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ABSTRACT

An investigatlon has been carrled out into the nature of
the adrenerglic receptors in the uterus of the rat, rabbit and
human, using a seriles of sympathomimetlc amines and a number of
adrenerglc blocking agents. Both in vivo and 1ln vitro
experiments have been performed using adult non-pregnant
animals, and studies have been made on isolated uterl from
1mmature animals. Some in vivo experiments have 1ncluded
stimulation of the hypogastric nerve and a recording of the
arterial blood pressure. Experiments using human uteri have
been 1limlted to in vitro studles.

The presence of a-exciltatory and B-inhibitory adrenergic
receptors has been demonstrated in the uterl of the three
specles, both in adult and in immature animals. However, the
actlons of the sympathomimetlc amines on the uterl from lmmature
rats and rabbits and on the uterus from the human foetus
differed qualltatively from their actions on the uterl from
adult animals. Further, the actilons of the amines on the uteri
of adult rats varled according to the stage of the oestrous
cycle.

A study of the influence of ovarlan hormones on the
uterine responses to the sympathomimetlc amines was performed.
Immature and ovariectomlsed adult rats and rabblts were treated

with oestradlol and progesterone. After treatment wilth
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oestradiol the excitatory activities of the amines were enhanced
so that the responses of the uteri from animals which had
received this treatment resembled those of uteri from adult
animals, Administration of progesterone with the oestradiol
did not modify the effects of the latter hormone. Treatment
wlth progesterone alone did not alter qualitatively the actions
of the amines. Responses of the blood pressure to the amines
were not influenced appreciably by the ovarian hormones.
These results suggest the possiblility that a high level of
oestrogen increases the number and/or the activity of the

a=-excitatory adrenerglic receptors in the uterus.
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GENERAL HISTORTICA AