ileum, this may be avoided by increasing the interval
between responses.

The uterus from an oestrous rat, or one pretreated with oestrogen
or diethyl stilboestrdl, i3 another tissue that has been used for the
bioassay of angiotensin. There is a linear dose response relationship
in the concentration range of 0.1 to 1.0 nmol and the contractions are
very regular (Bisset & Lewis, 1962j Gross & Turrian, 19603 Paiva
& Paiva, 1960). Although slightly less sensitive than guinea pig
ileum, regponses of rat uterus to angiotensin are wholly direct
(Khairallah & Page, 1961 and 1963; Regoli & Vane, 1964). Tachyphylaxis
to angiotensin is more marked in the rat uterus than in intestinal
smooth muscle preparations but can be reduced by allowing sufficient
time between successive responses.

Angiotensin also causes contraction of isolated vascular and
cardiac muscle and in the whole animal produces a marked pressor
effect. The response of vascular smooth muscle and cardiac muscle to
angiotensin is much slower than the response of intestinal smooth
muscle and tachyphylaxis is very marked. Thus on the spirally cut
rabbit aorta, angiotensin contractions take 2 to 4 minutes to
maximalise and it is necessary to allow 30 minutes between responses.
The contractions of isolated cardiac muscle are even slower and at
least 2 hours are necessary between successive responses in order to
avoid tachyphylaxis.

Findings from investigations of the action of angiotensin upon
cardiac and vascular muscle and upon the cardiovascular system which
relate to the present investigation will be discussed in the following
section. Apart from this, it is not relevant to pursue a detailed
description of the action of angiotensin upon individual vascular

gmooth muscle preparations and upon the cardicvascular system, details
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of which may be found in a recent review by Gross (1971).

(b) THE ROLE OF INORGANIC IONS IN THE CONTRACTILE ACTION OF ANGIOTENSIN

(i) The Effect of Variations in the Extracellular Sodium Concentration

There have been several studies of the effect of extracellular
sodium concentration upon the contractile responses of smooth muscle
preparations to angiotensin but the results have been conflicting.

Reduction of the sodium concentration by a half caused a greater
reduction of the angiotensin response of guinea=-pig ileum than either
the acetylcholine or bradykinin responses (fhairallah, Vadarampil
& Page, 1965) which was attributed to an effect upon the cholinergically
mediated indirect action of angiotensin upoan this tissue. A similar
reduction in sodium concentration produced a smaller but equal
reduction of responses to the three agonists on the rat uterus.
Blair-West and co-workers failed to confirm these findings with guinea-
pig ileum and found that a reduction of the sodium concentration from
144 meq/1 to 110 meq/l caused an equal reduction of responses to
acetylcholine and angiotensin. However, an increase in the sodium
concentration to 200 meq/l caused a potentiation of the angiotensin
response while simultaneously depressing the response to acetylcholine
(Blair-West, Harding & McKenzie, 1967). Since the potentiation also
ocourred when the indirect component of angiotensin's action was
blocked by atropine or tetrodotoxin, they concluded that changes in
godium concentration effected the direct interaction of angiotensin
with the smooth muscle cell.

The same group of workers have since reported similar findings
on the constrictor action of angiotensin upon the rabbit ear artery
(Blair-West, Harding & McKenzie, 1968) and the isolated rat portal
vein (Blair-West, McKenzie & McKinley, 1971). in increase in the sodium

concentration of 40 meq/l enhanced the response to0 angiotensin while
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a similar decrease in sodium concentration reduced the angiotensin
response. Since no sympathetic activity of angiotensin was detected,
these effects were attributed to an involvement of sodium ions in the
direct interaction of angiotensin with the smooth muscle cells.
However, on rat portal vein, decreased sodium concentration only
reduced the angiotensin response under hyposmolar conditions and in
igosmolar conditions when sucrose was used to maintain the osmolarity,
the angiotensin response was unaffected. No explanation of this
obgservation has been advanced.

Alteration in the external sodium éoncentration has also been
reported to effect the inotropic action of angiotensin upon cat
papillary muscle (Lefer, 1967). A reduction in sodium concentration
of 30 mmol reduced the response to angiotensin and conversely an
increase of 30 mmol potentiated the response. This effect of sodium
was present after reserpinisation and therefore was attributed to
a direct action on the smooth muscle cells. Further, it appeared to
be specific for angiotensin since the same changes in sodium
concentration failed to affect responses to noradrenaline. The converse
effect of altered sodium concentration has been reported on the
angiotensin response of spirally cut rabbit aortae (Napodano, Calva,
Lyons, DeSimone & Lyons, 1962). A decrease in sodium concentration
of 2%% enhanced the angiotensin response whereas a 25% increase in
concentration depressed the angiotensin response. Changes in osmolarity
of the solution were controlled and the effect was attributed to
a change in the ratio of the extracellular to intracellular sodium
concentration.

These investigations of the effect of the sodium ion upon
reactivity of smooth muscle to angiotensin have been extended to
include the pressor action of angiotensin in the whole animal.

A potentiation of the pressor response to angiotemsin has been



reported in rats (Reid & Laragh; 1965) and in dogs (Healy, Suszkiw,
Dennis & Schreiner, 1966) maintained on high sodium diet. Similarly
pre~treatment of rats with DCA and salt enhances the pressor response
to angiotensin and increases the gradient of the dose response curve
relative to the normal rat (Gross & Lichtlen, 1958). This effect of
DCA and salt has not been obserfed in studies on the angiotensin
response of isolated arteries (Bohr, 1964). Increased sengitivity to
angiotensin has also been observed in the early stages of salt hyper-
tension in the rat (Honore & Gardner, 1966). Conversely, negative
godium balance due to sodium deficient diet reduces the pressor response
to angiotensin in rats (Reid & Laragh, 1965) and in doge (Healyet al, 1966
Davis, Hartcroft, Titus, Carpenter, Ayers & Spiegel, 1962). A similar
effect has also been obgserved in the sheep where sodium depletion
reduces the pressor response to angiotensin and adrenaline (Blair-West,
Coghlan, Denton, Goding, Munro & Wright, 1962). In man, sodium
depletion reduces the pressor response to angiotensin and conversely
during retention the response is potentiated (Ames, Borkowski, Sicinski
& Laragh, 1966). At least part of these effects of sodium concentration
upon the pressor activity of angiotensin may be due to changes in the
activity of the renin-angiotensin system and hence of circulation levels
of angiotensin. Howevery, there have been geveral reports that sodium
concentration dees have a direct effect upon the pressor action of
angiotensin in sheep (Blair-West, Coghlan, Denton, Scoggins & Wintour,
1972), the rat (Weinberger, Ramsdell, Rosner & Geddes, 1972), and in

man (Brunner, Chang, Wallach, Sealey & Laragh, 1972).

(ii) The Fffect of Variations in the Extracellular Calcium
Concentration

A reduction in calcium concentration decreases the contractile

response of many smooth muscle yreparations to angiotensin. The

oxytocic action of angiotensin upon rat uterus hazs been shown to be
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dependent upon the presence of Ealcium (Renson, Barac & Bacq, 1959).
However, it has since been reported that a reduction in calcium
concentration produces an equal depression of contractile responses
of rat uterus to angiotensin, bradykinin and acetylcholine (Khairallah
ot al, 1965). In a detailed investigation of the effect of inorganic
jons upon the contractile response of angiotensin these workers found
that rat uterus was far more sensitive to calcium removal than guinea
pig ileum. Nevertheless, in both tissues, reduction of the calcium
concentration produced an equal inhibition of responses to acetylcholine,
angiotensin and bradykinin. Changes in the magnesium concentration
had the opposite effect to changes in calcium concentration, thus
a doubling of magnesium concentration abolished contractile responses
whilst a 25% reduction potentiated responses. They also found that
up to 83% of the calcium could be replaced with strontium without
effecting induced contractions but that a further S% replacement
abolished all responses. They suggested that strontium while able to
replace calcium for the contractile mechanism, is unable to do so for
_the excitation contraction coupling process. The contractile response
of isolated frog heart and stomach strip to angiotensin has been shown
to be dependent upon the presence of calcium (Singh, 1964) and the
inotropic response of cat papillary muscle to angiotensin is potentiated
by high calcium (Beaulness, Nantel & Cardinal, 1965). In contrast,
reduction of the calcium concentration from 2.54 to 0.63 mmil failed
to alter the responses of cat papillary muscle %o angiotensin or
noradrenaline (Lefer, 1967).

Variable resﬁlts have also been reported from studies of the
calcium dependence of angiotensin contractions of vascularmuscle.
The contraction of rabbit aortic strip has been reported to be-

abolished in the absence of calcium (Shibita & Carrier, 1967) but
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other workers have observed contractile responses to angiotensin in

calcium free solutions (Somlyo, Devine, Somlyo & North, 1971). Further,

the angiotensin induced contraction of isolated small resistance vessels

are depressed by.increased calcium concentration (Bohr, 1966) whereas

the responseg of isoiatéd renal arteries are depressed by a reduction

of calcium concentration (Hridina, 1966, cited in Gillespie, 1966).
Recently, it has been suggested that calcium ions are important

for binding of angiotensin to its receptor (Stewart & Freer, 1972).

A model system has been proposed for the angiotensin receptor where

calcium ions occupy an anionic site adjacent to the point of combination

with the histidine residue of the hormone. It is suggested that in

the absence of calcium ions, the ionic site would be free to combine

with the hormone and the distortion produced would induce tachyphyllaxis.

Further experimentation is required to verify this hypothesis.

(iii) The Effect of Angiotenein Upon Ion Movement in Smooth Muscle

Not only is the angiotensin response effected by changes in the
ionic environment, but angiotensin itself causes movement of ions
across membranes and so alters the cellular ionic distribution. In
recent years this property has been extensively investigated in the
hope of elﬁcidating the mechanism of action of angiotensin. Angio-
tensin, like other vasoconstrictors, has been reporfed to move sodium
into and potassium out of the smooth muscle cells of perfused
arteries (Friedman & Friedman, 1964 and 1965). 1In contrast, the
game workers have reported an increased outflow of sodium from
igolated arteries with no effect on potassium flux (Friedman
& Friedman, 1967). This has been confirmed by Forive and Hagemei jer
(1966) who observed an increased potassium efflux from isolated
aortic strip in response to noradrenaline but o:sly a rapid, transient

rise in response to large concentrations of angiotensin. It seems
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probable that the difference in these results reflects the different
experimental techniques employed rather than fundamental differences
in cellular effects.

In the isolated aorta and rat uterine muscle angiofensin has
been shown to stimulate sodium efflux without altering the influx
Turker, Page & Khairallsh , 1967). SerotoniR and bradykinin were

found to have no effect upon sodium efflux but vasopressin and oxytocin
caused a stimulation. However, the effect of angiofensin upon sodium

movenent was abolished by ouabain in concentrations which also inhibited
the contractile action, whereas with vasopressin and oxytocin, ouabain
only effected the stimulation of sodium efflux. It was concluded
that angiotensin acts at the cell membrane to produce a change in
ionic movement which then initiates the contractile process. This
suggestion that the sodium pump might be involved in the contractile
action of angiotensin directly contradicted an earlier report. In an
investigation of the effect of angiotensin upon the isolated sodium
loaded aorta, Daniel (1965) found no evidence for an action of
angiotensin upon active sodium movement. More recently, angiotensin
has been reported to increase the sodium and calcium content of the
smooth muscle cells of dog carotid artery (Villamil, 1972). 4An
increase in sodium efflux was also observed and this was attributed
to the increased size of the intracellular sodium pool. The primary
action of angiotensin was attributed to an alteration in cellular
godium permeability and it was suggested that the enhanced intra-
cellular calcium concentration might then arise through a stimulation
of a sodium calcium pump. Metabolic inhibition abolished these
effects of angiotensin.

A possible action of angiotensin upon a sodium calcium pump

has also been suggested for the longitudinal muscle of guinea pig
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jleum (Godfraind, 1970). In preparations desensitised to acetyl-
choline, angiotensin induced a sodium efflux which in a low calcium
solution was coupled with net calcium influzx. It was suggested that
this might indicate an action of angiotensin upon an outward movement
of sodium which was coupled to inward movement of calcium.

Angiotensin has been reported to cause an increased calcium
uptake by guinea pig taenia coli (Shibita, Carrier & Frankenheim,
1968). However, agents which inhibited the contractile response to
angiotensin failed to effect the stimulation of calcium uptake and
further the inhibition of contraction was not reversed by increased
extracellular calciume. The authors concluded that unlike potassium,
angiotensin does not induce contraction simply by increasing calcium
influx. In the aortic strip, chlorpromazine and dibenamine inhibit
neither the angiotensin contraction nor the stimulation of calcium
influx (Shibita & Carrier, 1967) although removal of extracellular
calcium inhibits the contractile response. It has been suggested that
calcium lack indirectly inhibits the angiotensin induced contraction
by an action on the contractile mechanism. In another study, manganese
has been shown to inhibit the contractile responses of rabbit aortae
to angiotensin and noradrenaline (Sullivan & Briggs, 1968). It was
concluded that the angiotensin response was due fo a movement of
calcium across the cell membrane but that an additional mechaniam
might be involved in the noradrenaline response since, unlike that
of angiotensin, this was reduded by membrane depolarisation. Recently
a stimulation of calcium entry has been shown tc be involved in the
contractile response of rabbit artae to both noradrenaline and
angiotensin (Deth & Van Breemen, 1974). However, it was also suggested
that the response to both spasmogens might invelve an initial rapid

phase due to release of intracellular calcium.
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(iv) The Effect of Angiotensin upon Calcium Binding at Intracellular
Sites

The possibility that anglotensin could release calcium from
igtraoellular binding sites has been investigated by Meyer and co-
workers ueing a microsomal membrane preparatioa derived frém the
intimal-medial layers of rabbit aorta. These microsomal membranes
have been shown to bind calcium by an energy dependent process which
is stimulated by Mg-ATP (Baudouin, Meyer, Fermandjian & Morgat, 1972
Baudouin-Legros & Meyer, 1973). Anglotensin reduces this binding
capacity and increases the release of calcium by combining with
specific receptors which have the same reaction kinetics as the
angiotemsin receptors found in the aortae (Baudouin, Meyer & Worcel,
19713 Baudouin et al, 1972; Baudouin-Legros & Meyer, 1973) . Conversely,
cyclic—AMP increases the binding of calcium to the membranes (Baundouin~
Legros & Meyers 1973). Although many peptide hormones act via changes in
intracellular cyclic-AMP concentration, there is no evidence that the
nucleotide is invelved in the action of angiotensin upon calcium
binding. Thus in the rat uterus, angiotensin in concentrations
sufficient to cause contraction has mo effect om the activity of
phosphodiesterase (Angles D®Auriac, 1973a), adenyl cyclase (Angles
D'Auriac & Meyer, 1972) or on the intracellular concentration of
cyclic=AMP (Angles D'Aurizc & Meyer, 1973b)} Angiotensin has been
shown to decrease the activity of calcium ATPase and of the alkaline
phosphatase associated with the sarcoplasmic reticulum (Limas & Cohn,
1973) and it is therefore probable that the reduction of calcium binding
is produced by a direct inhibition of the calcium transporting

mechanism. Although the angiotensin binding parameters for the

receptors in microsomal membranes are the same zs those for the
receptors in smooth muscle preparations, it is difficult to relate
the two effects. The microsomal membrane fraction is of mixed origin

and contains membrane fragments from the sarcoplasmic reticulum,
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caveoli and plasma membrane but angiotensin, like other peptide
hormones, is considered to act solely at the plasma membrane. In
addition, it has recently been reported that the homogenisation and
fractionation processes necessary to prepare the microsomql membranes
preparation cause a disruption pf the plasma membrane into different
diverse types of vesicles each bearing a different complement of the
intact membrane surface (Devynck, Pernollet, Meyer, Fermandjian

& Fromageot, 1973). Thus angiotensin binding was observed in all of
the purified membrane fractions derived from the crude microsomal
fraction and it was not possible to identify the site of action of
angiotensin.

These investigations have now been extended by the development
of a method for the solubilisation of angiotensin receptors in the
plasma membrane of rabbit aorta (Devynck, Pernollet, lMeyer,

Fermand jian, Fromageot & Bumpus, 1974). This technique may provide
definitive evidence of angiotensin binding at the plasma membrane.
It has also been claimed that specific binding sites for angiotensin
have been observed in the plasma membrane from guinea-pig ileum

(Olivera & Holzhacker, 1974).
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(v) The Effect of tmgiotensin upon the lMembrane Potential of
Smooth Musgscle Czlls

An alternative method of investigating the interaction of
a spasmogen with the smooth muscle membrane is to measure the effect
on the membrane potential. Angiotensin has been shown to cause
a depolarisation of arterial smooth muscle (Keatinge, 1966) and
intestinal smooth muscle (Ohashi, Fonomura & Ohga, 1967) but this
does not appear to be essential to the contractile action, which is
unaffected by complete membrane depolarisatiom with potassium (Shibita
& Briggs, 19663 Khairallah et al, 1965; Shibifta et al, 1968, Sullivan
& Briggs, 1968). It has therefore been suggested that the contractile
action of angiotensin is unrelated to changes in sodium and potassium
flux across the membrane and may instead be due to calcium movement.
(sullivan & Briggs, 1968). However, this observation is difficult to
reconcile with the marked resistance of the angiotenein response of
guinea pig'ileum to calcium removal from the Tyrode solution (Khairallah
et al, 1965). Recently angiotensin has been shown to cause an increase
in sodium influx in polarised and depolarised rat uterus (Hamon &
Worcel, 1973). These workers observed a stimulation of potassium and
chloride efflux in the polarised preparation which was not detected
in the depolarised preparation and they atizibuted this to the
depolarisation produced by angiotensin. A difference in the action
of angiotensin upon depolarised and polarised rat uterus has also been
reported by Freer (1974). He found that the angiotensin response of
rat uterus was inhibited by the calcium antagonist verampil in both
depolarised and polarised preparations but that addition of 45 mmol
lithium selectively inhibited the response of the polarised preparation.
Since ouabain affected neither preparation, he zoncluded that the action

of lithium was unrelated to an effect on the sodium potassium pump.
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4. OTHER INVESTIGATIONS OF THE MECHANISH OF
ACTION OF ANGIOTENSIN

(a) The Secondary Messenger Hypothesis

Many of the large molecular weight peoptide hormones have been
shown to act via the second messenger cyeclic AMP, but theré is no
conclusive evidence for an involvement of the nucleotide in the
action of angiotengin. Investigations of the rcle‘of the nucleotide
in the angiotensin response will be reviewed. Prostaglandins have
also been suggested as being involved in the action of hormones
either as mediators or as negative feedback inhibitors on the action
of cyclic AMP and the relationship between angiotensin and
prostaglandins will also be considered.

(i) Cyclic 'AMP

The hydroosmotic effect of angiotensin upon the toad bladder
has been ascribed to an increase in intracellular cyclic AMP produced
by stimulation of adenyl cyclase (Coviello, 1973). A similar action
has also been suggested as a result of preliminary experiments on
the angiotensin induced stimulation of water and sodium movement in
rat colon (Hornych et al, 1973). In contrast, Munday and co-workers
found no evidence for an involvement of cyclic AMP in the action of
angiotensin upon ion and water transport in rat coleon (Davies, Munday
& Parsons, 1972) or rat kidney cortex (Munday, Parsons & Poat, 1972) .
Neither does other work on the action of angiotensin upon toad bladder
support an involvement of cyclic AMP in the interaction of the hormone
(Handler et al, 1965).

More recently the action of angiotensin upon steroidogenesis
in isolated adrenal cells has been quantitatively related to an increase
in intracellular cyclic AMP (Peytremann, Nicholson, Brown, Liddle &
Hardmann, 1973) and an increase in cyclic AMP has been demonstrated
during stimulation of the neurohypophysis by angiotensin (Gagnon

& Hessler, 1974).
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The contractile action of angiotensin upon vasoular smooth muscle
has been associated with a decrease in intracellular cyclic AMP which
was attributed to inhibition of adenyl cyclase (Volicer & Hynie, 1971).
However, Meyer and co-workers have shown that angiotensin has no effect
ufon the adenyl cyclase activity (Angles D'Auriac & Meyer, 1972), the
phosphodiesterase activity (Angles D'Auriac & Meyer, 19732) or the
intracellular cyclic AMP concentration (Angles D'Auriac & Meyer, 1973b)
of rat uterus. This work on the relationship of cyclic AMP and calciuvm
to the contractile action of angiotensin upon smooth muscle has already
been mentioned in greater detail.

(ii) Prostaglandins

Angiotensin has been reported to gtimulate the release of
prostaglandin-like substances from the dog kidney (McGiff, Crowshaw,
Terrigno & Lonigro, 1970; Aiken & Vane, 1971) and the effect is dose
related (Aiken & Vane, 19733 Gagnon, Gauthier & Regoli, 1974). It has
been suggested that prostaglandins may be involved in the autoregulation
of the kidney and that their release by angiotensin may atienuate the
action of the hormone (Aiken & Vane, 1973; Gagnon et al, 1974). This
may explain the biphasic effect of angiotensin upon renal function in
which low doses cause anti-natriresis and higher doses natriviesis (McGiff
et al, 1970). In contrast, Aiken and Vane (1973) were unable to detect
the release of prﬁstaglandin like substances duwring hindlimb vaso-
constriction on the doge. |

Angiotensin has also been reported to release prostaglandins from
the spleen (Douglas, Johnson, Marshall, Joffe & Needeman, 19735 Ferreira,
Moncada & Vane, 1973) and the myocardium (Limas, 1974) but the latter
effect was attributed to the intermediate release of noradrenaline.
Prostaglandins have been shown to potentiate the centrally mediated
pressor effect of angiotensin when adninistered simultaneocusly into the
vertebral artery (Gyang, Deuben & Buckley, 1973). This has been attributed

to an action on calcium metabolism.
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(b) The Effect of Angiotensin uvon Protein Synthesis

There have been several reports that inhibitors of protein
synthesis affect the response of certain tissues to angiotensin.

These studies have relied upon the differential specificity of inhibitors
of transcription, such as actinomycin D, and inhibitors of translation
such as cyclchexamide and puroﬁycin.

It has been reported that angiotensin localises in the nuclei
of cardiac cells and exerts its action vis a stimulation of the trans—
cription stage of protein synthesis (Robertson & Khairallah, 1971).
The angiotensin induced stimulation of aldosterone production in the
rabbit adrenal gland (Cosby, Sartorelli & Roth, 1971) and of
noradrenaline production in guinea pig atria (Roth & Hughes, 1972)
is also accompanied by increased protein synthesis duc to stimulation
of the translation process. Similarly, the stimulation of fluid
transport in rat distal colon (Davies, Munday & Parsons, 1972) and
of ion transport in rat kidney cortex slices (Munday, Parons & Poat,
1972) is inhibited by cyclchexamide and puromycin bub not by actinomycin
D. These workers attributed the effect of angictensin upon ion
movement to the synthesis of proteins which are associated with
godium transport by the potassium indebendent sodiuvm pump. Evidence
for an active sodium transport system which is independent of
potassium and insensitive to ouabain has been raported (Whittembury
& Proverbio, 19703 Robinson, 1970) and Muniay and co-workers have
shown that the diuretic ethacrynic acid, a specific inhibitor of
this pump (Whittembury & Proverbio, 1970; Proverbio, Robinson &
Whittembury, 1970) abolishes the angiotemsin induced stimulation of
sodium movement in rat kidney cortex slices (Munday, Persons & Poat,
19713 Parsons & Munday, 1972) and rat descending colon (Parsons &
Munday, 1972).

- An action of angiotensin through protein synthesis has to be
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reconciled with the generally aécapted view that angiotensin is unable
to penetrate the plasma membrane. Furthermore, such an action would
be expected to result in a latent period before a response to the
hormone could be observed. Although a delay of 3 minutes yaa been
reported for the action of angiotensin upon kidney cortex slices, it
igs doubtful whether this would ﬁe sufficient to allow the synthesis

of new protein. The experimental evidence that this protein is
agssociated with the second sodium pump is also open to criticism

and this will be discussed later in the context of findings from

the present study.
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METHODS

1. PREPARATIONS

Male albino guinea pigs (200-300 g) or white Wistar rats
(150-200 g) were starved for 12 hours prior to experimentation and
were killed by cervical dislocation. Intestinal preparations (2-3 om)
were taken from the terminal ileum of the guinea-pig or the terminal
5cm of rat colon immediately adjacent to the rectum and were flushed
through with Tyrode solution prior to mounting. Uterine preparations
consisted of the whole uterine horn removed from rats at oestrus or
dioestrus, as determined by examination of a vaginal smear.

Preparations were suspended in 20 ml organ baths containing
Tyrode solution bubbled with air. Intestinal preparations were
maintained at 32°C and uterine preparations at 28°¢. The composition
of the normal Tyrode solution was as follows: NaCl 137 mmol, KC1
2.7 mmol, MgSO4.7H20 l.1 mmol, NaH2P04.2H20 0.42 mmol, NaHCO3
11.9 mmol, Ca012.2H20 1.8 mmol, glucose 5.6 mmol. For experiments
with lanthanum chloride a modified Tris-~buffered solution was used to
prevent precipitation of the insoluble phosphate and carbonate salts
of lanthanum: NaCl 137 mmol, XC1l 2.7 mmol, M3012.6H20 1.0 mmol,
03012.2H20 1.8 mmol, tris 5.0 mmol, glucose 5.6 mmol.

In experiments involving anoxia the Tyrode solution was placed
under vacuum for 4 hours and then the vacuum was replaced by oxygen
free nitrogen. The Tyrode reservoir and the org=n bath were then
gassed with nitrogen instead of air. To expose preparations to carbon
monoxide, the gas was bubbled through the organ hath in the absence
of air. Coceani and Wolfe (1966) used simultanecus administration
of air and carbon monoxide during experiments wpon isolated rat uterus
but although this technique was investigated, it failed to yield

consistent results. Carbon monoxide was supplied by BDH and was of

99.5% purity.
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2. RECORDINGS

In the early experiments with guinea pig ileum, contractions
were recorded on a kymograph using an isotonic frontal-writing lever
working against a lcad of 1-4 g and with a magnification ratio of
15:1. Subsequently this apparatus was replaced with an electronic
_recording system consisting of ﬁﬁvices 2LD01 isotonic transducers
coupled to Devices M2 recorders.

It has been reported that isometric recording reveals more
information about the individual components contributing to a muscle
response than isotonic recording (Paton, 19613 Paton and Rothschild,
19655 Wilkie, 1962). Furthermore, the energy required for an isometric
.response is greater than that for an isotonic response and thus iso-
metric recording is more likely to reveal an impairment of contraction
due to changes in tissue metabolism (Iundholm and Mohme-Lundholm ,
1965). Therefore, in experiments with rat colon, responses were
recorded isometrically with Devices 2S5T02 transducers and an applied
resting tension of lg. Uterine preparations deteriorated rapidly under
isometric conditions and these responses were recorded with the isotonic
transducers (Devices 2LD01) using an applied load of 1g.

A1l tissues were equilibrated for 1.5 h and then the contractile
responses were recorded at the maximal sustained deviation from the
baseline. A tissue contact time of 90a, which is sufficient to record
both components of the guinea-pig ileum response to angiotensin
(Godfraind' et al, 1966), was employed for both acetylcholine and
angiotensin. In all expariﬁents, concentrations of acetylcholine and
angiotensin were selected which produced respons=s approximately equal
to the 50% maximal acetylcholine response. A doze cycle of 10 or 15 m
was used to avoid tachyphyllaxis of angiotensin r»esponses or potentiation

of acetylcholine responses.
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3. ELECTRICAL STIMULATION

In some experiments, guinea-pig ileum was stimulated electrically
through co-axial electrodes (Paton, 1965) with supra-maximal (usually
about 30V) rectangular wave pulses. Repetitive stimuli at.a.frequency
of 20Hz were used to produce sustained contractions of 10s duration.

A constant pulse width of 3ms was employed.

4. GLYCOGEN ASSAY

The glycogen content of rat colon and uterus muscle samples
was assayed by the method of Lo, Russel and Taylor (1970). 1In this
method the tissue is denatured by boiling with alkali and the glycogen
is precipitated and converted to glucose by addition of concentrated
sulphuric acid. The glucose is then condensed with phenol in the
presence of the acid and the yellow-orange colour is measured
spectrophotometrically at 490 m. This technique is reported to be
superior to the older anthrone method for glycogen assay (Lo et al,

1970).

PRACTICAL PROCEDURES

White Wistar rats (150-200 g) were starved for 12 hours prior
to0 experimentation and were killed by cervical dislocation. Female
rats were selected at oestrus or diocestrus by examination of the
vaginal smear immediately prior to killing. Tissues for glycogen assay
were removed and placed in a petri dish containing aerated Tyrode .
golution at 2800. Preparations of rat colon were flushed through with
Tyrode solution before sampling. Approximately 50 mg samples were cut
from the tissues and dried on filter paper. All visible fat and
connective tissue was then removed with a probe and forceps. No
samples were taken from the exposed cut end of tissue since glycogen

levels here would not be representative of overall levels. Instead



the cut end was trimmed by 0.25.cm immediately before removing the
sample. After weighing the sample on a Class A analytical balance,
it was transferred to the bottom of a pyrex centrifuge tube which was
then immersed in dry ice and alcohol. Samples were maintained deep
frozen until several had been collected and it was convenient to
continue the assay. |

0.5m1 of 30% KOH saturated with Na2304 was added to the tubes
which were then capped and plaéed in a boiling water bath for 30m.
When a homogenous solution was obtained, the glycogen was precipitated
from the alkaline digest with 95% ethanol (1.1-1.2 volumes). The
tubes were then placed in ice for 30m and subsequently centrifuged
at 840g for 30m, after which the supernatent was carefully aspirated.
The glycogen precipitate was then dissolved in 3mls of distilled water
and a 1lml aliquot was transferred to a 150x20mm test tube. One ml of
phenol solution was added followed by 5ml of 98% sulphuric acid which
was directed in a stream at the liquid surface to ensure good mixing.
After allowing the tubes to stand for 10m they were placed in a shaking
vwater bath at 25—30°C for 20m. The absorbance was then measured using
a Pye Unicam SP500 series OI spectrophotometer against blanks prepared
with iml of bi-distilled water. To ensure accuracy, three aliquots
were prepared from each tissue sample and the absorbance was calculated
ag the mean of these readings.

A standard curve was prepared using triplicate éamples of
standard glycogen solutions containing from 5 to 100 g of glycogen.
The mean slope calculated from the 33 glycogen standard samples was
then uvsed to estimate the tissue content of glycogen:

Tissue Glycogen Content MSO x V x 10*4

—— s et

(2/100g tissue) 5 ¥ "
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V: total volume of glycogen solution (3ml)
v: volume of aliquot used in colour reaction (1ml)
A490: absorbance at 490m
Wt weight of tissue sample (g)
Ks slope of gtandard curve (absorbance per microgram of glycogen)
The coleur in this asa;y is proportional to the concentration
of glucose and the concentration of phenol and therefore one standard
curve was constructed for each phenol solution.

5« DRUGS AND CHEMICALS

Angiotensin was the commercial Hypertensin (Ciba): Asp (NH2)1~
Valswﬁngiotensin I1I. This was prepared in a sterile solution (10_5mol)
in bi-distilled water and stored frozen in 1 ml ampoules. Acetylcholine
chloride (BDH) and histamine acid phosphate (BDiI) were stored in
a dessicator at 0-5°C and solutions were prepared immediately before
the start of an experiment. Final dilutions of all agonists were made
in Tyrode solution and a constant test volume of 0.2 ml was added to
the bath. All reagents used to modify induced wesponses were added to
the reservoir of Tyrode solution to give the final concentration. All
chemicals were of analytical grade.

COMMERCIAL DRUG PREPARATIONS

Quabains Supplied by Sigma. Stock solutions were prepared in
bi-distilled water immediately before use. To achieve
a concentration of 10-3m01 the appropriate volume of
stock solution was added directly to the organ bath.

Fthacrynic Acid:s Supplied as a pure powder by lierk, Sharpe and Dohme.

Stock solutions were prepared in bi-distilled water
immediately before use.

Indomethacinsg Supplied as a pure powder by llerk, Sharpe and Dohme.

Stock solutions were prepared in ethyl alcohol (90%)

immediately before use.
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6. CALCULATION OF RESUITS

All results have been expressed as a percentage reduction of the
control response taken in normal Tyrode solutiom and gassed with air.
The control responses were meassured when three su;cessive exposures to
the selected concentration of spasmogen had induced equal ;ized
contractions. For each treatmeﬁt, the reported results are the means
of values obtained from at least 5 tissues. The effect of the experimental

treatments have been analysed using Student's 't' teat. -



49.

RESULTS

SECTION 1: A COMPARATIVE STUDY OF THE METABOLIC REQUIREMENTS FOR
ANGIOTENSIN AND ACETYLCHOLINE IWDUCED CORTRACTIONS OF
SHMOOTH MUSCLE

A. GUINEA-PIG ILEUM

Guinea-pig ileum is very sensitive to angiotensin and has been
widely used for investigating the contractile action of the hormone.
In this study the tissue was subjected to conditions which interfered
with its energy metabolism and the effect upon responses to angiotensin
and acetylcholine was determined. Although fhe metabolic requirements
for smooth muscle contraction have been extensively investigated,
there have: been very few attempts to define the individual requirements
of specific spasmogens. I% washoped that this approach would separate
the primary interaction of angiotensin with the smooth muscle cells
from the resultant activation of the contractile mechanism and so
provide information about the mechanism invelved.

(1) The Effect of Altering the Glucose Conceniration of the Tyrode
Solution

The glucose concentration of the Tyrode solution was increased
or decreased from the normal concentration of 5.6mmol and the éesponses
to acetylcholine and angiotensin were recorded. It was found that
progressively increasing the glucose concentration to 44.8mmol had
no effect on either agonist, but that reducing the concentration had
marked effects. Table 1 shows the percentage reductions of the
acetylcholine and angiotensin responses produced by a 30 minute
equilibration in Tyrode solution containing 2.8 mmol and 1.4 mmol
glucose. At the lower concentration, the angio’ensin response was
reduced by 47.9% 3.5% (n=5) and the acetylcholize response by 11.82 1.7%

(n=5) and this difference was highly significant. (p<{0.001).



TABLE 1

50,

The percentage reductions of responses of guinea—-pig ileum to

angiotensin due to reducing the glucose cencentration of the Tyrode

Solution, compared to the percentage reductions of responses to

acetylcholine.
Glucose Percentage Redn. Percentagze Redn.
Concentration of Angio Resp. of Acetylcholine Resp. P
2.8 244472 12.9 10.8 2 3.6 NoT
mmol (5) (5) SIGNIF,
1.4 4T.92 3.5 11.82 1.7
) (5) (5) 4 B

Number of observations in parenthesis.

Results are Mean £ S.E. of mean.
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It appeared, therefore, that angiotensin was more dependent
upon the availability of glucose for the initiation of a contraction
than was acetylcholine.

(2) The Effect of Removing Glucose from the Tyrode Solution

Since a lowering of glueoee concentration produced a preferential
reduction of the angiotensin response, the effect of complete glucose
removal was investigated with respect to time. To avoid any possible
effects due to changes in osmolarity of the Tyrode solution, mannitol
(5.6 mmol) was substituted for glucose. It was found that during
a 20 minute exposure to glucose free Tyrode solution, there was
a congsistent difference between the percentage reduction of the
responses to acetylcholine compared with those to angiotensin (eee
fig. 1). After 10 minutes the angiotensin response was reduced by
29.02 8.1% (n=6) and after 20 minutes by 72.42 5.4% (n=6), while the
corresponding reductions in the acetylcholine response were 0.72 3.5%
(n=6) and 34.1% 8.8% (n=6) respectively. The difference between the
percentage reductions of the acetylcholine responses compared with the
percentage reduction of the angiotensin responses was significant
throughout the exposure to glucose free solution (p{0.01), and also
during the first ten minutes of recovery.

(3) Inhibition of Oxidative Metabolism

Glucose is a readily utilised energy source for smooth muscle
contraction and thus the greater dependence of the angiotensin response
upon glucose availability compared with the acetylcholine response -
might be due to an additional energy requiremen® for the angiotensin
contraction. To investigate further the poesible energy dependence
of the angiotensin response, ileal preparations were exposed to
conditions which prevented energy production by oxidative metabolism.

a. Nitrogen Induced Anoxia

Figure 2 shows the rercentage reductions of acetylcholine and
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FIGURE 1. The effect of a 20 minute expesure to glucose free Tyrode
solution upon responses of guinea-pig ileum to angiotensin and
acetylcholine. Mean % reduction of responses te¢ angiotensin (@) and
acetylcholine (0) with the standard error of the mean. Solid lines
denote the inhibition pattern produced by glucose removal and broken
lines that produced when glucose was replaced by an osmo-equivalent
of mannitol.

xx : 0.001 <p < 0.01 x: 0.01 <& p < 0.05 when comparing
the percentage reduction of the anglotensin response with that of the
corresponding acetylcholine response.
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FIGURE 2. The effect of a 20 minute expesure te nitrogen-induced anoxia
upon responses of guinea-pig ileum to angietensin and acetylcholine.
Mean % reduction of responses to angictensin (@) and acetylcholine (0)
with the standard error of the mean.

xxx: p<{ 0,001 =xx: 0.001 < p< 0.01 x: 0,01 € p< 0.05
when comparing the percentage reduction of the angiotensin response
with that of the corresponding acetylcholine response.



angiotensin responges which occﬁrred when preparations of guinea-pig
ileum were suspended in oxygen free Tyrode and gassed with nitrogen.
There is a marked difference between the percentage reductions of the
angiotensin and acetylcholine responses which is highly significant
(p< 0.001) throughout the 20 minute exposure to anoxic conditions.
The sensitivity of the angiotenéin response to oxygen deprivation
contrasted with the absence of any consistent effect upon the acetyl-
choline response. Thus after 10 minutes the angiotensin response was
reduced by 68.92 3.7% (n=5) and after 20 minutes by 86.3% 2.7% (n=5),
while the corresponding reductions of the acetylcholine response were
0.62 1.6% (n=5) and 0.7% 1.6% (n=5) respectively.

b. Carbon Monoxide

Pigure 3 shows the percentage reductions of the angiotensin
and acetylcholine responses which ocourred during a 16 minute exposure
of ileal preparations to carbon monoxide; a specific inhibitor of the
electron transport chain. The angiotensin response was reduced by
47.6% 6.5% (n=6) after 9 minutes and by 66.6% 9.4% (n=6) after
16 minutes whereas small but consistent percentage increases in the
response to acetylcholine were obgerved throughout the exposure to
carbon monoxide. The difference between the perceniage reductions
of the two agonists was at all times highly significant (p< 0.001).

These findings with nitrogen and carbon monoxide suggested
that oxidative pathways of metabolism might be involved in the
mechanism by which angiotensin elicited a contrzction of smooth muscle.

(4) The Effect of Hyoscine

In all the preceding experiments there was a marked difference
in the percentage reductions of the angiotensin and acetylcholine
evoked contractions. However, the angiotensin response of guinea-pig

ileum is known to consist of two components. Therefore , hyoscine
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FIGURE 3. The effect of a 16 minute exposure te carbon menexide upon
the responses of guinea-pig ileum to angiotensin and acetylcholine. _
Mean % reduction of the responses to angiotemsin (0) and acetylcholine

(0) with the standard error of the mean.

xxx: p<{ 0.001 ns: P> 0.05 when comparing the
percentage reduction of the acetylcholine response with that of the
immediately preceding angiotensin response.
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hydrobromide was added to the Tyrode solution in order to block the
indirect, cholinergic component of the response. The effect of

glucose lack upon the remaining direct componentwas then investigated.
Figure 4 shows the percentage reductions of angiotensin responses during
a 30 minute exposwre to glucose free Tyrode containing 2 x 10_7m01
hyoscine hydrobromide. Thig coﬁcentration was sufficient to abolish
contracti ons produced by acetylcholine when added in four times the
concentrati on necessary to elicit a response equal to the angiotensin
control responge. Histamine was used as a control in these experiments
with hycscine and the corresponding reductions of these responses are
also shown in figure 4. It may be seen that the direct component of
the angiotensin response was very sensitive to glucose lack,; and was
reduced by 29.52 3.6% (n=8) after 10 minutes and by 86.72 3.0% (n=8)
after 30 minutes. Responses to histamine were only slightly reduced,
and decreased by 14.2 % 2.9% (n:=6) after 30 minutes. The difference

in the percentage reductions of the two agonists was highly significant
(p£0.001) throughout the phase of glucose absence and also during the
first 30 minutes of recovery.

(5) Transmural Flectrical Stimulation and Glucose Iack

Table 2 shows the percentage reductions of responses to sustained

electrical stimuli when ileal preparations were exposed to glucose

free Tyrode solution for 30 minutes. The percentage reduction was
7.021.9% (n=5) after 10 minutes, and inéreaaed to 20.32 4.2% (n=5)

after 30 minutes. Co~axial electrodes of the type used by Paton

(1955) were employed and the responses elicited are reported to be

due to stimulation of post-ganglionic, para-sympathetic nerve fibres
(Paton, 19553 Day & Vane, 1966). This was confirmed by the use of

-1

hyoscine hydrobromide. At a concentration of 2 = 10 ' mol responses

to electrical stimmlation werereduced by 80 to 9% which demonstrated
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FIGURE 4. The effect upon the responses of guinea~pig ileum to
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error of the mean.
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angiotensin responge.
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TABLE 2 — Percentage reduction of responses of guinea-pig ileum to

co-axial electrical stimulation due to absence of glucose

from the Tyrode solution, compared to the percentage

reduction of the direct component of the angiotensin

response.

Time of

% Reduction of

% Reduction of

racooe (r) | e1otrionl response | Eicterein remonse | 2
10 70219 (T 29.52 3.6 (8) £ 0.001
20 8.12 2,8 (1) 68.02 4.4 (8) < 0.001
30 2053242 (7) 86.72 3.0 (8) < 0.001

Number of observations in parenthesis.

Results are mean * S.E. of mean.
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that this concentration of inhibitor was sufficient to block
endogenously released acetylcholine as well as exogenously applied
acetylcholine.

The difference between the percentage reductions of the
electrical responses and those of the direct component of %he

angiotensin response (see previous section) were highly significant

(p€ 0.001) throughout the phase of glucose absence (Table 2).
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B. RAT DESCENDING COILON AND RAT UTERUS

The existence of an indirect nervously mediated component to
the angiotensin response of guinea-pig ileum was an undesirable
complication.s Although the direct component may be separa?ed by the
use of muscarinic blocking agenéa it ig difficult to control effects
due to lack of specificity of these agents. Therefore, these
investigations into the energy dependence of the angiotensin
contraction were extended to two preparations where the action of
angiotensin has been shown to be wholly direct; rat descending colon
(Regoli & Vane, 19643 Fllis & Reit, 1962) and rat uterus (Khairallah
& Page, 19613 Regoli & Vane, 1964).

(1) The Effect of Glucose lack and Anoxia, Separatelyand in
Combination

Exposure of preparations of rat descendimg colon and uterus
to glucose free Tyrode solution for periods of up to 2 hours failed
to effect their responses to either acetylcholine or angiotensin.
Their responses to both agonists were also unafifected by exposure
to nitrogen for periods of up to tﬁree hours and t¢ carbon monoxide
for up to 30 minutes. Since neither glucose lacic nor anoxia affected
the induced responses, the effect of combining these treatments was
investigated.

Figure 5 shows the percentage reductions of angiotensin and
acetylcholine responses which occurred during a 30 minute exposure of
rat descending colon to glucose free Tyrode and znoxia. There was
a progregssive reduction of responses to both agomista.but at no time
was there a significant difference between the percentage reduction
of the angiotensin and acetylcholine responses. After 30 minutes the
percentage reduction of the angiotensin response was 87.5% 4.9 (n=9)
and that of the acetylcholine response was 76.9% 8.1 (n=9) which

suggested a marked impairment of the contractile mprocess.
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FIGURE 5. The effect of a 30 minute exposure to glucose-free Tyrode
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the corresponding acetylcholine response.
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Figure 6 shows the percaﬁtage reductions of the angiotensin
and acetylcholine responses which occurred during a 45 minute
exposure of rat dioestréus and oestrous uterus to glucose free
Tyrode solution and anoxia. With dioestrous uterus the resglts were
gimilar to those obtained with descending colon (fig. 5). There was
a progressive reduction of responses to both agonists with no
significant difference between the percentage reduction of the
angiotensin responses and the acetylcholine responsss. After 40
minutes, acetylcholine responses were reduced by 85.8% 4.6% and after
4% minutes angiotensin responses were reduced by 86.92 446% (n=6).
However, using the same conditions, the response of oestrous uterus
to either angiotensin or acetylcholine was unaffected. Prolongation
of exposure times for up to five hours failed to affect the ability
of this tissue to respond to either of the two agonistse.

(2) Measurement of Tissue Glycogen Content

Although there was no difference in the responses of colon
and utefus to acetylcholine compared with angiotensin during metabolic
inhibition there was a difference between the responses of ocestrous
and dioestrous uterus which was significant for both angiotensin
(p< 0.001) and acetylcholine (p< 0.001). (see fig. 6) Since under
these conditions of metabolic inhibition the tissue was dependent
upon energy derived from anaerobic glycolysis of endogenous subgtrates,
the difference in the responses of oestrous and dioestrous uterus might
be due to differences in the levels of tissue glycogene.

Pigure 7 shows the glycogen content of rat descending colon
and Tat uterus measured by the method of Lo, Russel & Taylor (1970).
Oestrous uterus contained 252.02 5.0 mg glycogen / 100g wet weight of
tissue (n=46) and this was significantly higher than the content of

dioestrous uterus, 147.0% 5.0 mg / 100g wet weight of tissue (n=30).
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FIGURE 6. The effect of a 45 minute exposure to glucose~free Tyrode
solution and anoxia upon responses of rat uterus to acetylcholine and
angiotensin. Mean % reduction of responses to angiotensin (8) and
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denote responses of diocestrous uterus and broken lines responses of
oestrous uterus.

ns P > 0.05 when comparing the percemtage reduction of
the angiotensin response with that of the immediately preceding
acetylcholine response.
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There was no significant difference between the glycogen content of
descending colon taken from male rats, 115.0% 3.0 mg / 100g wet weight
tissue (n=15), from oestrous rats, 112.0% 3.0 mg / 100z wet weight
tissue (n=46), or from diocestrous rats, 113.0% 2.0 mg / 100g wet
weight tissue (n=48).

" (3) The Effect of 2,4-Dinitrophenocl

To investigate further the importance of anaerobic glycolysis
as an energy yielding process, experiments were performed using
a Tyrode solution containing 5.6 mmol glucose as substrate and 0.1
mmol 2,4-dinitrophenol. This concentration of 2,4-dinitrophenol has
been shown to be effective in uncoupling oxidative phﬁsphorylation in
rat uterine tissue (Rangachari, Paton & Daniel, 1972).

Segments of descending colon from oestrous and dicestrous rats
were exposed to this solution for 25 minutes and responses to
acetylcholine and angiotensin were recorded. There was no difference
in the responses obtained from dioestrous compared with oestrous
prepvarations but in both the percentage reduction of the angiotensin
response was significantly greater (p<0.001) than that of the
acetylcholine response. Figures 8a and 8b show respectively the
rapid increase in the percentage reductions of the responses to both
agonists when dioestrous and cestrous colon were exposed to 0.1 mmol
244-dinitrophenol for up to 25 minutes. After 5 minutes exposure to
2¢4=-dinitrophenol, the angiotensin response was reduced by 75.21.4.&%
(n=5) and the acetylcholine response was reduced by 16.62 4.8% (n=5).
The difference between the percentage reduction of the angiotensin
response and that of the acetylcholine response Eéa highly significant
(p£0.001). Although at 15 minutes both responses were markedly
reduced and the angiotensin response almost abolished, there was

still a significant difference (p<{ 0.001) between the percentage
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FIGURE 8a. The effect or 0.1 mmol 2,4-dinitrophenol upon the responses
of dioestrous rat colon to acetylcholine and angiotensin. Mean %
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FIGURE 8b. The effect of 0.1 mmol 2,4~dinitrophenol upon the responses
of oestrous rat colon to acelylcholine and angiotensin. Mean % reduction
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reduction of the angiotensin response, 98.3% 1.6%(n=5), and that of
the acetylcholine response, TT.4* 4.1% (n=5).

When a lower concentration of 2,4~dinitrophenol (0.05 mmol)
was used maximal inhibition occurred within 30 minutes of exposure.

The percentage reductions of the angiotensin and acetylohoiine responses
of dioestrous and oestrous colon produced by this solution are shown
in table 3. In both cases, the percentage reduction of the angio-
tensin response was significantly greater than that of the acetyl-
choline response (p< 0.001).

Figures 9a and 9b show respectively the results obtained when
dioestrous and oestrous uterus were exposed to 0.1 mmol 2,4~dinitrophenol.
The responses of dioestrous uterus to both angiotensin and acetylcholine
were progregsively and rapidly reduced during exvosure to 24-dinitro-
phenol but at all times the reduction of the angiotensin response was
significantly greater (p< 0.001) than that of the acetylcholine response.
The rate of reduction of the responses was slower in dioestrous uterus
than in descending colon and complete abolition of the angiotensin
response on dioesirous uterus wag obtained after 35 minutes which
compared with 15 minutes for colon.

After 5 minutes the acetylcholine response was reduced by
1.42 0.8% (n=5) and after 20 minutes by 10.22 1.4% (n=5) while the
subsequent angiotensin responses were reduced by 25.1% 2.1% (n=5) and
70.72 8.5% (n=5) respectively.

The responses of oestrous uterus to both agonists (fig. 95)
gshowed an initial rapid reduction followed by a slower reduction
s0 that after 30 minutes exposure to 0.1 mmol 2,4~-dinitrophenol the

acetylcholine response was reduced by 50.0 % 3.3% (n=5) and the

subsequent angiotensin response (at 35 minutes) was reduced by

65.72 3.4% (n=5). There was no consistent significant difference
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TABLE 3 - Percentage reduction of responses of oestrous and dioestrous
rat descending colon to angiotensin produced by a 30 minute
exposure tb Tyrode solution containing 0.05 mmol 2,4~
dinitrophenol, compared to the percentage reduction of

responses to acetylcholine.

i sparatton % Reduction of % Reduction of P
il Acetylcholine Responses | Angiotensin Responses
t
Ogilﬁglfs 34.424.3 (9) 75.62 2.4 (10) £0.001
ioest
e 46.92 2.3 (9) 69.22 2.2 (9) ¢0.001

Number of observations in parenthesis.

Results are mean ¥ S.E. of mean.
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FIGURE 9a. The effect of 0.1 mmol 2,4-dinitrophenol upon responses
of dioestrous rat uterus to acetylcholine and angiotensin. Mean
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immediately preceding angictensin response.
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between the percentage reduction of the angiotensin and acetylcholine
responses of oestrous uterus during the period of exposure to

0.1 mmol 2,4~dinitrophenol.
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SECTION II A STUDY OF THE EFFECT OF METABOLIC INHIBITION
UPON THE CONTRACTILE RESPONSES OF RAT
DESCENDING COLON TO ANGIOTEESIN AND POTASSIUM
(40 MMOL)

It has been reported that metabolie inhibition has a grealer
effect upon the maintenance of an induced coniraction than‘upon the
initial rise in tension (Feldhufg & Solandt, 19423 West et al, 19513
Born & Bulbring, 19553 Born, 19563 Eckenfels & Vane, 1972) and if has
been suggested that different mechanisms may be involved (Born, 1956).
Therefore, in previous experiments contractions to acetylcholine and
angiotensin were measured at the maximum sustained level during the
drug~tissue contact time. During metabolie inhibition there was
a small but variable difference between the maintained acetylcholine
response and the initial contraction but there was no detectable
change in the maintenance of the angiotensin response. However, the
contractile response of isolated smooth muscle preparations to
potassium chloride (40 mmol) has been reported to consist of two
phases, the second of which being dependent upon energy, is abolished
during conditions of metabolic inhibition (Urakawa & Holland, 19643
Pfaffman et al, 1965). Since previous experiments had revealed that
the angiotensin response was dependent upon energy, the possible
relationship between the angiotensin contrastion and the second phase
of the potassium contraction was investigated by recording the
responses of rat descending colon to potassium under similar
experimental conditions.

(&) The Bffect of Combined Glucose Removal and Anoxia uvon the
Potassium Contracture of Rat Descending Colon

Figure 10 shows the percentage reductions of the phasic (fast)
and tonic (slow) components of the potassium contracture which occurred
during a 30 minute exposure of rat descending colon to glucose free
Tyrode and anoxia. The phasic component was the maximum contraction

on addition of 40 mmol potassium chloride to the organ bath and the
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FIGURE 10. The effect of a 30 minute exposure te glucose-free Tyrode
solution and anoxia upon responses of male rat descending colon to
potassium (40 mmol). Mean % reduction of the phasic (fast) component
of the potassium response (@) and the tonic (slow) component of the
potassium response (0) with the standard error ¢f the mean.

xxx p<{ 0.001 xx 0.001 {p{ 0.01 ns p > 0.05
when comparing the percentage reduction of the tenic component with
that of the phasic component.
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tonic component was the maintained contraction during the 90 second
contact time. The percentage reduction of the tonic component was
significantly greater (p‘(0.00I) than the percentage reduction of

the phasic component throughout the period of metabolic inhibition.
Thug after 20 minutes exposure ?o glucose free Tyrode and anoxia, the
phasic component was reduced by 31.82 5.6% whereas the tonic component
was reduced by 82.41 3.7% (n=6).

Table 4 shows the percentage reduction of the tonic potassium
response produced by glucose free Tyrode and anoxia compared with the
percentage reduction of the angiotensin response when éxposed to these
conditions. At no time during the exposure of the preparations of rat
descending colon to glucose free Tyrode and anoxia was there any
significant difference between the percentage reduction of the angio-
tensin responge and that of the tonic potassium response. Thus after
20 minutes exposure to these conditions, the angiotensin response was
reduced by 70.62 5.9% (n=6) and the tonic component of the potassium
responge was reduced by 82.4:&3.7% (n=6), and after 30 minutes exposure,
the angiotensin response was reduced by 87.5% 4.9% (n=6) and the tonic
component of the potassium response by 90.82 2.5% (n=6).

(b) The Effect of 2,4-Dinitrophenol upon the Potassium Contractures
of Rat Descending Colon

I'igure 1] shows the percentage reductions of the phasic and
tonic components of the potassium contracture of rat descending colon
which occurred during a 35 minute exposure to a Tyrode solution
containing 0.1 mmol 2,4-~dinitrophenol. Throughout the period of
metabolic inhibition, the percentage reduction of the tonic component
was significantly greater (p{0.01) than the percentage reduction of
the phasic component. Thus, after 15 minutes exposure to 2,4-~dinitrophenol

the tonic response was reduced by 67.2% 6.1% (n=12) and the phasic
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TABLE 4 - The percentage reduction of responses of rat descending
colon to angiotensin due to exposure to a glucose~free
Tyrode solution and anoxia, compared with the percentage

reduction of maintained ‘tonic' potassium responses.

Length of % reduction % reduction of
BExposure of angiotensin maintained potassium P,
(m) reaponge response
> 0.05
+ +
20 70.6 £5.9 (9) 82.4% 3.7 (6) b i
30 87.52 4.9 (9) 90.82 2.5 (6) > 0.05
i.ee nes.

Number of observations in parenthesis.
Results are mean® S.E. of mean.

ne.s. — not significant.
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FIGURE 11. The effect of 0.1 mmol 2,4-dinitrephenol upon the responses
of male rat descending colonm to potassium (40 mmsl). Mean % reduction
of the phasic (fast) compenent of the potassium response (@) and the
tonic (slow) component of the potassium respense (0) with the standard
error of the mean.

xxx p £ 0.001 xx 0.001 { p { 0.01 when comparing
the percentage reduction of the tenic component with that of the
phagic component.
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response was reduced by 38.42.?;4% (n=12). After 35 minutes of
exposure to 2,4-dinitrophenol the percentage reduction of the tonic
response increased to 84.02 3.3 (n=10) and the corresponding percentage
reduction of the phasic component was 63.62 6 .2 (n=10).

There was a significant difference between the percentage
reduction of the tonic potassium response and the angiotensin response
during exposure of rat descending colon to 0.1 mmol 2,4-dinitrophenol
(Table 5). After 15 minutes the tonic potassium response was reduced
by 67.22 6.1% (n=12) while the angiotensin response was reduced by
98.32 1.6% (n=5). After 24 minutes the percentage reduction of the
tonic potassium response was 84.62 3.1 (n=12) and the angiotensin
response was completely abolished.

It therefore appeared that although the responses to angiotengin
and potassium were both energy dependent, the response to angiotensin
was more sensitive to inhibition by 2;4~dinitrophenol. This raised
the posgibility that different mechanisms were involved in the two
Tesponses.

(¢) The EBffect of 2,4-Dinitrophenol uvon Prolonged Reasponses to
Angiotensin and Potassium (40 mmol)

To investigate further the relationship between the tonic
potagsium response and the angiotensin résponse of rat colon,
preparations were exposed to a Tyrode solution containing 0.1 mmol
244=dinitrophenol and 3 minute responses to potassium and angiotensin
were recorded.

Figure 12 shows the percentage reduction of the phasic and
tonic components of the potassium response of rat descending colon
produced by an 80 minute exposure to 0.1 mmol dimitrophenol. The
percentage reduction of the tonic component was significantly greater

than the percentage reduction of the phasic component throughout the

period of metabolic inhibition (p{0.01). After 20 minutes the phasic



TABLE 5 = The percentage reduction of responses of rat descending

colon to angiotensin due to exposure to Tyrode solution
containing 0.1 mmol 2,4-~dinitrophenel, compared with the
percentage reduction of maintained *tonic' potassium

responses.

genitgr:f % reduction of m 1?1;1';22?122{ Ofium P
R angiotensin responses | "> A Pes-aa6
(m) responses
15 98.3% 1.6 (5) 67.2 6.1 (12) < 0.001
35 100.0 (5) 84.62 3.1 (12) < 0.001

Number of obgervations in parenthesis.

Results are mean * S.E. of mean.
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FIGURE 12. The effect of 0.1 mmol 2,4~dinitrophencl upon prelonged
responses of 3 minutes duration to potassium (40 mmol) . Mean %
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the standard error of the mean.
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phasic component.
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component was reduced by 54.81f4.2% (n=16) and the tonic component
was reduced by 72.9:‘4.3ﬁ (n:16) and after 40 minutes the percentage
reductions were 62.82 3.1 (n=16) anad 8;;55:2.2 (n=16) respectively.
Thereafter there was some recovery of both components and after

80 minutes of exposure to 2,4-dinitrophenol the percentage reduction
of the phasic component was 37.12 3.7% (n=16) and the percentage
reduction of the tonic component was 7T7.3% 2.3 (n=16).

Table 6 shows the percentage reduction of responses of three
minutes duration to angiotensin which occurred during exposure of
preparations of rat descending colon to a Tyrode solution containing
0.1 mmol 244-dinitrophenol. The contraction of this tissue to
angiotensin is slow and is characterisged by a lag period of 20 to 30
seconds before the response is initiated. There was no evidence of
any dissociation of the angiotensin contraction into two components
during the exposure to 2,4-dinitrophenol and once the maximum
contraction was achieved, it was maintained throughout the exposure
to angiotensin. Exposure of preparations to 2,4—-dinitrophenol caused
a progressive reduction of responses to angioftensin. After 20 minutes,
the angiotensin response was reduced by 97.62 1.?% (n=5) and after
40 minutes it was completely abolished. Table 6 compares the
percentage reduction of the angiotensin response produced by 2,4-
dinitrophenol with the percentage reduction of the tonic phase of
the potassium response. Throughout the phase of metabolic inhibition,
the percentage reduction of the angiotensin response was significantly
greater than the corresponding percentage reduction of the tonic
potassium response (p{ 0.01). Thus after 20 minutes exposure to
2,4-dinitrophenol the angiotensin response was reduced by 97.6% 1.7%
(n=5) and the tonic component of the potassium response was reduced
by 72.9% 4.3% (n=16). These results confirmed the earlier findings

with responses of 90 second dursation to angiotensin and potassium
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TABLE 6 - The percentage reduction of 3 minute long angiotensin
responses of rat descending colon due to exposure to
Tyrode solution containing 0.1 mmol 2,4-dinitrophenol,
compared with the percentage reduction of the maintained

'tonic' phage of 3 minute long potassium responses.

Length of i dediit ity ;f reiuction gf :
SEDREARS angiotensin regponse PO gm FosreRas S
(m) (maintained phase)
20 97.6% 1.7 (5) 72.9%4.3 (16) {0.01
40 100.0 (5) 81.2+2.2 (16) {0.001
60 100.0 (5) 80.4+ 1.8 (16) {0.001
80 100.0 (5) T7.3%2.3 (16) {0.001

Number of observations in parenthesise.

Results are mean * S.E. of mean.
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and it therefore appeared that different mechanisms might be responsible
for the energy dependence of the tonic potassium response and the
angiotensin response.

. (d) The Interaction of Angiotensin and 40 mmol Potassium on Rat
Descending Colon :

When angiotensin was added to rat colon during a maintained
tonic potassium response in normal Tyrode solution, there was a further
contraction of the tisgue. After 15 minutes exposure to glucose free
Tyrode solution and anoxia the tonic potassium response was reduced
by 91.8% 0.6% (n=6) and addition of angiotensinm failed to elicit
a further contraction. Thus conditions which abolished the maintenance
of the tonic potassium response also abolished the angiotensin response.
The percentzge reduction of the tomic potassium response after
exposure to glucose free Tyrode and anoxia was significantly greater
(p £0.001) than the percentage reduction of the phasic potassium
response, 6.7% 2.2% (n=6), which confirmed earlier findings.

In further experimenis, preparations of rat descending colon
were exposed to a Tyrode solutioh containing a sub-contractor
concentration of angiotensin (10-9m01) and responses to potassium
were elicited. There was an increase in both the tonic and phasie
components of the potassium contracture compared with control responses
in normal Tyrode. The tonic response was increased by 9.4% 2.2%

( nz15 ) and the phasic response was increased by 3.72 3.2% (n=15)
when preparatiohs were exposed to the Tyrode solution containing
angiotensin. However, there was no significant difference (p>'0.05)
between the effect on the tonic response and the effect on the phasic

responsee.
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SECTION ITT THE ROLE OF PROSTAGLANDINS AND CYCLIC AMP IN THE
CONTRACTILE ACTION OF ANGIOTENSIN UPON
SHOOTH MUSCLE

Many peptide hormones act through a secondary messanger and
there have been several reports that angiotensin actsin this way.
Such a mechanism could explain the energy dependence of the angio=-
tensin response of smooth musele observed in the rreceding experiments
since formation of cyclic AMP or prostaglandins is an energy requiring
process. The possible role of cyclic AMP and prostaglandins in the

contractile action of angiotensin was therefore investigated.

A. The Role of Prostaglandins

The non-steroidal anti-inflammatory agent indomethacin has been
shown to be a potent inhibitor of prostaglandin synthesis (reviews by
Vane, 19713 Ferreira, Moncada & Vane, 19713 Flower & Vane, 19745 Flower,
1974) and in concentrations of 3-6 pmol it inhibits prostaglandin
synthesis in isolated smooth muscle preparations (Fckenfels & Vane,

19725 Flower, 1974). The effect of this agent was therefore investigated
upon responses of rat colon and uterus to angiotensin and acetylcholine.

(1) The Effect of Indomethacin upon Responses of Rat Descending
Colon to Angiotensin and Acetylcholine

Exposure of preparations of rat descendinz colon to a Tyrode
solution containing 3 pmol indomethacin had no consistent effect upon
responses to angiotensin or acetylcholine. Increasing the concentration
to 6}rmol, however, produced a small but significant reduction of the
responses to both agonistss Following a 30 minute equilibration in
Tyrode solution containing 6 fmol indomethacin, the responses to
angiotensin were reduced by 13.621 2.2% (n=6) and responses to
acetylcholine were reduced by 12.8% 3.6% (n=6). There was no
significant difference between these percentage reductions (P0.05).
This concentration of indomethacin had no effect upon the spontaneous

activity of the smooth muscle preparations and failed to affect the
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FIGURE 13. The effect of 30 /'mel indomethacin upon the responses of
male rat descending colon to acetylcholine and sngiotensin. Mean %
reduction of responses to angiotensin (@) and acetylcholine with the
standard error of the mean.

ns P ) 0.05 when comparing the percentage reduction
of the angiotensin response with that of the immediately succeeding
acetylcholine response.
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maintenance of the induced respbnaes.

When the concentration of indomethacin was increased to
30 Fmol the percentage reduction of responses to acetylcholine and
angiotensin was increased (ses fig. 13). Following a 30 minute
equilibrati on in Tyrode solution containing indomethacin, contractions
to acetylcholine and angiotensiﬁ wvere evoked alternately. There was
no significant difference between the percentage reduction of the
angiotensin responses and the immediately succeeding acetylcholine
responges throughout the exposure to indomethacin. Thus after 35
minutes exposure to indomethacin the angiotemsin response was reduced
by 42.52 5.0% (n=6) and the 45 minute acetylcholine response was
reduced by 44.12 3.5% (n=6). The effect of indomethacin was not
progressive and the percentage reduction of the acetylcholine response
after 65 minutes was not significantly different from the percentage
reduction after 30 minutes.

When the concentration of indomethacin was increased to 60 ¥
mol there was no further reduction of responses of rat descending colon
to acetylcholine and angiotensin compared with the reductions produced
by 30 Fmol indomethacin (see fig. 14). Tissues were equilibrated with
the solution for 30 minutes before responses to acetylcholine and
angiotensin were recorded alternately. There was no significant
difference between the percentage reductions of the angiotensin responses
and the immediately succeeding acetylcholine responses throughout the
exposure to indomethacin. Thus after 35 minutes the angiotensin
response was reduced by 36.52 1.0% (n=6) and the 45 minute écetylcholina
response was reduced by 39.22 5.9% (nz=6) (p)0.05). This concentration
of indomethacin abolished all spontaneous activity but had no effect
upon the maintenance of induced responses. THe reduction of the
acetylcholine and angiotensin responses was only slowly progressive

and after 60 minutes the percentage reduction of the acetylcholine
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FIGURE 14. The effect of 60 Pmol indomethacin upon the responses

of male rat descending colon to acetylcholine and angiotensin. Mean
% reduction of responses to angiotensin (@) and acetylchollne (0) with
the standard error of the mean.

ns P » 0.05 when comparing the percentage reduction
of the angiotensin response with that of the succeeding acetylcholine
Tesponse.
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response was 39.8% 6.26(n=6) compared with 28.8% 4.1% (n=6) after
30 minutese.

(2) The Effect of Indomethacin uvon the Responses of Rat Dioestrous
Uterus to Acetylcholine and Angiotensin

Exposure of preparations of rat dioestrous uterus to a Tyrode
solution containing 3 pmol indomethacin had mno consistent affect upon
responses to acetylcholine and angiotensin. When the concentration
was increased to 15}rm01 there was a small but significant percentage
reduction of responses to acetylcholine and angiotensin (fig. 15).
There was no significant difference between the percentage reduction
of the angiotensin responses and the succeeding acetylcholine responses
and the action of indomethacin was not progressive. After 30 minutes
exposure to indomethacin the percentage reduction of the acetylcholine
response was 14.72 3.9%4(n=6) and after 45 minutes it was 11.22 2.9%
(n=6). The immediately succeeding angiotensin responses at 35 minutes
and 45 minutes,; were reduced by 16.22 4.2% (n=6) and 14.02 3.7%

(n=6) respectively.

Figure 15 also shows the percentage reductions of acetylcholine
and angiotensin responses of rat dioestrous uterus which occurred
during an exposure to a Tyrode solution containing 60 pmol indomethacin.
Following a 30 minute equilibration period, alternate contractions were
evoked to acetylcholine and angiotensin. The percentage reduction of
both agonists was greater than had been observed with 15 pmol indomethacin
but there was a significant difference between the percentage reduction .
of angiotensin responses and the succeeding acetylcholine responses
(p{0.01). Thus after 35 minutes exposure to indomethacin the angio-
tensin response was reduced by 30.5% 4.1% (n=6) and the succeeding
acetylcholine response at 45 minutes was reduced by 13.22% 2.7% (n=6).

After 50 minutes exposure to indomethacin the angiotensin response

was reduced by 32.4% 2.7% (n=6) and since no further contractions were
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FIGURE 15. The effect of 15 pmol and 60 pmel indomethacin upon

the responses of dicestrous rat uterus to acetylicholine and angiotensin.
Mean % reduction of responses to angiotensin (&) and acetylcholine (0)
with the standard error of the mean. Solid linces denote the inhibition
rattern produced by 15 }/mol indomethacin and bircken lines that
produced by 60 pmol indomethacine.

xxx p { 0.001 xx 0.001{ p<£ €¢.01l ns p > 0.05
when comparing the percentage reduction of the angiotensin responsge
with that of the immediately succeeding acetylcholine response.
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recorded this has been comparedbwith the percentage reduction of the
acetylcholine response after 45 minutes. The reduction of responses
produced by indomethacin was not progressive and after 45 minutes the
percentage reduction of the acetylcholine response, 13.2F ?.T% (n=6),
was less than the percentage reduction after 30 minutes, 21.2% 4.5%
(a6) . |

When the concentration of indomethacin was increased to
0.3 mmol responses to acetylcholine and angiotensin were severely
impaired. Following a 30 minute equilibration in Tyrode solution
containing indomethacin responses to acetylcholine and angiotensin
were evoked alternately. There was a significant difference between
the percentage reduction of the acetylcholine responses and the
immediately succeeding angiotensin responses (p< 0.001). After
35 minutes the angiotensin response was abolished and the following
acetylcholine response at 45 minutes was reduced by 65.32 5.2% (n=6).
The reduction of the responses to scetylcholine was progressive and
coupled with the severe inhibition of the contractions, this indicated
an impairment of the ability of the muscle to contract.

At a concentration of 3 Pmol,indomethacin had no effect upon
spontaneous activity of preparations of dioestrous rat uterus. In
higher concentrations, 15 pmol, 60 fmol and 0.3 mmol, spontaneous
activity was inhibited and there was some loss of tone, but there was

no evidence of any impairment of the maintenance of induced contractionse.
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B. The Role of Cyclic AMP

The methylxanthine theophylline has been shown to be an
effective inhibitor of phosphodiesterase (Sutherland & Rall, 19603
Butcher & Sutherland, 1962) and it potentiates many actions of drugs
that are supposed to be mediated by cyclic AMP (Rall & West, 19633
Robinson, Butcher & Sufherlan&, 1971). In the concentration range
of 1 - 10 mmol, theophylline has been shown to inhibit phosphodiesterase
in ﬁoat preparations including isolated smooth muscle (Davies et al,
19723 Hornych et al, 19733 Pfaffmen & McFarland, 1973). Therefore,
the action of theophylline was investigated on the contractions of
rat descending colon to acetylcholine and angiotensin.

(1) The EBffect of Theophylline upon Responses of Rat Descending
Celon ta Acetylcholine and Angiotensin

The effect of theophylline upon the responses of rat descending
colon to acetylcholine and angiotensin was investigated with respect
to time. A concentration of 1 mmol theophylline had no significant
effect upon responses to either agonist but higher concentrations
caused an equal reduction of induced contractions. Figure 16 shows
the percentage reductions of acetylcholine and angiotensin responses
which occurred when preparations of rat descending colon were exposed
to a Tyrode solution containing 2 mmol theophylline. There was no
gsignificant difference tp)(LOS) between the pesrcentage reductions
of the acetylcholine responses and the percentare reductions of the
angiotensin responses during the exposure to theophylline. After
30 minutes the acetylcholine response was reduced by 13.41 1.9%

(n=6) and the angiotensin response was reduced by 13.82 1.7% (n=6).
The percentage reductions after 50 minutes exposure to theophylline
were 14.31 1.7% (n=6) and 19.821.9% (n=6) respectively.

When the concentration of theophylline ¥as increased from

2 mmol to 4 mmol there was a further reduction «f responses to both



92.

20

NS ¢

)
0
=
o 18
D- .
)
[0)
= L
G
o

16§ ~
o
o ns ¢
g
@)
)
U o o
) -
&t 14|

%

12 |

30 40 50

time [(m)

PIGURE 16. The effect of theophylline 0.2 mmel upen the responses of
male rat descending colon to angiotensin and acetylcholine. Mean %
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the angiotensin response with that of the corrcsponding acetylcholine
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agonists but again there was no significant difference between the
percentage reduction of the acetylcholine responses and the percentage
reduction of the angiotensin responses (Fig. 17). After 30 minutes
the acetylcholine response was reduced by 63.72 3.7% (n=6) and this
increased to 73.52 5.0% (n=6) after 50 minutes. The angiotensin
response was reduced by T1.82 4.7% (n=6) after 30 minutes and by
T2.92 4.?% (n=6) after 50 minutes. Responses of rat descending

colon to 40 mmol potassium chloride were also reduced by exposure to
Tyrode solution containing 4 mmol theophylline. (fig. 17). Potassium
contractures were well maintained in the presence of theophylline and
there was no dissociation into phasic and tonic components. The
percentage reduction of the potassium response was 65.9% 2.9% (ﬁ=6)
after 30 minutes exposure to theophylline, and T70.4* 3.67% (n=6) after
50 minutes exposure. There was no significant difference between

the percentage reductions of the potassium contracture and the
corresponding percentage reductions of the angiotensin and acetyl-
choline responses.

Figure 18 shows the percentage reductionz of responses of rat
descending colon to acetylcholine and angiotensinm which occurred
during exposure to Tyrode solution containing 5 wmmol theophylline.
There was a severe impairment of contractions to both agonists but
there was no significant difference between the percentage reductions
of the acetylcholine responses and the percentzge reductions of the
angiotensin responses. After 30 minutes exposure to theophylline,
the acetylcholine response was reduced by 79.42 5 o 9% (n=6) and the
angiotensin response was reduced by 84.92 4.8% (1=6). After 50
minutes exposure the percentzage reducltions of th: acetylcholine and
angiotensin responses were 84.0# 2.9% (n=6) and 92.2 *1.8% (n=6)

respectively.
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FIGURE 17. The effect of theophylline 0.4 mmol upon the responges of
male rat descending colon to angiotensin, acetylcholine and potassium
(40 mmol). Mean % reduction of responses to angiotensin (@),
acetylcholine (0) and potassium (+ ) with the standard error of the
mean.

ns P 7 0.05 when comparing the percentage reduction of
the angiotensin response with that of the corre=ponding acetylcholine
or potassium response.
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SECTION IV THE ROLE OF INORGANIC IONS IN THE ACTION OF
ANGIOTENSIN UPON SMOOTH MUSCLE

There have been many reports that the contractile action of
angiotensin upon smooth mugcle is dependent upon the concentration
of sodium and calcium ions in the surrounding solution. waever,
there are many contradictory reports in the literature which may be
due to the diversity in the smooth muscle preparations that have been
investigated. Angiotensin also stimulates active sodium transport in
igolated epithelial systems and has been reported to have a direct
action upon sodium transport in the renal tubule. Since these effects
occur with concentrations of angiotensin which are ineffective on
smooth muscle preparations, it is possible that the physiological
action of angiotensin may be related to an effect upon sodium transport.

Therefore, a systematic study was made of the effect of changes
in sodium and calcium concentration upon responses of rat descending
colon and rat uterus to anglotensin and acetylcholine. A study was
also made of the possible role of the sodium potassium pump and the
gsodium potassium independent pump in the contractile action of
engiotensin since stimglation of active ion mowement by angiotensin
could explain the ene*gy dependence of the angiotensin response

observed in previous experiments.

A. Sodium Tons and the Angiotensin Response

(1) The Effect of Reduced Sodium Concentration upon the Response
of Rat Descending Colon to Angiotensin =mnd Acetylcholine

The sodium concentration of the Tyrode solution was decreased
from the normal concentration of 137 mmol and the responses to
acetylcholine and angiotensin were recorded. (Figure 19). Decreases
in sodium concentration were replaced with osmo-—equivalent amounts of
sucrose. When the sodium concentration was reduced to 120 mmol

responses of rat colon to acetylcholine and angiotensin were
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FIGURE 19. The alteration in the response of male rat descending coleon
to angiotensin and acetylcholine when the sodium concentration was
reduced from the normal concentration of 137 mmol. Mean % reduction

of responses to angiotensin (@) and acetylcholine (0) .with the standard
error of the mean. Solid lines denote the inhibition pattern produced
by a sodium concentration of 120 mmol, while broken lines and dotted
broken lines denote the inhibition patterns preduced by sodium
concentration of 103 mmol and 68.5 mmol respectivelye.

x 0.01 £ p<{ 0.05 ns p ) 0.05 when comparing the
percentage reduction of the angiotensin response with that of the
immediately succeeding acetylcholine response.



98'

progressively reduced but there was no significant difference between
the p ercentage reductions of the angiolensin responses compared with
the percentage reduction of the immediately succeeding acetylcholine
responses (p>r0.05). After 35 minuteg the angiotensin response was
reduced by 2.3 % 1.4% (n=6) and the 45 minute acetylcholine response
was reduced by 8.4* 5.3 (n=6). The angiotensin response at 50 minutes
was reduced by 8.07% 4.6% (n=6) and the 60 minute acetylcholine response
was reduced by 11.92% 5.8/ (ne6).

When the sodium concentration was reduced to 103 mmol there
was no further reduction of resvonses to acetylcholine and angiotensin
compared with a sodium concentration of 120 mmol. Responses to
acetylcholine znd angiotensin were progressively reduced but there
was no significant difference between the percemtage reduction of the
angiotengin responses compared with the percentage reductions of the
immediately succeeding acetylcholine responses. After 35 minutes
exposure to Tyrode solution containing 103 mmol sodium, the response
to angiotensin was reduced by 14.2% 3.7% (n=8) and after 50 minutes
exposure, by 13.72 5.6% (n=8). The corresponding acetylcholine
responses after 45 minutes exposure and 60 minutes exposure were
reduced by 13.6% 5.3% (n=8) and 16.42 5.7% (n=8) respectively.

After 35 minutes exposure to a Tyrode solution containing
68.5 mmol sodium the angiotensin response was reduced by 47.22 4.1%
(n=6) and after 50 minutes the reduction was 46.7% 3.6% (n=6). The
percentage reduction of the acetylcholine responce after 45 minutes
was 53.3*%2.3% (n=6) and after 60 minutes 59.7% 2.5% (n=6). There
was no consistent significant difference between the percentage
feduction of the angiotensin responses and the immediately
succeeding acetylcholineresponses. (p)» 0.05). Responses to both
acetylcholine and angiotensin were progressively reduced and the

percentage reduction was significantly greater than that produced by

102 mmol sodinm.
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(2) The Effect of Increasing the Sodium Concentration of the Tyrode
Solution upon Responses to Acetylcholine and Angiotensin

The sodium concentration of the Tyrode solufion was increased
from the normal concentration of 137 mmol. (Figure 20). When
preparations of rat colon were exposed to a.TyrBde solutioﬂ containing
171 mmol sodium there was a constant reduction of responses to
acetylcholine and angiotensin which did notincrease with time. Thus
after 35 minutes the angiotensin response was reduced by 31.52 5.5%
(n=6) and after 50 minutes it was reduced by 30.6* 5.4% (n=6). The
immediately succeeding acetylcholine responses at 45 minutes and 60
minutes were reduced by 3l.4* 4.0% (n=6) and 29.6% 4.3% (n=6)
respectively. There was no significant difference between the
percentage reduction of angiotensin responses and the percentage
reduction of the succeeding acetylcholine responses during exposure
to the high sodium Tyrode.

Figure 20 also shows the percentage reduction of responses to
acetylcholine and angiotensin which occurred during exposure of
preparations of rat descending colon to Tyrode solution containing
205.5 mmol sodium. The reduction of responses to both agonists was
greater than in Tyrode solution containing 171 mmol sodium and was
slowly progressive.

After 35 minutes the angiotensin response was reduced by
43.92 5.8% (n=5) and after 50 minutes by 53.1% 5.3% (n=5), while the
immediately succeeding acetylcholine responses (=2t 45‘minutes and
60 minutes) were reduced by 63.12% 5.8% (n=5) and 62.0% 5.4% (n=5)
respectively. There was no consistent significant difference between
the percentage reduction of the angiotensin responses and the percentage
reduction of the succeeding acetylcholine responses during exposure

to high sodium Tyrode.
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FIGURE 20. The alteration in the response of male rat descending colon
to angiotensin and acetylcholine when the sodium concentration of the
Tyrode solution was increased from the normal concentration of 137 mmol.
Mean % reduction of responses to angiotensin (@) and acetylcholine with
the standard error of the mean. Solid lines denote the inhibition
pattern produced by a sodium concentration of 171 mmol and broken lines
that produced by a sodium concentration of 205.5 mmol.

x 0,01 { p< 0.05 ns P ) 0.05 when comparing the
percentage reduction of the angiotensin response with that of the
immediately succeeding acetylcholine response.



101.

(3) The Effect of Ouabain upbn Responses of Ral Deacending Colon
and Rat Uterus to Angiotensin and Acetylcholine

Numerous studies have shown that the cardiac glycoside ouabain

is a potent inhibitor of the sodium potassium pump, enzymatically

+ 2+

Na —K%-Mg activated ATPase (reviews by Glynn, 19573 Glynn, 19643
Caldwell, 1968; Whittam & Wheeler, 1970; Lee & Klaus, 1971).
Therefore a study was made of the effect of ougbain upon the contractile

responses of rat colon and uterus to angiotensin and acetylcholine.

a. The effect of Ouabain upon Responses of Rat Descending Colon to
Acetylcholine and Angiotensin

Ouabain in concentrations of 1 Fmol and 10 MPmol had no effect
upon responsea of rat descending colon to either angiotensin or
acetylcholine. O.l1 mmol ouabain produced a small but significant
reduction in responses to both agonists. The glycoside was incorporated
in the Tyrode solution and preparations were equilibrated in the
gsolution for 30 minutes before responses were evoked. Acetylcholine
responses showed a mean percentage reduction of 23.0% 1.8 (n=5) and
angiotensin responses a mean percentage reduction of 15.9% 3.8% (n=5).
The effect of ouabain was not progressive and the contractions on each
tissue were therefore measured as the mean of three successive
responses in the presence or absence of ouabain.

Figure 21 shows the percentage reduction of acetylcholine and
angiotensin responses which occurred during a 150 minute exposure of
rat descending colon preparations to a Tyrode solution containing
1 mmol ouabain. There was a progressive reduction of responses to
both agonists but at no time during the exposure to ouabain, was there
any significant difference between the percentage reduction of
acetylcholine responses compared with the percentage reduction of
angiotensin responses. After 45 minutes, the acetylcholine response
was reduced by 22.0%6.8% (n=6) and after 120 minutes it was reduced

by 56.9% 4.0% (n=6). The corresponding percentage reductions of the
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FIGURE 21. The effect of 1.0 mmol ouabain upon responses of male rat
descending colon to acetylcholine and angiotensin. Mean % reduction

of responses to angiotensin (8) and acetylcholine (0) with the standard
error of the mean.

x 0.01 { p<£0.05 ns P ) 0.05 when comparing the
vercentage reduction of the angiotensin response with that of the
corresponding acetylcholine response.
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angiotensin responses were 28.071 5.7% (n=6) after 45 minutes and
57.1% 3.5% (n=6) after 120 minutes.

b. The Effect of Ousbain upon Responses of Rat Uterus to Acetylcholine
and Angiotensin

Rat diocestrous and oegtrous uterus was insensitive.to ouabain
in concentrations of 1 pmol and'lo{ymol. Pigures 22a and 22b show
respectively the percentage reductions of acetylcholine and angiotensin
responses which occurred during a 60 minute exposure of preparations
of dioestrous and oestrous uterus to a Tyrode solution containing
1 mmol ouabain. There was a progressive reduction of responses to
both agonists but on neither oestrous nor diocestrous uterus was there
any significant difference between the percentage reduction of
acetylcholine responses compared with the percentage reduction of
angiotensin responses. There was no difference in the effect of
ouabain upon oestrous uterus compared with the effect upon diocestrous
uterus. After 30 minutes the angiotensin response of oestrous uterus
was reduced by 33.4% 5.8% (n=5) and after 60 minuates this had increased
to 57.8:26.3% (n=5). The corresponding percentage reductions of the
acetylcholine response were 22.0% 4.9% (n=5) after 30 minutes and

52.4 % 3.7% (n=5) after 60 minutes.

The high concentrations of ouabain used in these experiments
reflects the well known resistance of rat tissues to this agent. On
addition of the glycoside there was a contractiom of the smooth muscle
preparations which disappeared within the 30 minufe equilibration
period.

(4) The Bffect of Ethacrynic Acid upon the Resvonses of Rat

Descending Colon and Dioestrous Uterus to Acetylcholine and
Angiotensin

The diuretic ethacrynic acid has been revorted to be a specific
jinhibitor of the second sodium pump (Whittembury & Proverbio, 1970;

Proverbio, Robinson & Whittembury, 1970). Angiotensin has been
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FIGURE 22a. The effect of 1 mmol ouabain upon the responses of
dioestrous rat uterus to angiotensin and acstylcholine. Mean
reduction of responses to angiotensin (@) and acetylcholine (0) with
the standard error of the mean.

ns P > 0.05 when comparing the percentage reduction
of the angiotensin response with that of the correspondimg
acetylcholine response.
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FIGURE 22b. The effect of 1.0 mmol ouabain upon the responses of
oestrous rat uterus to angiotensin and acetylcholine. Mean
reduction of responses to angiotensin (6) and acetylcholine (0)
with the standard error of the mean.

ns P ) 0.05 when comparing the percentage reduction
of the angiotensin response with that of the corresponding acetyl-
choline response.
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reported to stimulate this pumﬁ in rat descending colon (Parsons

& Munday, 1972) and in rat kidney cortex slices (Munday, Parsons

& Poat, 19713 19723 Parsons & Munday, 1972). Therefore the action
of ethacrynic acid was investigated upon the contractile response of
rat descending colon and rat uterus to angiotensin.

a. The Effect of FEthacrynic Acid upon the Responses of Rat Descending
Colon to Acetylcholine and Angiotensin

Figure 23 shows the percentage reduction of responses to
acetylcholine and angiotensin which occurred during exposure of
preparations of rat descending colon to Tyrode solubion containing
0.1 mmol ethacrynic aqid. There was a pregressive reduction of
responses to both agonists but throughout the exposure to ethacrynic
acid the percentage reduction of the angictensin response was
significantly greater than the percentage reduction of the acetylcholine
Tesponse (p(0.00l). After 50 minutes the angioiensin response was
reduced by 36.4 7% 3.3% (n=6) and after 65 minutes it was reduced by
42.92 5.3% (n=6); The percentage reductions of the immediately
succeeding acetylcholine responses were 13.0* 3.4% (n=6) after 60
minutes and 15.4% 0.7% (n=6) after 75 minutes.

When the concentration of ethacrynic acid was increased to
0.5 mmol responses to both acetylcholine and angiotensin were severely
impaired. Thus after 50 minutes exposure to this golution the angio-
tensin response was reduced by 1007% and the immediately following
acetylcholine response was reduced by 89.7% 5.9% (n=5). This
indicated severe impairment of the contractile mechanism of the muscle.

be. The Effect of Fthacrynic fcid upon Responses of Rat Dioestrous
Uterus to Acetylcholine and Angiotensin

Figure 24 shows the percentage reduction of responses to
acetylcholine and angiotensin which occurred when preparations of
rat dioestrous uterus were exposed to a Tyrode solution containing

0.1 mmol ethacrynic acid. There was a progressive reduction of responses
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FIGURE 23. The effect of 0.1 mmol ethacrynic acid upon the responses

of male rat descending colon to acetylcholine and angiotensin (isometric
recording 1lg load). Mean % reduction of responses to angiotensin (@)
and acetylcholine (0) with the standard error of the mean.

powd p { 0.001 when comparing the percentage reduction
of the angiotensin response with that of the immsdiately succeeding
acetylcholine response.
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FIGURE 24. The effect of 0.1 mmol ethacrynic acid upon the responses
of dicestrous rat uterus to angiotensin and acetylcholine (isotonic
recording, lg load). Mean % reduction of responses to angiotensin
(6) and acetylcholine (0) with the standard error of the mean.

x 0.01< p {0.05 ns p) 0.05 when comparing the
percentage reduction of the angiotensin response with that of the
immediately succeeding acetylcholine response.
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to both agonists but at no time was the percentage reduction of the
angiotensin response significantly greater than the percentage
reduction of the succeeding acetylcholine response. After 50 minutes
the percentage reduction of the angiotensin response was 30.7F 2.8
(n=6) and after 65 minutes 43.6% 5.0 (n=6). The percentage reduction
of the acetylcholine response was 35.0% 5.7 (n=6) after 60 minutes and
39.T% 3.9 (n=6) after 75 minutes.

These experiments with rat uterus were recorded isotonically
with an applied load of 1 g. ZExperiments with rat colon were recorded
isometrically and these preparations showed a preferential reduction
of the angiotensin response during exposure to ethacrynic acid. It
has been shown that the energy expenditure of a muscle is greater
during an isometric contraction than during an isotonic contraction
(Axelsson, Hogberg & Timms, 1965; Iundholm & Mohme-Lundholm , 1965).
In previous experiments metabolic inhibition has been shown to have
a greater effect upon the angiotensin response of smooth muscle than
upon the acetylcholine response. Since ethacrynic acid has been
reported to cause a non-specific inhidbition of cellular energy
production (Macknight, 19693 Epstein, 1972 Landon & Fitzpatrick,
1972; Case, Gunther & Camnon, 1973), the preferential reduction of
the angiotensin response observed under isoﬁetric conditions may be
due to a reduction in the available energy. To investigate this
possibility, rat dioestirous uierus was exposed to ethacrynic acid
under conditions when muscle energy expenditure would be high.

Figure 25 shows the percentage reduction of responses to
acetylcholine and angiotensin which occurred during exposure of
preparations of rat dioestrous utefus to Tyrode solution containing
0.1 mmol ethacrynic acid. Recordings were made isotonically with an
applied load of 3 g. An increase in the isotonic load has been shown

to increase muscle energy expenditure during contraction (Axelsson et
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FIGURT 25. The effect of 0.1 mmol ethacrynic acid upon the responses
of dioestrous rat uterus to angiotensin and acetylcholine (isotonic
recording, 3g load). Mean % reduction of responses to angiotensin
(8) and acetylcholine with the standard error of the mean.

ns p ) 0.05 xx 0.01 > p >0.001 xxx p< 0.001
when comparing the percentage reduction of the angiotensin response
with that of the immediately succeeding acetylcholine response.
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al, 1965). There was a progressive reduction of responses to
acetylcholine and angiotensin throughout the exposure to ethacrynic
acid. During the later stages of the exposure the percentage
reduction of angiotensin responses was significantly greater than
the percentage reduction of the following acetylcholine reéponses
(p €0.01). Thus after 65 minutes the angiotensin response was
reduced by 60.02 3.6% (n=7) and the acetylcholine response at 75
minutes was reduced by 35.8% 4.4% (n=7). After 80 minutes the
angiotensin response was reduced by 71.0% 3.9% (n=7) and the 90
minute acetylcholine response was reduced by 43.1% 6.4% (n=17) .

When the concentration of ethacrynic acid was increased to
0.5 mmol responses to both acetylcholine and angiotensin were
geverely impaired and there was no significant difference between
the percentage reduction of responses to angiotensin compared with the
percentage reduction of responses to acetylcholine. Thus after
50 minutes exposure to this solution the angiotensin response was
reduced by 88.9 % 4.4% (n=6) and the immediately following acetylcholine
response was reduced by 91.1% 5.2% (n=6). The large reduction of
induced responses indicated a non specific interference with the

muscles contractile ability.

These experiments with ethacrynic acid do not support the
suggestion that angiotensin acts via stimulation of the 'second'
godium pumpe. Rather, they support previous findings that the
angiotensin response is more dependent upon energy than the

acetylcholine response.
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Be. The Role of Calcium Ions in the Angiotensim Response of Smooth
Muscle

(1) The Effect of Reduced Calcium Concentration upon Responses of
Rat Descending Colon to Angiotensin and Acetylcholine

The calcium concentration of the Tyrode solution was reduced
from the normal concentration of 1.8 mmol and the effect upon responses
to acetylcholine and angiotensin was investigated with respect to time.
(FPigure 26).

When preparations of rat descending colon were exposed to
Tyrode solution containing 0.9 mmol calcium there was a significant
difference between the percentage reduction of angiotensin responses
compared with the percentage reduction of the immediately succeeding
acetylcholine responses. After 35 minutes the angiotensin response
was reduced by 27.8% 5.0% (nz=6) and the following acetylcholine
response (at 45 minutes) was reduced by 5.3% 3.5% (n=6) (p<0.01).

The effect of low calcium Tyrode solution was mot progressive. Thus
after 35 minutes exposure the angiotensin response was reduced by
27.825.0% (n=8) and after 65 minutes exposure by 32.9% 6.6/ (n=8).

A further reduction of the calcium concentration to 0.18 mmol
caused a grealter reduction of responses to acetylcholine and angiotensin.
Again there was a significant difference between the percentage
reduction of angiotensin responses compared with the percentage
reduction of the immediately succeeding acetylcholine responses.

After 35 minutes the angiotensin response was reduced by 43.5% 1.2%
(n=16) and the following acetylcholine response (at 45 minutes) was
reduced by 25.52 5.3% (n=16) (p< Q.01). There was a slow but
progressive increase in the percentage reduction of responses to
both agonists during exposure to the low caleium solution. After
30 minutes the acetylcholine response was reduced by 17.12 4.2%

(n=16) and after 60 minutes the reduction was 28.62 4.5% (n=16).
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FIGURE 26. The glteration in the isometric responses of male rat
descending colon to angiotensin and acetylcholine when the calcium
concentration of the Tyrode solution was reduced from the normal
concentration of 1.8 mmol. Mean % reduction of responses to angio=-
tensin (8) and acetylcholine (C) with the standard error of the mean.
Solid lines denote the inhibition pattern produced by a calcium
concentration of 0.9 mmol and broken lines that produced by a caleium
concentration of 0.18 mmol.

xxx p {0.001 xx 0.001< p< 0.0l when cemparing the
percentage reduction of the angiotensin response with that of the
immediately succeeding acetylcholine response.
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These experiments showed that the angiotensin response was more
dependent upon the extracellular calcium concentration than the
acetylcholine response. It has been reported that smooth muscle
contraction may be evoked by stimulation of am inwardly directed
active calcium pump (Bohr et al, 1969; Brading, 1973; Reuter et al,
1973). Since previous experimeﬁts had shown that the angiotensin
response was energy dependent, the effect of combined glucose removal
and low calcium was investigated.

Figure 27 shows the percentage reduction of responses to
acetylcholine and angiotensin which occurred during exposure of
preparations of rat descending colon to a Tyrode solution containing
0.18 mmol calcium and no glucose. There was a rrogressive reduction
of responses to both agonists but throughout the incubation period,
the percentage reduction of responses to angiotensin was significantly
greater than the percentage reduction of the immediately succeeding
acetylcholine responses. After 35 minutes the angiotensin response
was reduced by 48.6* 5.2% (n=12) whereas the immediately succeeding
acetylcholine response (at 45 minutes) was reduced by 25.82 5.4%
(n=12) (p<{0.01). There was no significant difference between the
responses to acetylcholine and angiotensin during exposure to this
solution compared with the responses in the solufion containing 0.18
mnol calcium and glucose (fig. 27).

To further investigate the possible role of active calcium
movement in the angiotensin contraction, the effect of reduced calcium
concentration was studied upon isotonic responses (load 1g) of rat
descending colon to acetylecholine and angiotensiz. In all previous
investigations, isometric recording had been use? for rat descending
colon. Figure 27 shows the percentage reduction of responses to
acetylcholine and angiotensin which occurred during exposure of rat

descending colon to a Tyrode solution containing 0.18 mmol ecalciunm
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FIGURE 27. The effect of a Tyrode solution containing 0.18 mmol
calcium upon the responses of male rat descending colon to angiotensin
and acetylcholine in the presence and absenge of glucose. HMNean %
reduction of responses to angiotensin (@) and acetylcholine with the
standard error of the mean. Solid lines and dotted broken lines
denote respectively the inhibitor patterns of igometric and isotonic
responses in the presence of glucese while broken lines denote the
inhibition pattern of isometric responses in the absence of glucose.

x 0.01<£ p £ 0.05 xx 0.001 £ p £ 0.01
xxx P £ 0.001 when comparing the percentage reduction of the
angiotensin response with that of the immediately succeeding
acetylcholine response.
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under isotonic conditions. Throughout the exposure to this solution
there was a significant difference (p<{0.01) between the percentage
reduction of angiotensin responses and the percentage reduction of
the immediately succeeding acetylcholine responses. After 35 minutes
the angiotensin response was reduced by 43.62 5.4% (n=16) while the
following acetylcholine response (at 45 minutes) was reduced by
26.04 5.9 (n=16).

The effect of the low calcium solution uron induced responses
was not progressive, and there was no significant difference between
the percentage reductions of the acetylcholine and angiotensin responses
compared with the percentage reductions produced by 0.18 mmol calcium
solution under isometric conditions (see fig. 27).

(2) The Bffect of Complete Calcium Removal upen Responses of Rat
Descending Colon to Acetylcholine and Angziotensin

Figure 28;shows the rercentage reductions of responses to
acetylcholine and angiotensin which occurred during exposure of
preparations of rat descending colon to a Tyrode solution containing
no calcium. To prevent effects due to changes in osmotic pressure an
osmo-equivalent of sucrose was added to the Tyrode solution in place
of calcium. There was a progressive reduction of isometric responses
to both agonistsbut at no time during the experiment was there any
significant difference between the percentage reduction of the
angiotensin responses and the percentage reduction of the immediately
succeeding acetylcholine responses. After 10 minutes’the angiotensin
response was reduced by 54.62 3.1% (n=5), after 40 minutes by
84.6% 4.4% (n=6). The acetylcholine response was reduced by
694 4 7.3% (n=5) after 20 minutes and by 74.8% 5.6% (n=5) after
50 minutes.

Figure 281also shows the percentage reduction of acetylcholine

and angiotensin responses caused by exposure to calcium free Tyrode
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FIGURE 28a. The effect of a calcium free Tyrode solution upon responses
of male rat descending colon to acetylcholine and angiotensin. Mean %
reduction of responses to angiotensin (@) and acetylcholine with the
standard error of the mean. Solid lines denote the inhibition pattern
of isometric responses and broken lines that of isotonic responses.

P > 0.05 when comparing the percentzge reduction of the

angiotensin response with that of the immediately succeeding acetylcholine
response.
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solution and measured under isofonic conditions. The effect of calciunm
free Tyrode solution was similar to that observed under isometric
conditions. There was a progressive reduction of responses to both
agonists and at no time during the incubation period was there any
gsignificant difference between the percentage reduction of the
angiotensin response and the pefcentage reduction of the immediately
succeeding acetylcholine response. After 10 minutes the angiotensin
response was reduced by 75.42 5.3% (n=10) and after 40 minutes it was
reduced by 79.8# 5.1% (n=10). The acetylcholine response was reduced
by 67.42 4.6% (n=10) after 20 minutes and by 70.9% 6.4% (n=10) after
50 minutes.

In other experiments preparations of rat descending colon were
exposed to a Tyrode solution containing no calcium and no glucose.
The percentage reduction of isotonic contractions to acetylcholine and
angiotensin during a 50 minute exposure to this solution are shown in
figure 28}. There was a progressive reduction of induced responses
but at no time was there any significant difference between the
percentage reduction of the angiotensin responses compared with the
percentage reduction of the immediately succeeding acetylcholine
responses. After 10 minutes the angiotensin response was reduced by
70.4 * 6.4% (n=8) and after 40 minutes by 83.3% 4.9% (n=8). The
acetylcholine response was reduced by 67.9% 5.3% (n=8) after 20
minutes and by 79.9% 6.0% (n=8) after 50 minutes. There was no
difference between the effect of gluccse and calcium free Tyrode
upon responses to acetylcholine and angiotensin compared with the
effect of calcium free Tyrode with glucose. The osmolarity of both
gsolution was maintained by addition of sucrose to prevent non-
specific effects due to changes in osmotic pressure. Exposure of
preparations of rat descending colon to Tyrode solution containing

calcium but free of glucose had no effect upon induced responses to
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FIGURE 28b. The effect of calcium free Tyrode solution upon isotonic
responses of male rat descending colon in the presence and in the
absence of glucose. Mean % reduction of responses to angiotensgin

(@) and acetylcholine (0) with the standard error of the mean.

Solid lines denote the inhibition pattern observed in the - absence of
glucose and broken lines that observed in the presence of glucose.

P >0.05 when comparing the percentaze reduction of the
angiotensin response with that of the immediately succeeding
acetylcholine response.
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acetylcholine and angiotensin and this confirmed earlier observations
of the effect of glucose lack and anoxia upon this tissue.

(3) The Effect of Reduced Calcium Concentration upon the Responses
of Rat Uterus to Acetylcholine and Angiotensin

The calcium concentration of the Tyrode solution was reduced
from the normal concentration of 1.8 mmol and the responses to
acetylcholine and angiotensin were recorded on dioestrous uterus
(fig. 29) and oestroﬁs uterus (fig. 30).

When the calcium concentration was reduced to 0.9 mmol the
percentage reduction of induced responses was greater than had been
previously observed with rat descending colon and furthermore, on rat
uterus there was no significant difference between the percentage
reduction of the angiotensin responses and the succeeding acetylcholine
responses. Thus after 35 minutes the angiotensin response of dioestrous
uterus was reduced by 5l.42 7.4% (n=6) and the following acetylcholine
response (at 45 minutes) was reduced by 54.92 3.3% (n=6) (p> 0.05).
There was no consistent significant difference between the effect of
0.9 mmol calcium Tyrode upon the contractile responses of oestrous
uterus (fig. 30) compared with dioestrous uterus (fig. 29).

Similarly when the calcium concentration was reduced to 0.45
mmol the percentage reduction of induced responses was greater than
had been observed when rat descending colon was exposed to this solution.
Again there was no significant difference between the percentage of:
angiotensin responses compared with the immediately succeeding acetyl—
choline responses and there was no significant differeﬁca in the
responses obtained from dioestrous uterus (fig. 29) compared with
oestrous uterus (fig. 30). After 35 minutes the angiotensin regponse
of dioestrous uterus was reduced by 60.2 % 6.9% (n=6) and the following

acetylcholine response (at 45 minutes) was reduced by 65.72 5.2% (n=6).

(p>0.05).
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FIGURE 29. The alteration in the response of diocestrous rat uterus
to angiotensin and acetylcholine when the calciwum concentration of

the Tyrode solution was reduced from the normal concentration of

1.8 mmol. Mean % reduction of responses to angiotensin () and
acetylcholine (0) with the standard error of the mean. Solid lines
denote the inhibition pattern produced by a calecium concentration

of 0.9 mmol and broken lines that produced by = calcium concentration
of O.45mmol.

P ) 0.05 when comparing the percentase reduction of the
angiotensin response with that of the immediatelly succeeding
acetylcholine response.
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FICURE 30. The alteration in the response of oestrous rat uterus to
angiotensin and acetylcholine when the calcium concentration of the
Tyrode solution was reduced from the normal concentration of 1.8 mmol.
Mean % reduction of responses to angiotensin (&) and acetylcholine

(0) with the standard error of the mean. Solid lines denote the
inhibition pattern produced by a calcium concentration of 0.9 mmol
and broken lines that produced by a calcium concentration of 0.L5 mmol.

P > 0.05 when comparing the percentaze reduction of the
angiotensin response with that of the immediately succeeding
acetylcholine responses.
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It appeared, therefore, that rat uterus was far more sensitive
to reduced extracellular calcium concentration than rat descending
colone

(4) The Effect of lanthanum Chloride upon Responses of Rat
Descending Colon to Acetylcholine and Angiotensin

The trivalent lanthanum ion has been shown to have a high
affinity for superficial membrane binding sites for calcium. By
digplacement of membrane bound calcium and occupation of calcium
transporting sites, fhe lanthanum ion blocks transmembrane calcium
movement so rendering the membrane impermesble to calcium (see reviews
by Weiss, 19743 Van Breemen et al, 1973). To further investigate the
role of extracellular calcium in the contraction of smooth muscle
to angiotensin, preparations of rat descending colon were exposed to
a modified Tyrode golution containing lanthanum chloride. The phogphate
bicarbonate buffer in normal Tyrode solution was replaced with a tris
buffer to prevent precipitation of the insoluble carbonate and phosphate
gsalts of lanthanum. The pH of the solution was maintained in the
normal range 7.0 = 7.5 and preliminary experiments were performed to
ensure that the change in the composition of the solution had no
effect upon responses to acetylcholine and angiotensine.

Several workers have used 10 mmol lanthanum chloride for
investigations of isolated smooth muscle (Mayer, Van Breemen &
Casteels, 19723 Van Breemen et al, 19733 Marshall & Kroeger, 1973) .

In the present experiments 10 mmol lanthanum cavsed precipitation of
caleium from solution and completely abolished responées to both
acetylcholine and angiotensin. Similar effects were ohserved with

1 mmol lanthanum, and 0.5 mmol was the highest concentration to allow
measurement of induced responsese.

Figure 31 shows the percentage reduction of contractile

responses to acetylcholine and angiotensin which occurred when
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FIGURE 31. The effect of 0.5 mmol lanthanum chloride upon responses
of male rat descending colon to angiotensin and acetylcholine. Mean
% reduction of angiotensin (@) and acetylcholine (0) responses with
the standard error of the mean.

XXX p £ 0.001 xx 0.001 {p£ 0.01 =ns p)0.05
when comparing the percentage reduction of the zngiotensin response
with that of the corresponding acetylcholine rezponse.
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preparations of rat descending colon were exposed to a Tyrode solution
containing 0.5 mmol lanthanum chloride. Responses to both agonists
were severely impaired but during the first 15 minutes the percentage
reduction of angiotensin responses was significantly greater than the
percentage reduction of corresponding acetylcholine responses.
(p4ﬂ0.01). After 5 minutes the angiotensin response was reduced by
91.9% 2.5% (n=6) and after 15 minutes by 96.7% 2.6% (n=6), while the
corresponding reductions of the acetylcholine response were 53.62 6.0%
(n=6) and 86.5% 2.1% (n=6) respectively. After 25 minutes the angio-
tensin response was reduced by 98.9% 1.1% (n=6) and the acetylcholine
response was reduced by 91.52 3.5% (n=6). ‘—

This marked reduction of contractile responses during exposure

to lanthanum suggested that the technique lacked specificity.
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DISCUSSION

l. GENERAL INTRODUCTION

It is generally accepted that the angiotensin molecule like
that of most other peptide hormones is too large to penetrate cellular
membranes and therefore interacts with specific receptor sites on the
surface of the cell (Rasmussen, 1959). An attempt has been made to
separate this primary interaction of angiotensin with the smooth
muscle cells from the resultant activation of the contractile proceas
and to elucidate the mechanism involved. The effect of experimental
treatments upon angiotensin responses has been compared with the
effect upon acetylcholine responses since the mechanism of action of

acetylcholine is well documented.
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2. THE METABOLIC REQUIREMENTS FOR THE CONTRACTILE ACTION OF ANGIOTENSIN
UPON SHOOTH MUSCLE

(a) Introduction

Energy is necegsary both for the contractile process and to
maintain the integrity of the cellular structure of the smooth muscle
cell. However, it has been suggested that intracellularly produced
energy may not be used indiscriminately for all processes and that it
may be functionally compartmentalised (Webb, 1966). Prasad & Macleod
(1969) and Bueding and co-workers (1967) have reported that the energy
for membrane events may be separated from the energy for smooth muscle
contraction and may be generated by a different process. Furthermore,
gsince metabolic inhibition would be expected to affect superficial
membrane sites before the more deeply located contractile proteins
(Detar & Bohr, 1968) this may provide a means of separating the primary
interaction of a spésmogen with the cell membrane from the resulting
contraction. Since the early work of Rona & Neukirch (1912), there
has been an extensive investigation of the energy m thways in isolated
smooth muscle but little interest in the energy requirements of individual
gpasmogens. In the present study, the energy requirements for acetyl-
choline and angiotensin responses were investigated by exposing
igolated smooth muscle preparations to conditions which interfered with
normal energy production. The primary action of acetylcholine upon
smooth muscle has been reported to involve an increase in the passive
permeability to sodium ions (Bolton, 1972; Szursveski & Bulbring, 1973
Bulbring & Szursweski, 1974) and to potassium ions (Setekliev, 1970;
Bulbring & Szursweski, 1974), and therefore the energy requirements
of an acetylcholine induced contraction are those of the muscle
contraction process. In the present study, responses to acetylcholine
were used as an indication of the ability of the muscle to contract
under conditions where energy production was impaired and thus a greater

reduction of the angiotensin response would indicate the involvement
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of an energy dependent mechanism in the angiotensin contraction

digstincet from the contractile process.
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(b) The Metabolic Requirements for the Contractile Action of
Angiotensin upon Guinea=Pig ITleum

Isolated guinea-pig ileum has been used extensively for the
investigation of the contractile action of angictensin and the regular
and repeatable responses have been shown to be dose dependént (Grosa
& Turian, 1960; Bisset & Lewis, 19623 Regoli & Vane, 1964). In the
present study the energy dependence of the angiotensin response of
guinea-pig ileum was compared with the energy dependence of the
acetylcholine responses.

The contractile action of angiotensin upon guinea-pig ileum
has been shown to consist of two components, a direct one and an
indirect one via parasympathetic nervous elements (Khairallah & Page,
1961; Robertson & Rubin, 1962; Godfraind, Kaba & Polster, 1966). In
the first series of experiments no attempt was made to separate these
components, either by the use of chemical inhibitors (Khairallah &
Page, 19613 Robertson & Rubin, 1962), or by the selection of recording
techniques (Godfraind et al, 1966). Therefore, the angiotensin
response that was recorded and measured, was the combination of the

‘individual contributions of these two componemts and this was compared
with the response to acetylcholine under the same experimental
conditions. It has been shown that the contraciile action of
acetylcholine upon guinea~pig ileum is produced by direct gtimulation
of the smooth muscle cells with no significant contribution from the
intramural nervous elements (Robertson & Rubin, 19625 Day & Vane,
1963).

The effect of withdrawing glucose (Prasad,1935b; Feldberg &
Solandt, 1942; Furchgott & Wales, 19513 Axelsson, Hogberg & Timms,
1965; Coe, Detar & Bohr, 1968) and oxygen (Gross & Clark, 1923;

Garry, 1928; Prasad, 1935b; West, Hadden & Farah, 19515 Detar & Bohr,
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1972) from invifwre smooth muscle.preparations has been investigated
extensively and the reduction in mechanical activity, both spontaneous
and induced, has been attributed to an impairment of energy processes
within the muscle. Therefore, the effect of these treaitments upon
responses of guinea-pig ileum to angiotensin and acetylcholine was
investigated with respect to time.

Removal of glucose from the Tyrode solution was found to cause
a preferential reduction of the angiotensin response compared with the
acetylcholine response which indicated that glucose was involved in
certain stages of the angiotensin response that have no parallel in
the acetylcholine response. The possibility that glucose was required
as a source of energy for part of the angiotensin interaction with
smooth muscle cells was investigated using nitrogen. Although there
was a marked reduction of the angiotensin response, the responses to
acetylcholine were unaffected by anoxia which confirmed the report of
Day and Vane (1963). Since glucose was present, anaerobic glycolysis
would be expected to function but the reduction of the angiotensin
response indicated that this was not an adequate energy source. It
appeared that aerobic metabolism was necessary to support the angio=-
tensin response.

These findings were confirmed by the use of carbon monoxide
which is a very specific inhibitor of cytochrome oxidase (Dixon & Webb,
1960) and therefore blocks the production of ATF by oxidative
phosphorylation. BIxposure of tissues to carbon monoxide resulted
in a large reduction of the response to angiotensin. However, this
was not due to an impairment of the ability of the muscle to contract
since responses to acetylcholine wére unaffected, an observation which
has been reported for rat uterus (Coceani & Wolfe, 1966). It was
therefore concluded that ATP was involved in the angiotensin response

at some stage prior to the contraction process.
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In this and in all other experiments, the recovery of the
regsponses to acetylcholine and angiotensin were investigated to ensure
that there was no permanent damage to the tissue which might lead to
a non-gpecific reduction of induced contractions. No treatment produced
any indication of tissue damage_during the exposure times used,
although all forms of metabolic inhibition have been shown to do so
when these exposures are extended (Feldberg & Solandt, 19423 Garry,
19283 Gross & Clark, 19233 Prasad, 1935b; West et al, 1951). The
difference between the rates of recovery for acetylcholine and
angiotensin appeared to be a reflection of the initial reduction in
the responses produced by the experimental treatments.

All these experiments involved a study of both components of
ths angiotensin response, i.e. direct and indirect, although the final
mediator of the indirect response is acetylcholine, which was little
reduced by any of the treatments. However, the nervous transmission
giving rise to its release could well be effected, and inactivation
of nervous tissue has been reported both under conditions of anoxia
(Gross & Clark, 19233 Garry, 1928; West et al, 19513 Day & Vane, 1963)
and during cooling (Blair & Clark, 19563 Innes, Kosterlitz & Robinson,
1957). It was therefore necessary to ensure that the treatments were
affecting the direct component of the angiotensin response.

Hyoscine and other muscarinic blocking agentis have been shown
to abolish the indirect cholinergic component of the contractile
response of guinea-pig ileum to certain spasmogens (Garven, 19563
Kosterlitz & Robinson, 19583 Day & Vane, 1963). 1In the present

experiments, a concentration of 2 x 10-?

mol hyoscine hydrobromide
reduced control responses of guinea-pig ileum by 50—60%, which
confirmed reports by other workers (Khairallah & Page, 19613 Godfraind
et al, 1966), and abolished both control and maximal acetylcholine

responses. The effect of glucose removal from a Tyrode solution
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containing 2 x 10 'mol hyoscine was therefore investigated upon
responses of guinea-pig ileum to angiotensin and histamine. There
.was a greater reduction of the angiotensin responses than of the
histamine responses which confirmed that the experimental treatments
did affect the direct component of the angiotensin response. Hyoscine
had little affect upon contractile responses to histamine which
confirmed reports that histamine acts directly upon the smooth muscle
cells of the guinea-pig ileum (Feldberg, 19513 Ambache & Lessin, 19553
Kosterlitz & Robinson, 1958; Innes et al, 19573 Day & Vane, 1963).

A series of experiments were also performed in which ileal
segments were electrically stimulated through co-axial electrodes.
Removal of glucose from the Tyrode solution for 30 minutes produced
only a 17% reduction in the contractions. Since the contractions of
co-axially stimulated guinea-pig ileum are largely due to activation
of parasympathetic nervous elements (Paton, 1955; Day & Vane, 1963),
these experiments provided further evidence that the reduction in the
angiotengin reapon;es produced by metabolic inhibition were not solely
due to inactivation of the indirect cholinergic mechanism. In addition,
it was shown that 2 x 10-?m01 hyoscine was effective in inhibiting
electrically induced contractions and it may therefore be presumed
that the same concentration would also be effective in inhibiting the
indirect component of the angiotensin response.

These experiments suggested that the interactioq of angiotensin
with the smooth muscle cell is dependent upon an energy supply which
is separate from that required fér the contractile process. Although
it appeared that the energy was required for the direct action of
angiotensin upon guinea~pig ileum, it was difficult to exclude
concomitant effects of the experimental treatments upon the indirect

cholinergic component. Furthermore, it is unsatisfactory %o rely upon

anti-muscarinic agents for abolition of the indirect component since
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these agents may have unspecific effects which are not related to
their action at the acetylcholine receptor. The investigation was
therefore extended to smooth muscle preparations where the action of

angiotensin has been shown wholly direct.
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(¢) THE METABOLIC REQUIREMENTS FOR THE CONTRACTILE ACTION OF
ANGIOTENSIN UPON RAT UDRRUS AND RAT DESCENDING COLON

The contractile action of angiotensin has been shown to be
wholly direct on rat descending colon (Regoli & Vane, 19643 Ellis &
Reit, 1969) and rat uterus (Khairallah & Page, 1961; Regoli & Vane,
1964) .

Anoxia and glucose lack separately failed to produce the
differential reduction of the angiotensin response of rat colon that
had been observed with guinea pig ileum. Similarly, responses rat
dioestrous and oestrous uterus to angiotensin and acetylcholine were
unaffected by anoxia or glucose lack separately. This failure to
confirm the previous findings may have been due to differences in
tissue metabolism which made it difficult to demonsirate the same
effects. Thig is supported by many reports im the literature showing
that tissues do vary in their susceptibility to metabolic inhibition.
Other workers have also observed contractions of isolated smooth muscle

’ 4 L r

"preparéfibns both under anaerobic conditions in the presence of glucose

« b %

(Gross & éiark, 19233 Prasad, 1935b; West, Hadden &.Farah, 19513 Day
& Vane, 19633 Hughes &’Coret, 19653 Detar & Bohr, 19723 Furchgott,
19663 Shibita & Briggs, 1967) and under aeéobic conditions in the
abseﬂéa of glucose (Prasad; 1935b3; Furchgotit & Wales, 19513 Axelsson
ot al, 1965; Furchgott, 19663 Shibita & Briggs, 1967; Hughes & Coret,
1968; Coe, Detar & Bohr, 1968; Rangachari et al, 1972). Presumably in
rat colon and rat ﬁterus enough energy was generated by anaerobic
glycolysis of exogenous glucose to support the comiractile responses
to both agonists under conditions of anoxia or by aercbic metabolism
of endogenous glycogen and foxidation of fatty mcids after removal
of glucose from the Tyrode soclution.

When anoxia and glucose lack were combined differences were

obtained between the responses of the four tissus2s to both agonists
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but again no differential reduétion of the angiotensin response was
obgerved. The responses of diocestrous uterus and ocestrous colon and
dioestrous uterus to acetylcholine and angiotensin were reduced by
the combined treatment whereas the responses of oestrous gterus were
unaffected. Again these findings supported the idea that the problem
of demonstrating a differentiai reduction of the angiotensin response
might be related to differences in the metabolism of these tissues.
It has been shown that isolated smooth muscle preparations derive
energy from carbohydrate metabolism and Poxidation of fatty acids
(Furchgott & Shorr, 1946; Coe, Detar & Bohr, 1968; Dhalla & Olson,
1967). It is also known that concentrations of ATP and creatine
phosphate are low in both uterine (Walaas & Walaas, 19503 Menkes &
Cspao, 19523 Cspao & Gergely, 1950) and intestinal smooth muscle
(Born, 19563 Dwaraczek & Bamxenscheen, 1937). Therefore the ability
of a preparation to respond under conditions of metabolic inhibition
is a reflection of its ability to generate energy by the metabolic
pathways operative under these conditions. It has been demonstrated
that many isolated smooth muscle preparations zre unable to maintain
contractility under conditions of anaerobic substrate depletion (Gross
& Clark, 19233 Garry, 1928; Prasad,1935b; West et al, 1951; Furchgott,
19663 Shibita & Briggs, 1967; Rangachari et al, 1972) when the tissues
would be dependent upon anaerobic glycolysis of endogenous glycogene.
Therefore, in the present experiments, the marked effect of
anaerobic substrate depletion on the responses of rat colon and dioestrous
uterus compared with the lack of effect on the responses of oestrous
ﬁterua might be a reflection of differences in the energy produced by
these tissues from anaerobic glycolysis of endegenous glycogen stores.
Thus either ocestrous uterus contained a larger amount of glycogen than
dioestrous uterus or colon, or the glycolytic m thway was more active

in the oestrous uterus. However, both descending colon and dioestrous
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uterus were capable of generatihg gpufficient energy to maintain
contractions under anaerobic conditions in the presence of glucose.
It seemed probable, therefore, that the activity of the anaerobic
glycolytic pathway was not the limiting factor and that differences
in energy production under conditiona of anoxia and glucose lack could
be attributed to differences inlthe available glycogen stores.
An analysis of the glycogen content of rat uterus revealed
that the glycogen level of ocestrous uterus was significantly higher
than that of dicestrous uterus. This confirmed reports that uterine
glycogen varies during the oestrous cycle (Boettiger, 1946; West,
Jones & Loomisy, 19533 West & Cervoni, 1955). The glycogen content
of rat d;scending colon was found to be gignificantly lower than that
of dioestrous uterus but was independent of either the stage of the
oestrous cycle or the sex of the animal. Thus oestrous uterus which
was unaffected by anaerobic substrate depletion, contained significantly
more glycogen than either dioestrous uterus or descending colon, both
of which were inhibited by anaerobic substrate depletion. Furthermore,
descending colon contained significantly less glycogen than oestrous
uterus and was more rapidly inhibited by anaerobic substrate depletion.
Thus the differences in the responses of rat colon and rat
uterus after metabolic inhibition might be related to differences in
their metabolism which in turn might account for the failure to confirm
the findings on guinea-~pig ileum. This is illustrated by the observation
that rat descending colon was insensitive to conditions of metabolic
inhibition which had reduced the responses of guinea-pig ileum and
revealed the differential reduction of the angic®ensin response. These
findings with colon are supported by reports from several workers that
there is a metabolic gradient down the length of the intestine (Alvarez,
19223 Evans, 19233 Prasad, 19353 Dickens & Weil-ilalherbe, 19413 Farah,

West & Angel, 19503 Sherrat, 1968), and that colom preparations are
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far less dependent upon oxidati%e metabolism than preparations of the
small intestine (Prasad, 1935b; Farah et al, 1950).

In the experiments where preparations of rat colon and uterus
were exposed to anoxia, nitrogen was substituted for the normal air
supply to the tissues so that the degree of anoxia produce& was liable
to variation and was probably néver complete because of the difficulty
of removing all dissolved oxygen from the Tyrode solution. There have
been several reports_which demonstrate that the effect of anoxia is
markedly dependent upon the actual reduction in p0, achieved (Detar
& Bohr, 1968a and 1968b; Detar & Bohr, 1972; Wamm & Zucker, 1973).

To overcome this problem, a chemical inhibitor of oxidative metabolism,
2,4-dinitrophenol, was used. Dinitrophenol has been extensively used
to investigate the metabolism of smooth muscle preparations and its
effects have been shown to be consistent with its known mode of action
ag an uncoupler of oxidative phosphorylation (West et aly 19515 Farah
et al, 19503 Born & Bulbring, 19553 Daniel, 1964b3; Rangachari et al,
19723 Greenberg, Wilson & Long, 1973). Preparations of rat descending
colon and uterus were exposed to a Tyrode solution containing 2,4-
dinitrophenol with glucose as a substrate for anaerobic glycolysis.
There was a progressive reduction of the responses of oestrous and
dioestrous colon and dioestrous uterus to acetylcholine and angiotensin,
but at all times the percentage reduction of the angiotensin response
was significantly greater than that of the corresponding acetylcholine
response. With oestrous uterus, however, there was a slow-:reduction

of responses to both acetylcholine and angiotensin with no preferential
reduction of.the angiotensin response. This difference between the
effect of dinitrophenol upon oestrous uterus and that on dioestrous
uterus and descending colon was consistent with fhe biochemical changes
which occur in the uterus during the course of the oestrous cycle.

Several workers have reported that anaerobic glycolysis is more
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efficient in the oestrousg uterus than in the dioestrous uterus (Kerly,
1937 and 1940; Walaas, Walaas & Loken, 1952) . In addition, it is known
that the relative efficiences of anaerobic and aerobic carbohydrate
metabolism in uterine tissue varies during the oestrous cycle (Kerly,
1937). Anaerobic metabolism, the most important energy yiélding process
(West et al, 1953), is at maximum efficiency in the early oestrous
uterus when serobic metabolism is at minimum efficiency. Inhibition

of aerobic metabolism would therefore be expected to have 1less affect
upon the overall capacity of ocestrous uterus to generate energy than

it would on adioestrous uterus. The capacity of oestrous uterus to
generate energy ATP anaerobically might then mask the differential
reduction of the angiotensin response seen in dioestrous ubterus and
descending colon.

The reduction of the induced responses of oestrous uterus by
2,4-dinitrophenol contrasted with the lack of effect produced by
combined substrate depletion and anoxia. Dinitrophenol was used in
the presence of glucose and thus it would be expected that the reduction
of responges would be less than the reduction produced by anaerobdic
substrate depletion if the dinitrophenol acted solely as an
uncoupling agent. Other workers have reported an inhibitory action
of 2,4-dinitrophenol upon anaerobic contractions of smooth muscle and
this has been attributed to interference with the formation of energy
rich phosphate bonds (West et al, 19513 Farah ¢t al, 1950) .

Exposure of preparations of rat dioestzous uterus and oestrous -
and dioestrous rat colon to 2,4-dinitrophenol yroduced a preferential
reduction of the angiotensin response and therefore provided further
evidence for energy dependence of the angiotensin contraction. Since
the contractile action of angiotensin on both iissues is wholly direct,

these experiments confirm the findings with guinea-pig ileum that the
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energy dependent stage is involved in the direct interaction of the
peptide with the smooth muscle cells. However, it is evident that the
energy for this stage of the angiotensin response may be supplied by
aerobic or anaerobic metabolism, depending upon the tissue; The
contractile action of angiotensin upon guinea~pig ileum appears to be
dependent upon energy from aerobic metabolism and this also appears
to be the major source in the diocestrous uterus and oestrous and
diocestrous colon. On oestrous uterus, however, the additional energy
for the angiotensin response appears to be supplied by either aerobic

metabolism or anaerobic metabolism.
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(d) THE FFFECT OF MFTABOLIC INHIBITION UPON THE MAINTENANCE OF
INDUCED CONTRACTIONS OF RAT DESCFNDING COLON

It has been reported that removal of glucose or inhibition of
oxidative metabolism reduces the ability of smooth muscle preparations
to sustain induced contractions, even in the continued presence of the
agonist (Feldburg & Solandt, 19423 Born & Bulbring, 1955; Born, 19563
West et al, 1951; Eckenfels & Vane, 1972). Born (1956) suggested that
the development of tension by smooth muscle involves two mechanisms,
one responsible for the immediate rise in tension which occurs when
the muscle is stimulated and a second which is responsible for the
sustained tension following stimulation. There is now considerable
evidence that the initial rapid contraction is due to release of
intracellular calcium and the sustained contraction is due to influx
of extracellular calcium (Bohr, 1964; Godfraind & Kaba, 1969 and 1972;
Sitrin & Bohr, 1971 Hurw1tz & Suria, 19713 Van Breemen et al, 19?3,
Ohashi, Ohga & Salto, 19733 Deth & Van Breemen, 1974). However,
considerable variation has been reported both between different
spasmogens and between the action of an individual spasmogen on
different tissues. Fckenfels and Vane (1972) have suggested that the
second, sustained phase of contraction may be due to increased
synthesis and release of prostaglandins within the smooth muscle
preparation whereas the initial rapid phase is the result of direct
interaction of the spasmogen with the smooth muscle cell.

In the present study contractions to acetylcholine and angio-
tensin were measured at the maximum maintained level during the time
of contact with the tissue. During metabolic inhibition there was
a small but variable difference in the maintained contraction to
acetylcholine and the initial contraction. Since the contractile
response to angiotensin was slow to develop, there was no initial
rapid phase and consequently no detectable change in the maintenance

of the response during metabolic inhibition. However, the contractile
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response of isolated smooth muséle preparations to potassium (40 mmol)
has been reported to consist of two phases, the second of which is
dependent upon energy metabolism and is abolished during metabolic
inhibition (Urakawa & Holland, 1964; Pfaffman et al, 19653 Nasu &
Urakawa, 1973). Previous experiments had revealed that the angiotensin
response was dependent upon energy and therefore the pogsible
relationship between the angiotensin contraction and the second phase
of the potassium contracticn was investigated.

Contractions of rat descending colon to potassium (40 mmol)
were measured as the initial tension on addition of the agonist (phasic
component) and the final tension after 90 seconds exposure (tonio
component). Glucose free Tyrode solution combined with anoxia or
Tyrode containing 0.1 mmol 2,4-~dinitrophenol, caused a progressive
reduction of both components but at all times the reduction of the
tonic component was significantly greater than that of the phasic
component. This confirmed the reports that the tonic component is
energy dependent (Urakawa & Holland, 1964 etc). Under conditions of
glucose lack and anoxia, there was no significant difference between
the percentage reduction of angiotensin responses and the corresponding
tonic potassium responses but the percentage reduction of angiotensin
responses wag significantly greater than the percentage reduction of
the corresponding phasic potassium responses. VWhen angiotensin was
added during a maintained potassiuﬁ contraction in normal Tyrode,
there was a further contraction which confirmed reports that the
contractile action of angiotensin is unaffected by membrane
depolarisation (Shibita & Briggs, 19663 Khairallah et al, 19653
Shibita et al, 1968; Sullivan & Bfiggs, 1968). ifter 15 minutes
exposure to glucose free Tyrode and anoxia the tonic maintained
potassium response was almogt abolighed and addition of angiotensin

failed to elicit a further contraction.
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These findings with anoxia and no glucose suggested that the
energy dependence of the tonic phase of the potassium response on rat
colon was similar to the energy dependence of the angiotensin response
and one possibility is that both responses involve the same energy
dependent mechanism. The tonic potassium contraction has beep reported
to involve an active influx of extracellular calcium (Urakawa &
Holland, 1964) which may be linked to active sodium movement (Pfaffman
et al, 1965) while there have been several reports that the contractile
action of angiotensin involves an influx of extracellular calcium
(villamil, 19723 Godfraind, 19703 Shibita, Carrier & Frankenheim,

19683 Sullivan & Briggs, 1968; Deth & Van Breemen, 1974). However,
during exposure to a more gpecific metabolic inhibitor, 2-4 dini-
trophenol, there was a significantly greater reduction of angiotensiﬁ
responges compared with the corresponding tonic potassium responses,
which was observed both with normal responses of 90 second duration
end with prolonged responses of three minutes duration. It therefore
appears that even during extended contractions, more energy is required
for the angiotensin response than for the maintenance of the potassium
response. This suggests that although energy is required for both
angiotensin and potassium responses of smooth muscle the actual energy
dependent mechanisms may be different. This hypothesis is supported
by the results of a further experiment in which potassium responses
were elicited in the presence of sub-contractile concentrations of
angiotensin. There was an equal potentiation of both phases of the
potassium response but no preferential effect upon the tonic response.

Further investigations are required to establish the relation-
ship between the energy dependent éngiotensin and tonic votassium
responses of smooth muscle preparations, but the present study
demonstrates that, under certain conditions of energy limitation,

the two resvonses may be differentiated
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(e) A PRELIMINARY STUDY OF THE MOBILISATION OF TISSUR GLYCOGEN IN
RAT DESCFNDING COLON AND UTERUS, AND THE FFFECT OF ANGIOTENSIN
AND ACETYLCHOLINE

It has been reported that the stores of high energy phosphate
compounds in smooth muscle are inadequate to support even a single
contraction (Lundholm & Mohme-Lundholm, 1962 and 19653 Fur;hgott,
1966) and therefore energy mst be supplied by a simultaneous increase
in cellular energy metabolism. Both a stimulation of glycogenolysis
(Lundholm & Mohme~Lundholmy, 1962 and 1963a and b) and an activation
of phosphorylase (Diamond & Brody, 19663 Diamond, 1973) have been
observed during aerobic and anserobic contractions of smooth muscle.
Since previous findings had suggested that the angioltensin contraction
of smooth muscle required more energy than the acetylcholine contraction
it was possible that addition of angiotensin to smooth muscle produced
a greater stimulation of metabolism than the addition of acetylcholine.
Preliminary experiments were therefore performed to investigate the
effect of contractor concentrations of angiotensin and acetylcholine
upon the glycogen content of rat descending colon and rat uterus
maintained under aerobic conditions. Since this study is still
incomplete and has to be extended to include preparations maintained
under anaerobic conditions, it has not been included in the results
section. However, it is interesting to consider the preliminary
findings since they suggest that in rat uterus not only the amount of
glycogen, but also its availability, varies during the oestrous cycle.

During a 2 hour exposure to normal Tyrode solution there was
no change in the glycogen content of preparations of descending colon
from either oestrous or dioestrous rats. Addition of angiotensin
(10-8m01) or acetylcholine (10_6m01) had no consistent effect upon
the glycogen content and even prolonged contractions were not
accompanied by increased glycogenolysis. Angiotemgin also failed to

affect the glycogen content of preparations of rz2t uterus from
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oestrous or dicestrous animals ﬁnd s0 again contraction was not
accompanied by increased glycogenolysis. These results confirm reports
that in smooth muscle, unlike skeletal muscle, contraction is not
consistently associated with enhanced glycogen breakdown (Iundholm

& Mohme-Lundholm, 1963b). However, no evidence was obtained to support
the hypothesis that angiotensin ﬁight cause a greater stimulation of
energy metabolism than acetylcholine.

Although there was no change in the glycogen content of
dioestrous uvterus and oegtrous and dioestrous colon during a 2 hour
exposure to normal Tyrode solution, there was a significant reduction
in the glycogen content of oestrous uterus. Thus after 60 minutes
incubation in Tyrode the glycogen content of oestrous uterus was
reduced by 20.4  3.2% (n=13) which was significantly greater (p¢ 001)
than the reduction in the glycogen content of dioestrous uterus,

4.4 +1.9% (n=10), dioestrous colon, 5.22 3.4% (n=20), or oestrous
colon, 8.2 2.3% (n=21). In previous experiments metabolic inhibition
was shown to have less effect upon induced contractions of oestrous
uterus than upon the induced contractions of dioestrous uterus and
descending colon and thisg was attributed to differences in the glycogen
stores. These results suggest that a further reason for the resistance
of oestrous ubterus to metabolic inhibition may be the existence of

a mobile store of glycogen readily available for glycogenolysis. This
is consistent with a report by West and Cervoni (1955) who described

a critical glycogen threshold for rat uterus at which the maintenance
of contractility under anaerobic substrate free conditions became
critical. They suggested that the glycogen content of oestrous uterus
was above the threshold and thus this tissue was relatively unaffected

by conditions of metabolic inhibition that rapidiy inhibited responses
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of the immature uterus, where glycogen content was only just above
the threshold. Further experiments are required to determine the
change in glycogen content under anaerobic conditions before definite

conclusiong can be drawn from this study.
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3. THE ROLE OF PROSTAGLANDINS AND CYCLIC AMP IN THE CONTRACTILE ACTION
OF ANGIOTFNSIN UPON SHOOTH MUSCLE

The action of many large molecular weight peptide hormones has
been shown to be mediated via changes in intracellular cyclic AMP
(reviews: Birnbauer et al, 1970; Sutherland & Robison, 19663 Robison,
Butcher & Sutherland, 1965 and 19683 Sutherland, Oye & Butcher, 19653
Résmussen, 1970). More recently it has been suggested that prostaglandins
may also be involve& in the action of certain hormones although the
relationship remains controversial (Butcher, 19703 Kuehl et al, 19723
Bergstrom, 19673 Horton, 1969). Since neither cyclic AMP nor
prostaglandins are stored in tissues, their release by a hormone
necessitates a stimulation of synthesis. Thus an involvement of
cyclic AMP or prostaglandins in the action of angiotensin upon smooth
muscle might be the reason for energy dependence of the angiotensin
response obhserved in previous experiments. This possibility was
investigated by examining the effect of theophylline, an inhibitor
of cyclic Amp hydrolysis, and indomethacin, an inhibitor of
prostaglandin synthesis, on the contractile responses to angilotensin
and acetylcholine.

More recently there has been interest im the possible role
of cyclic GMP in smooth muscle contraction (Dunham et al, 1974;

Bar, 1974), but this has not been considered in the present study.
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(a) PROSTAGLANDINS

It has been suggested that intramural prostaglandin synthesis
is important in the maintenance of smooth muscle tone (Ferreira,
Herman & Vane, 1972; Eckenfels & Vane, 19723 Bennet & Posner, 1971)
and may conbtribute to the maintenance of induced contractions (FEckenfels
& Vane, 1972). The synthesis oflprostaglandins hag been shown to be
dependent upon molecular oxygen (Samuelsson, Granstrom & Hamberg,
19673 Nugteren, Beerthuis & Van Dorp, 1967) and furthermore, the
contractile action of prostaglandins upon isolated smooth muscle is
markedly dependent upon energy (Chandler & Strong, 1972; Greenberg et
aly, 1973). In previous experiments the contractile action of angio-
tensin upon rat descending colon and rat uiterus was shown to involve
an energy dependent stage not present in the acetylcholine response
and therefore, distinct from the contractile process. A similar
finding has also been reported for the contractile action of
prostaglandin Bl on rat uterus (Paton & Daniel, 1967) and rat stomach
strip (Coceani & Wolfe, 1966) and it was shown that metabolic
inhibition caused a greater r»eduction of the contractile responses
of these tissues to prostaglandin than to acetylcholine. Since
angiotensin has been shown to stimulate the release of prostaglandin
like substances from the kidney (McGiff et al, 19703 Aiken & Vane,
1971 and 19733 Gagnon et al, 1974) and the spleen (Ferreira, Moncada
& Vane, 19733 Douglas et al, 1973) it was possible that the observed
energy dependence of the angiotensin induced resvonses of smooth
muscle might also be due to release of prostaglandins.

The non-steroidal anti-inflammatory ageni{ indomethacin has been
shown to be a potent inhibitor of prostaglandin synthesis (Vane, 1971;
Ferreira, Moncada & Vane, 1971; Flower & Vane, 1274; Flower, 1974)
and in concentrations of 3-6 }rmol inhibits prostaglandin synthesis

in isolated smooth muscle preparations (Ferreira et al, 1972;
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Fekenfels & Vane, 19723 Flower,.1974). The effect of indomethacin was
therefore investigated upon the contractile responses of rat descending
colon and rat uterus to acetylcholine and angiotensin.

Experiments with rat colon confirmed the findings of other
workers (Eckenfels & Vane, 1972) that low concentrations of indomethacin
(3 }rmol and 6 }rmol) have no effect upon the tone or spontaneous
activity of this preparation. Higher concentrations (30 Irmol and
60 ,rmol) reduced spontaneous activity but had little effect uvon
either the maintenance of induced contractions or the tone. Again
this confirmed the suggestion that in rat colon prostaglandin synthesis
makes little contribution to tone or contractility (Eckenfels & Vane,
1972). At a concentration of 30 rmol, indomethacin caused an equal
reduction of resvonses to acetylcholine and angiotensin but an increase
in the concentration to 60 }rmol indomethacin produced no further
reduction in the responses to either agonist. These results suggest
that the energy dependence of the angiotensin response observed in
previous experiments on rat colon cannot be atiributed tc a mediation
via prostaglandin synthesis. Furthermore, the high concentrations of
indomethacin necessary to reduce induced contractions suggests that
it is not acting by an inhibition of prostaglandin synthesis.

On dioestrous uterus low concentrations of indomethacin again
had no effect upon contractile responses to acetylcholine or angio-
tensin and caused no reduction in tone or spontaneous activity. Higher
concentrations of up to 0.3mmol indomethacin caused a .reduction of
responses to both agonists but there was a consistent and significant
difference between the reduction of the angiotenmsin response and the
reduction of the acetylcholine reéponse. However, even at 0.3 mmol,
indomethacin had no effect upon the maintenance of the induced
contractions or the tone of the smooth muscle although there was:

a reduction of spontaneous activity. These findings do not support
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the suggestion that proataglandin release is Important for the
maintenance of smooth muscle tone and for the maintenance of induced
contractions (Eckenfels & Vane, 1972) . Furthermore, the concentration
of indomethacin necessary to affect responsea to angiotensin and
acetylcholine was far higher than that reported to inhibit'prostaglandin
synthesis in isolated smooth muscle. Since the inhibitory action of
indomethacin was also dose dependent, this sugsgested that the action

of indomethacin was unlikely to be upon prostapglandin synthesis.

Inhibition of smooth muscle contractiem by high concentrations
of indomethacin (0.3-0.6 mmol) has also been reported by Northover
(1967, 1971). The effect was observed on conﬂ;ractions. to several
agonists and during electrical stimulation and therefore appeared to
be non-gpecific. In later experiments he demomstrated that these
concentrations of indomethacin caused inhibition of calcium uptake
by the smooth muscle and reduced calcium bindimg to microsomal
membranes (Northover, 1972 and 1973). It is tiherefore possible that
the reduction of responses to acetylcholine and angiotensin observed
during exposure of rat colon and uterus to indemethacin was due to an
effect upon calcium movement. Since Northover has reported considerable
differences between the sensitivity of differentt smooth muscle
preparations to indomethacin, an action upon calcium movement may
explain why a differential reduction of the angiotensin and acetyl-
choline responses was only observed on rat uterws. Thig will be
discussed more fully later in the discussion.

Thege findings with indomethacin do not support the hypothesis
that the contractile action of angiotensin upon smooth muscle might be
mediated via a stimulation of prostaglandin synthesis and release.

This is supported by the report that angiotensim induced vasoconstriction
in the hindlimb of the dog is not associated with prostaglandin release

(Aiken & Vane, 1973). Furthermore the release «f prostaglandins from
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the spleen and kidney during infusion of angiotensin appears to be
related to the vasoconsgtriction rather than to a specific action of
the peptide. Thus it has been shown that noradrenaline and renal
nerve stimulation also causes the release of prostaglandins Trom
spleen (Ferreira, Moncada & Vane, 1973) and the kidney (Duﬁham &
Zimmerman, 19703 MeGiff et al, 1972) and it has been suggested that
prostaglandins may be part of an auto-regulatory system (Hedqvist,

19693 Herbaczynska-Cedo & Vane, 1973).
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(b) CYCLIC AMP

Invegtigations on the role of cyclic AMP in the action of
angiotensin have yielded contradictory results and there is little
convincing evidence for an involvement of the nucleotide. However,
since many peptide hormones do act via eyclic AMP this mechanism must
also be considered for angiotenéin.

In addition to its role as a secondary messenger in hormone
action, cyclic AP has many other actions and appears to be intimately
involved in smooth muscle contraction. Although the full significance
of intracellular cyclic AMP in the control of smooth muscle tone has
not yet been identified, there is considerable evidence that the
nucleotide has an important regulatory function mediated via changes
in calcium. Increased intracellulsr cyclic AMP has been shown to cause
a relaxation of smooth muscle (review: Andersson, 1972) and this has
been suggested as the mechanism for the action of caltecholamines
(sutherland & Robison, 19663 Andersson, 19723 Marshall & Kroeger,
1973). This action of cyclic AMP has been attributed to a reduction
in intracellular calcium concentration (Andersson, 19723 Rasmussen &
Tenenhouse, 1968) and it has been shown to increase calcium binding
to microsomal membranes (Andersson & Nilsson, 19723 Andersson, 19723
Baudouin-Legros & Meyer, 1973) and to stimulate active calcium efflux
from the smooth muscle cell (Marshall & Kroeger, 1973). However,
contraction of smooth muscle is not consistently associated with
a decrease in intracellular cyclic AMP (Andersson, 1972) and there
may be an increase in cyclic AMP during the early stages of induced
contractions.

In the present experiments theophylline was used to investigate
the effect of altered intracellular cyclic AMP concentration updn
contractile responses of rat colon to acetylcholine and angiotensin.

This methyl xanthine has been shown to be an effective inhibitor of
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phosphodiesterase (sutherland &'Rall, 1960; Butcher & Sutherland, 1962)
and potentiates many actions of drugs that are mediated via cyclic

AMP (Rall & West, 19633 Robison, Butcher & Sutherland, 1971;

Andersson & Mohme-Iundholm, 1969). It has been suggested that
theophylline provides a better method of increasing intracgllular
cyclic AMP than addition of thelnuoleotide, which is very slow to
penetrate cellular membranes and rapidly hydrolysed by phosphodiesterase
(Robison, Butcher, Oye, lorgan & Sutherland, 1965; Robison, Butcher

& Sutherland, 1970) . Furthermore, high concentrations of extracellular
cyclic AMP produce non-specific actions which have been atiributed to
the adenosine moiety (Iso, 1973).

In the present studies, low concentrations of theophylline (up
to 1 mmol) had no consistent effect upon responses to either
acetylcholine or angiotensin but higher concentrations (2-5 mmol)
caused an equal reduction of responses to both agonists which was
directly related to the concentration of theorhylline. At 5Smmol,
responses to both acetylcholine and angiotensin were considerably
reduced which indicated a severe impairment of the contractile
process, but again there was no significant difference between the
reduction of acetylcholine responses compared with the reduction of
angiotensin responses. These results suggested that the increase in
intracellular cyclic AlMP was causing a non-specific inhibition of all
contractile responses through a reduction in the intracellular calcium
concentration. Other workers have also observed a ggneral depression
of smooth muscle contractility both during exvomure to theophylline
and dibutyryl cyclic AMP (McFarland, Guyten & Pfaffman, 1971;

Pfaffman & McParland, 1973).

Therefore, in further experiments the effect of 4 mmol

theophylline was investigated upon responses of rat colon to potassium

(40 mmol). The potassium contracture of smooth muscle has been
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reported to consist of two phaées, a rapid transient phase due to
releage of intracellular calcium and a slow sustained phase due to
influx of extracellular calcium (Urakawa & Holland, 19643 Godfraind
& Xaba, 19693 Hurwitz & Suria, 1971). Theophylline causeq an equal
reduction of both phases of the potassium response and furthermore,
there was no sgignificant differénce between the reduction of the
potasgium response and the reduction of the acetylcholine and
angiotensin responses. Inhibition of the second phase of the
potassium response is consistent with an increase in intracellular
cyclic AMP, since increased calcium binding to the plasma membrane
would reduce calcium permeability (Burnstock, 19633 Bohr, 1964;
Hurwitz, Joiner & Von Hagen, 19673 Somlyo & Somlyo, 1968; Rothstein,
1968), which together with the increased intracellular calcium
binding and rate of active efflux would oppose the influx of calcium
produced by potassium. -

If the action of theophylline was due to a reduction of the
intracellular calcium concentration, then an increase in extracellular
calcium concentration would be expected to antagonise its effect.

This was confirmed in preliminary experiments where the calcium
concentration of the Tyrode solution was incressed from 1.8 mmol to

7.2 mmol in the presence of theophylline (4 mmol). In the high calcium
solution there was a marked recovery of responses to both acetylcholine
and angiotensin but the recovery of the angiotensin response wasg
significantly greater than the recovery of the zscetylcholine response.
This suggested thalt extracellular calcium was more important for the
contractile action of angiotensin than for the contractile action of
acetylcholine and this was confirmed in later erperiments. However,
further experiments are required to investigate the effect of high
caleium solution upon acetylcholine and angiotensin responses in the
abgence of theophylline before definite conclusions can be drawn about

the mechanism of action of this agent.
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Since all couoentrationé of theophylline had an equal effect
upon responses to acetylcholine and angiotemsin it appeared that the
contractile action of angiotensin was not specifically associated with
a change in cyclic AP concentration. This conclusion is supported
by work on rat uterus where con#ractor concentrations of angiotensin
have been shown to have no effect upon adenmyl cyclase activity (Angles
D'auriac & Meyer, 1972), phosphodiesterase activity (Angles D'Auriac
& Meyer, 1973a) or intracellular cyclic AMP concentration (Angles
D'Auriac & Meyer, 1973b). Volicer and Hynie (1971) have repvorted that
the contractile action of angiotensin upon isolated rat aorta is
associated with a decréase in cyeclic AMP concentrati on which they
attributed to an inhibition of adenyl cyclase. However, these workers
obgerved a similar effect with catecholomineg which suggests that they
were recording the general reduction of cyelic AMP concentration which
is associated with smooth muscle contraction (Andersson, 19723 Triner,
Nahas, Vulliemoz, Overweg, Verosky, Habif & Ngai, 1971; Bar, 1974).
Furthermore, it has been shown that smooth muscle contraction is always
accompanied by a reduction of adenyl cyclase activity due to the
increased intracellular calcium concentration (see review by Sharma,

1973) .
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4. INORGANIC TONS AND THE CONTRACTILE ACTION OF ANGIOTENSIN

(a) SODIUM IONS

There is now considerable evidence that the main physiological
role of angiotensin is concerned with the control of sodium and water
homeostasis. Studies of the effect of angiotensin upon remnal function
in the intact animal (reviews: Gross, 19713 Gross & Mohring, 1973;
Kover et al, 19713 Lockett, 1972) and upon sodium transport in isolated
epithelia (Crocker & Munday, 1967 and 19703 Crocker, 1971; Davies et
al, 1969 and 1970; Hornych et al, 1973) and kidney cortex slices
(Munday et al, 1971 and 1972) have shown that effective concentrations
of angiotensin are very much lower than those required for smooth muscle
contraction. It is therefore possible that the primary action of
angiotensin is upon active sodium transport and that in smooth muscle
this triggers the contractile response through an ultimate increase
in intracellular calcium concentration. Since the primary action of
acetylcholine upon smooth muscle has been reported to involve an
increase in passive membrane permeability to sodium and potassiunm
(Bolton, 19725 Setekliev, 19703 Szurszewski & Bulbring, 19733 Bulbring
& Szurszewski, 1974), an action of angiotensin upon active sodium
movenment might explain the previous observation that metabolic inhibition
caused a greater reduction of contractile responses to angiotensin than
to acetylcholine. It has been shown that active ion movement in smooth
muscle is inhibited by exposure to glucose free solution, to anoxia or
to chemical inhibitors of metabolism (Daniel, 1964b 1964c; Rangachari
et al, 1972). The role of sodium in the contractile responses to
acetylcholine and angiotensin was therefore invaestigated by exposing
smooth muscle preparations to chahges in extraéellular godium

concentration and to inhibitors of active sodium movement.
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When the sodium concentration of the Tyrode solution was
reduced there was an equal reduction of the contractile responses of
rat descending colon to acetylcholine and angiotensin. The reduction
of responses to both agonists increased in direct relation to the
reduction in sodium concentration but there was never any gignificant
difference beltween the reduction of angiotensin responses compared
with the reduction of corresponding acetylcholine responses. This
effect was not due to a change in osmotic pressure since thig was
maintained by addition of sucrose. These findings are consistent
with reports that a reduction in godium concentration caused an equal
reduction of responses to acetylcholine and angiotensin on guinea~-pig
jleum (Blair-West et al, 1967).

In the present study an increase in sodium concentration caused
an equal reduction of responses to acetylcholine and angiotensin which
was directly related to the change in concentration. However, when
the osmotic pressure was increased by additiom of equi-osmotic
equivalents of sucrose there was no effect upom responsesg to either
agonist. On guinea-pig ileum it has been reported that increased
godium concentration causes a potentiation of contractile responses
to angiotensin but reduces responses to acetylcholine (Blair-West et
al, 1967) and this has been attributed to an effect of sodium upon the
direct interaction of angiotensin with the smoeoth muscle cells. The
present findings do not support this susgestion but confirm that an
increase in sodium concentration has the same effect upon contractile
responses of smooth muscle prevarations to both acetylcholine and
angiotengin (Khairallah et al, 1965).

An involvement of sodium ions in the interaction of angiotensin
with smooth muscle cells has also been reported in the rabbit ear
artery (Blair-West et al, 1968) and on cat papillary muscle (Lefer,

1967). However, these investigations were controlled with adrenaline
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and it has recently been reportéd that a reduction in sodium
concentration potentiates the contractile action of adrenaline upon
smooth muscle (Bulbring & Szurszerski, 1974) . Furthermore, it has
been reported that a reduction in sodium concentration only effects
the responses of isolated rat portal vein under hypoosmolaé conditions
and has no effect under isosmolar conditions (Blair-Vest et al, 1971).
There have been several reports that the pressor action of angiotensin
is enhanced by increased plasma sodium but these experiments are
difficult to interpret because of changes in the activity of the
renin-angiotensin system and of circulating angiotensin. Thus although
it has been claimed that changes in plasma sodium directly affect the
interaction of angiotensin with the intact vasculature (Blair-West et
al, 1972§ Weinberger et al, 1972; Brunner et al, 1972), these reports
cannot be considered conclusive.

In the present study changes in extracellular sodium concentrstion
had the same effect upon responses to acetylcholine and angiotensin and
this suggested that there was a nonspecific impairment of smooth muscle
contraction and therefore provided no evidence for any specific
involvement of sodium ions in the angioftensin response. Other reports
on the effect of altered extracellular sodium concentration upon
contractile responses of smooth muscle are very confusing (see reviews
by Bohr, 19643 Sitrin & Bohr, 19713 Bohr, 1973; Somlyo & Somlyo, 1968) .
This is probably a reflection of the complex relationship between sodium
ions and smooth muscle contraction which is not yet fully understoéd.
There is considerable evidence that the transmembrane sodium
concentration gradient affects the transmembrane calcium digtribution
(Tomita & Watanabe, 19733 Reuter et al, 19733 Burton & Godfraind, 1973;
Brading, 19733 Bohr et al, 1969) while the membrane excitability, and
hence permeability, is intimately related to the intracellular
extracellular sodium concentration gradient (Bohr, 1964; Hofmann, 19693

Casteels, Droogmans & H endrick, 1973).
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The distribution of sodium in smooth muscle is largely
controlled by the sodium potassium exchange pump, enzymatically
Na-K-Mg-activated ATPase (Reviews: Casteels, 19703 Daniel, Robison,
Kidwai, Wolowyck, Taylor & Paton, 1969; Caldwell, 1968; Burnstock et
al, 19633 Casteels et al, 1973) which is inhibited by the éardiac
glycoside ouabain (reviewss Glyﬁn, 1957 and 19643 Caldwell, 1968;
Whittam & Wheeler, 19703 Lee & Klaus, 1971). Exposure of smooth
muscle preparations to ouabain therefore results in a change in the
transmembrane sodium gradient similar to that observed during exposure
of smooth muscle to metabolic inhibition (Daniel, 1964b and 1964c;
Rangachari et al, 1972). Thus if the preferential reduction of the
angiotensin response observed in previous experiments, was due to
inhibition of sodium movement by the sodium potassgium pump, then
ouabain would be expected to cause a similar differential reduction
of contractile responses to acetylcholine and angiotensin. Furthermore,
it has been reported that low concentrations of ouabain (10 ng/ml)
gspecifically inhibit the contractile responses of rat uterus to
angiotensin while having no effect upon responses 1o oxytocin and
vagsopressin and this led to the suggestion that the action of
angiotensin upon smooth muscle might involve a stimulation of the
sodium-potassium pump (Turker et al, 1967). The present study was
therefore extended to investigate the effect of ouabain upon responses
of rat colon and rat uterus to acetylcholine and angiotensin.

Concentrations of 1 }fmol and 10 pmol ouabain had no effect
upon the responses of rat descending colon to either acetylcholine or
angiotensin and 0.1 mmol ouabain produced only = small reduction of
regponses to both agonists. At a concentration of 1 mmol, ouabain
caused a progressive reduction of responses to both agonists but there
was no significant difference between the reduction of the angiotensin

responses and the reduction of the acetylcholine responses. Recovery
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of responses after removal of ouabain was slow but was complete within
two hours. This confirmed other reports that the effect of ouabain
upon smooth muscle contractility is slowly reversible_(Godfraind
& Godfraind-~De Becker, 19633 Griffin, Szaro & Weltman, 1972).

Rat uterus was algo unaffected by concentration of ouabain
less than 0.1 mmol. This insensitivity to ouabain is characteristic
of rat tissue and has been reported by many workers (Daniel, 1964b;
Bentley & Holland, 1961; lMarshall & Kroeger, 1973; Rangachari et al,
1972). 0.1 mmol ouabain caused a progressive reduction of the
contractile responses of rat uterus to acetylcholine and angiotensin
but, as with rat colon, there was no significant difference between
the reduction of the corresponding responses to the two agonists. The
effect of this concentration of ouabain upon responses to acetylcholine
and angiotensin was the same on diocestrous uterus as on oestrous uterus.
These findings do not support the suggestion that the contractile
action of angiotensin upon smooth muscle is due to a stimulation of
the sodium-potassium pump (Turker et al, 1967)}. This is consistent
with reports that angiotensin has no effect upon the sodium potassium
ATPase isolated from rat kidney preparations (Bonting, Canady & Hawkins,
1964; Marc-Auriele & Bergeron, 1966) or rat colen (Munday et al, 1971).
Furthermore, angiotensgin stimulated sodium transport in rat kidney cells
(Munday et al, 1971) and rat colon (Parsons & Munday, 1972) is
unaffected by either high concentrations of ouabain or potassium free
solutions, conditions which inhibit the sodium-potassium pump. The
present findings confirm other reports that exposure of smooth muscle
preparations to ouabain causes a general reduction of induced contractions
(Godfraind & Godfraind-De Becker, 1963; Mathews & Sutter, 19673 Griffin
et al, 1972) and this suggests that the sodium-potassium pump may be
important for smooth muscle contractility.

It has been suggested that in addition to the sodium-potassium
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pump, there may be a potassium independent active sodium extrusion
mechanism responsible for volume regulation of the cell (Whittembury

& Proverbio, 1970). This pump has been reported insensitive to ouabain
but sensitive to the diuretic ethacrynic acid (Whittembury & Proverbio,
1970; Proverbio, Robinson & Whittembury, 19703 Robinson, 1572).
Parsons and Munday have shown that the angiotensin stimulated sodium
movement in rat kidney cortex slices and rat colon is inhibited by

7 mmol ethacrynic acid and they have suggested that angiotensin acts
through a stimulation of the 'second' sodium pump (Parsons & Munday,
1972). However, these experiments were controlled by comparing the
effect of ethacrynic acid upon angiotensin stimulated sodium movement
with the effect upon basal sodium movement in normal physiological
solution. Since the mechanism of basal sodium movement is unknown,

it is difficult to estimate the specificity of ethacrynic acid in these
experiments. Several workers have suggested that the action of
ethacrynic acid upon active ion movement is due to an inhibition of
cellular energy production (Macknight, 19693 Epstein, 1972; Landon &
Fitzpatrick, 1972; Case, Gunther & Cannon, 1973; Daniel, Kidwai, Robinson,
Freeman & Fair, 1971) and this could therefore explain the inhibition
of angiotensin stimulated transport observed by Parsons and Munday.

To overcome these problems, the action of ethacrynic acid was
investigated upon the contractile responses of angiotensin upon smooth
muscle and the experiments were controlled by recording contractile
responses to acetylcholine.

Exposure of rat descending colon to 0.1 mmol ethacrynic acid
caused a progressive reduction of responses to both agonists but at
all times there was a significantly greater reduction of the angiotensin
responses than of the corresponding acetylcholine responses. However,
on rat uterus although responses to both agonists were progressively

reduced during exposure to 0.1 mmol ethacrynic acid, there was no
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preferential reduction of the angiotensin response. In these experiments
contractions of rat colon were recorded issmetrically against a 1 g
resting tension but with rat uterus this was impracticable because of
rapid deterioration of the tissue and so responses were recorded
isotonically. In previous experiments, however, it has beén shown

that angiotensin contractions of smooth muscle require more energy than
acetylcholine contractions and it was therefore possible that the failure
to observe a preferential reduction of the angiotensin response on rat
uterus was due to differences in the energy demands imposed by the
recording system. This explanation is compatible with the use of
different recording methods for the two tissues since it has been shown
that, for a constant resting load, the energy demand during an isometric
contraction is appreciably greater than during an isotonic contraction
(Axelsson et al, 1965; lundholm & Mohme-Inmdholm, 1965). However, an
increase in isotonic load has been shown te increase the energy
expenditure during contraction (Axelsson et al, 1965) and so the effect
of ethacrynic acid was investigated upon contractions of rat uterus
measured against an increased isotonic load of 3 ge.

Contractile responses to acetylcholine were progressively
reduced but at no time was the effect of ethacrynic acid significantly
different from that observed under 1 g loading. In contrast, the
reduction of angiotensin responses was significantly greater when
measured under 3 g load than had been observed under 1 g load, and
furthermore under 3 g loading there was a consistent and significant
difference between the reduction of angiotensin responses and the
corresnonding acetylcholine responses. Thus in these experiments
ethacrynic acid only produced a preferential reduction of the angiotensin

-response in circumstances where muscle energy exvenditure would be high
and this suggested that the action of the diuretic was upon cellular

energy production.
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To investigate this furfher the concentration of ethacrynic
acid was increased to 0.5 mmol. There was an almost complete abolition
of isometric responses of rat colon and of isotonic responses of rat
uberus to both acetylcholine and angioftensin and no signif;cant
difference between the reduction of responses to the two agonists on
either tissue. This indicated ﬁhat ethacryniec acid was producing a non-
specific impairment of the muscles' ability to contract which cannot
be explained on the basis of an inhibition of the second sodium pump.

These findings suggest that the action of ethacrynic acid upon
the contractile responses of isolated smooth musele preparations to
angiotensin and acetylcholine was due to an inhibition of cellular
energy production. This is consistent with several reports that
ethacrynic acid, in similar concentrations to those used in the
present study, causes a non-specific depression of aerobic and
anaerobic metabolism in igolated tissues (Macknight, 19693 Daniel et
al, 19713 Epstein, 1972b; Landon & Fitzpatrick, 1972; Case, Gunther
& Cannon, 1973).

The present experiments with ethacrynic acid provide further
evidence that angiotensin requires more energy for its action upon
smooth muscle than acetylcholine. Furthermore, it has been repaorted
that the low concentrations of ethacrynic a2eid used in the present
study cause a greater inhibition of aerobic metabolism than of anaerobic
metabolism (Jones & Landon, 1967; Landon & Fitzpatrick, 19723 Daniel
et aly 1971). This supports the hypothesis that in rat colon and rat
uterus, the energy dependent step in the angioteansin response is

primarily linked to aerobic metabolism.
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(b) CAICIUM IONS

(i) The Fffect of Changes in Extracellular Calcium Concentration

The final common pathway for all spasmogens is an inprease in
the free calcium concentration in the region of the contractile
filaments (Daniel, 1964a; Bohr, 1964; Hurwitz & Suria, 19713 Axelsson,
19703 Somlyo & Somlyo, 1968). However, this single event may be
produced by a variety of mechanisms and the activator calcium may be
mobilised from intracellular binding sites, plasma membrane sites or
the extracellular space (see; Somlyo & Somlyo, 19683 Hurwitz & Suria,
1971; Ruegg, 19713 Devine et al, 1973). The vrimary action of acetyl-
choline upon smooth muscle has been reported to involve an increase
in plasma membrane permeability to sodium and potassium (Bolton, 19723
Bulbring & Ssurszewski, 19743 Szurszewski & Bulbring, 1973) which
triggers caleium release from intracellular binding gites. There may
also be an increase in the passive plasma membrane permeability to
calcium resulting in influx of extracellular caleium (Bulbring &
Kuriyama, 19633 Durbin & Jenkinson, 19613 Szurszewski & Bulbring,
1973). In the present study it appeared that the angiotensin
contraction of smooth muscle was fundamentally different from that
of acetylcholine and this could be due to differences in the source
or mobilisation of activator ealcium. This possibility was investigated
by comparing the effect of reduced extracellular caleium concentration
upon the contractile responses of rat colon and rat uterns to acetyl-
choline and angiotensin.

When the calcium concentration of the Tyrode solution was
progressively reduced from 1.8 mmol to 0.45 mmol there was a marked
reduction of the angiotensin respbnses of rat colpn but no
consistent effect upon acetylcholine responses. It therefore appeared
that extracellular calcium was more important for the angiotensin
contraction and may constitute the source of activator calcium for

the contraction process.
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When the calcium concentfation wag reduced to 0.18 mmol, there
was a reduction of contractile responses to both agonists but the
reduction of the angiotensin responses was significantly greater than
the reduction of the acetylcholine responses. In calcium free solution
responses to acetylcholine and angiotensin were rapidly reduced but
there was no difference in the percentage reduction of the two agonists
which indicated a non-specific impairment of the muscles' contractile
ability. Thus as the extracellular calcium concentration was reduced
towards the concentration required for activation of the contractile
process all induced responses were inhibited. Calcium free solution
did not completely abolish responses to either agonist and this is
consistent with reports that a chelating agent is required to ensure
removal of all calcium from the extracellular tissue (Keatinge, 1972a
and b).

In vrevious experiments with theophylline there was also an
equal reduction of responses to acetylcholine and angiotensin which
wasg attributed to an increase in intracellular cyclic AMP concentration.
Increased extracellular calcium caused a recovery of induced responses
which appeared to be consistent with the known action of cyclic AMP
upon calcium metabolism. However, there was a significantly greater
recovery of angiotensin responses compared with acetylcholine responses,
which is consistent with the present observation that the angiotensin
response of rat colon is more sensitive to changes in extracellular
calcium concentration.

When oestrous or dioestrous uterus was erposed to Tyrode
solution containing 0.9 mmol or 0.45 mmol calcium, there was an equal
reduction of angiotensin and acetflcholine responses. However, the
reduction of induced responses was far greater than had been observed
on rat colon and 0.9 mmol calcium caused a reduciion similar to that

observed with calcium free solution on rat colon. This suggested that
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the failure to observe a preferential reduction of the angiotensin
response on this tissue was not due to a different mechanism of action
but to a difference in the tissue's sensitivity to calecium. This is
consistent with a report that rat uterus is far more sensitive to
reduced extracellular calcium concentration than guinea-pig ileum
(Khairallah et al, 1965). Furthermore, the difference in sensitivity
of rat colon and rat uterus to extracellular calcium may explain the
previous observations with indomethacin which caused a preferential
reduction of acetylcholine and angioftensin responses on rat ulerus.

It has been shown that indomethacin causes an inhibition of smooth
muscle contractility (Northover, 1967 and 1971) and this has been
correlated with an inhibition of caleium uptake (Northover, 1971 and
1972) and plasma membrane binding (Northover, 1973). Thus the change
in calcium movement caused by indomethacin may be sufficient to reveal
the differential reduction of the angiotensin response on rat uterus,
due to the sensitivity of the tissue to changes in extracellular
calcium concentration, but insufficient to reveal a differential on
rat colon.

The marked reduction of the angiotensin response observed during
exposure of rat colon to low calcium Tyrode solution suggested that
the main source of activator calcium was superficial and was probably
the extracellular space. Since responses to acetylcholine were less
affected, this confirmed that the main source of activator calcium was
probably the intracellular binding sites (see reviews: Daniel, 1964a;
Bohr, 19643 Hurwitz & Suria, 1971). To investigate this further,
preparations of rat descending colon were exvosed to a Tyrode solution
containing 0.5 mmol lanthanum chloride and resvonses to acetylcholine
and angiotensin were recorded with respect to time.

The trivalent lanthanum ion has been shown to displace calecium

from anionic sites on the plasma membrane and so render the membrane
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impermeable to calcium ions (reviews: Van Breemen et al, 19733 Weiss,
1974). Thus movement of calcium into and out of the smooth muscle
cell is prevented and agonists which mobilise extracellular calcium
can no longer cause contraction. In the present experiments there
was a marked reduction of responses to both acetylcholine and angiotensin
but during the first ten minutes of exposure the reduction of the
angiotensin responselwas significantly greater than the reduction
of the corresponding acetylcholine response. It therefore appeared
that acetylcholine was less dependent upon extracellular calcium than
angiotengin and could mobilise activator calcium from the intracellular
stores. This is consistent both with the previous findings that
reduced extracellular calcium concentration had little effect upon
the acetylcholine response, and with other studies of the effect of
lanthanum upon acetylcholine induced contractions of isolated smooth
muscle (Van Breemen & Daniel, 19663 Goodman & Weiss, 19713 Szurszewski
& Bulbring, 1973). After removal of acetylcholine or angiotensin
there was a normal relaxation of the smooth muscle during exposure
to0 lanthanum and this confirmed other reports that activator calcium
can be absorbed by intracellular binding sites (Van Breemen et al,
19733 Deth & Van Breemen, 1974). Furthermore, since the acetylcholine
responses were progressively reduced this supports the suggestion
that the intracellular binding sites responsible for the release of
activator calcium may be distinet from those responsible for its re-
uptake (Van Breemen et al, 1973; Deth & Van Breemen, 1974).

These findings with lanthanum supported the hypothesis that
the activator calcium for the angiotensin responge is derived from
a superficial site. This is also consistent with several reports
that angiotensin induced contractions of smooth muscle are associated
with an increased uptake of calcium (Shibita et al, 1968; Shibita &

Carrier, 1967; Sullivan & Briggs, 1968; Deth & Van Breemen, 1974).
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Howevery, it is not possible to distinguish the exact source of activator
calcium gince lanthanum not only prevents calcium influx, but in
addition displaces calecium from the anionic binding sites on the

plasma membrane. Further, although the results of these experiments
appeared usefuly the marked reduction of responses to both acetylcholine

and angiotensin observed during exposure to lanthanum was further

. evidence that this method is not entirely specific. It has been

suggested that lanthanum effects the mobility of calcium at deeply
located calcium binding sites through an effect upon the superficial
sites (Weiss & Goodman, 1969). However, Daniel and co-workers have
suggested thaf lanthanum may penetrate the plasma membrane and bind
directly to intracellular sites (Hodgson, Kidwai & Daniel, 1972).

(ii) Preliminary Studies of the Role of Calcium Tons in the
Tnergy Dependent liechanism of the Angiotensin Response

In previous experiments it appeared that angiotensin required
more energy for its contractile action upon smooth muscle than acetyl-
choline. Since the increase in intracellular calcium concentration
produced by acetylcholine is a passive process, it is possible that
the contractile action of angiotensin might involve an active increase
in intracellular calcium. This hypothesis is supported by two workers
who have suggested that angiotensin might stimulate an active inwardly
directly calcium pump which may be coupled to sodium efflux (Villamil,
19723 Godfraind, 1970). To investigate this, preparations of rat
descending colon were exposed to low calcium Tyrode solution under
conditions where energy production would be limited. An energy dependent
influx of calcium would then be exvected to be reduced to a greater
extent than would occur under the same conditions of extracellular
calcium concentration or metabolic inhibition applied separately. At

present only a few preliminary experiments have been performed but it

is interesting to consider briefly the results and the exverimental
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problems so far encountered.

Initial experiments were performed-with a glucose~free Tyrode
solution containing 0.18 mmol calcium, the minimum concentration at
which it is possible to observe a differential reduction of angiotensin
and acetylcholine responses. Ixposure of rat colon to this solution
caused a reduction of contractile responses to both agonists but again
there was a2 significant difference between the percentage reduction of
angiotensin responses compared with the percentage reduction of
corresponding acetylcholine responses. The reduction of acetylcholine
regsponges was similar to that observed in low calcium (0.18 mmol)
Tyrode and although there was a greater reduction of angiotensin
responses in glucose free low calcium Tyrode than had been observed
in low calcium Tyrode, this difference was not significant. This
failure to demonstrate any difference in the reduction of the angio-
tensin response during exposure to low extracellular calcium in
a giucose free solution compared with a normal solution may have been
due to adequate energy production under subsirate free conditions.
Since severe conditions of metabolic inhibition have been shown to
cause a rapid reduction of responses to angiotensin and acetylcholine
on this tissue, an alternative and more sensitive method of
investigation was necessary.

It has been reported that isometric coniractions of smooth
muscle require more energy than isotonic contractions (Tundholm
& Mohme-Lundholm, 19653 Axelsson et al, 1965). Since the previous
experiments on rat colon had been recorded isometrically, the effect
of reduced calcium concentration was investigated upon isotonic
contractions of this tissue to adetylcholine and angiotensin.

A significant difference in the effect of low calcium Tyrode upon
angiotensin responses measured by isometric conditions compared with

isotonic conditions, would then indicate that the energy dependence



169.
of the angiotensin response is related to active calcium movement.
Tyrode solution containing 0,18 mmol calciﬁm caused a marked reduction
of isotonic responses to acetylcholine and angiotensin with a significantly
greater reduction of the angiotensin responses compared with the
corresponding acetylchﬁline Tesponses. Although this confirmed the
observations made with isometric recording, there was no gignificant
difference between the reduction of the induced responses under
jsotonic conditions compared with isometric conditions. Similarly,
calcium free Tyrode solution caused an equal reduction of isotonic
regponses to acetylcholine and angiotensin which was not gignificantly
different from the reduction obtained under isometric conditions.

When a glucose and calcium free golution was used there was again
an equal reduction of isotonic contractions to acetylcholine and
angiotensin but the effect was not significantly different from that
observed in calcium free solutions containing glucose.

Thus reduction of extracellular calcium had the same effect
upon isotonic responses of rat colon to angiotensin as upon isometric
responses. However, since the reduction of the acetylcholine responses
were also the same under isotonic conditions as under isometric
conditions, this indicated that again the tissue energy supply was
adequate for both types of contraction. Again it appeared that the
experimental technique was jnsufficiently sensitive to detect whether
calecium is involved in the energy dependent stage of the angiotensin
Tesponsce.

Although these preliminary experiments have failed to indicate
any connection between the energy required for the angiotensin
contraction and mobilisation of éxtracellular calcium, this study

ig continuing.
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5. CONCLUSIONS

The contractile action of angiotensin has been recognised for
many years and has been extensively investigated but there is still
considerable doubt as to the mechanism involved. The present study
represents a new approach to this problem.and has involved a comparative
study of the contractile action of angiotensin and acetylcholine. The
mode of action of acetylcholine is well established and has been shown
to involve a primary increase in passive sodium permeability (Bolton,
1972). Thus it has been possible to separate the effect of experimental
treatments upon the smooth muscle contraction process from the effect
upon the primary interaction of angiotensin with the smooth muscle
membranee.

It has been shown that the contractile action of angiotensin
ig more sensitive to conditions where tissue energy production is
reduced than the contractile action of acetylcholine. This is the
firat demonstration that angiotensin requires energy for its interaction
with the smooth muscle cell in addition to the energy required for the
contractile process. Metabolic inhibition has been shown to cause
different effects upon the angiotensin response of several isolated
smooth muscle preparations and this appears to be due to differences
in the metabolism of these tissues. In most tissues the energy for
the primary interaction of angiotensin appears to be supplied by
aerobic metabolism but in oestrous rat uterus anaerobic glycolysis
was sufficiently active to supply energy both for the initial inter~
action and for the contractile process. This raises the interesting
possibility that the reported differences in the angiotensin response
of different smooth muscle preparétions (Papadinitrio & Worcel, 1974)
may be related to differences in the energy metabolism of these tigsues.
This is consistent with the suggestion that apparent differences in

the angiotensin receptor may in fact be the result of differences in
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the excitation-contraction coupling mechanism.

Conditions of reduced tissue energy production have been shown
to affect the maintenance of induced contractions to potassium (40
mmol). This has been confirmed in the present study but a- comparative
investigation of the angiotensin response revealed no change in the
maintenance of contractions. It therefore appears that the angiotensin
response involves a-single mechanism and that a reduction in available
energy impairs the initiation of the response without affecting its
duration.

Angiotensin like most other peptide hormones, is generally
congidered to act at the surface of the cell (Rasmussen, 1969) and it
is therefore probable that the energy is required to translate the
action of the hormone to the intracellular environment. Many peptide
hormones act via a mediator and both cyclic AMP and prostaglandins have
been implicated in this role. However, in the present study conditions
which altered intracellular cyclic ANP or prostaglandin concentrations,
had the same effect upon responses to acetylcholine and angiotensin
which suggested that there is no specific involvement of either substance
in the angiot ensin response. The one exception was with the prostaglandin
synthesis inhibitor, indomethacin, which caused a preferential reduction
of angiotensin responses on rat uterus. However, this was only
observed with concentrations of indomethacin far higher than those
required to affect prostaglandin synthesis and if is suggested that the
only action may in fact be upon transmembrane calcium movement.

The role of inorganic ions in the contractile action of angio-
tensin ig of particular interest since the hormone has been shown to
affect active sodium movement at concentrations far below those
necessary for the contractile action. However, in the present study
changes in extracellular sodium concentration had the same effect upon

responses to acetylcholine and angiotensin and no evidence has been
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found to support a specific invﬁlvement of the sodium ion in the cellular
action of angiotensin. Reports that angiotensin may stimulate the
sodium~potassium pump (Turker et al, 1967) or the potassium-independent
gsodium pump (Parsons & Munday, 1972; Davies et al, 1972) in smooth
muscle have been investigated but have not been substantiated.
Ethacrynic acid which is claimed to specifically inhibit the potassium
independent 'second' sodium pump only caused a preferential feduction
of the angiotensin response under conditions where tissue energy
expenditure was high. This hasg been demonstrated by the use of
selective recording techniques and provides further evidence for the
energy dependence of the angiotensin response. At the same time,
however, it throws doubt upon the specificity of this inhibitor and
therefore upon previous conclusions which have been based on its use,

Calcium ions are intimately involved in muscle contraction and
the final common pathway for all spasmogens is an increase in the intra-
cellular calcium concentration. In the present study it has been shown
that the contractile action of angiotensin is far more sensitive to
changes in the extracellular calcium concentration than the contractile
action of acetylcholine. This suggests that the activator calecium for
the angiotensin response is mobilised from a superficial site which
may be the extracellular space. The lanthanum technique has been used
to confirm these observations but the methed appears to lack specificity
and the results must therefore be interpreted with care.

In view of the energy dependence of the sngiotensin response it
is interesting to consider the possible relationship between energy and
increased intracellular calcium concentration. Although preliminary
experiments have been inconclusive, two mechanicms are tentatively
suggested whereby angiotensin might stimulate an active increase in
intracellular calcium concentration and thereby cause smooth muscle

contraction.
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Several workers have auggesfed the existence of an inwardly directed
calcium pump which is coupled with oulward movement of sodium ions
(Bohr et al, 1969; Brading, 1973; Reuter, 1973). Stimulation of
this mechanism by angiotensin would be energy dependent and would
result in contraction. A decrease in the extracellular calcium
concentration would reduce the number of calcium ions available
for combination at the sumrficial anionic sites of the pump and
in addition would increase the competition from sodium ions (Bohr
et al, 19693 Bohr, 1973; Brading, 1973; Caldwell, 1968). This
mechanism could account for the increased calcium influx which has
been observed during angiotensin induced contractions of smeooth
muscle (Shibita & Carrier, 1967; Shibita et al, 1968; Deth & Van
Breemen, 1974). It is also interesting that the effect of
angiotensin upon sodium movement in everted sacs of rat colon has
been shown to be dependent upon calcium at the mucosal surface
(Munday, Parsons, Poat & Smith, 1973) . Thus it is tempting to
gpeculate that the mechanism for contraction and ion-movement might
be common and involve a sodium—calcium exchange pumpe.

Alternatively angiotensin may release membrane-bound calcium as
has been suggested by Meyer and co-workers (Devynck et al, 1973
and 1974). This is compatible with the observed dependence of the
angiotensin response upon extracellular calcium since the superficial
location of the plasma membrane bound calciwm makes it vulnerable
to changes in the extracellular environment. Since uptake of
calcium by the cell membrane binding sites is an active process
(Sparrow & Simonds, 1965; Rothstein, 1968; Lavynck et al, 1973),
this mechanism could also account for the energy dependence of the

angiotensin response.
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It is hoped to continue these investigations of the role of
calcium ions in the contractile action of angiotensine. The observation
that the angiotensin interaction is energy dependent provides the first
conclusive evidence that the angiolensin response involves an initial
step prior to the contraction process which may be linked to the known

action of the hormone upon inorganic ion movement.
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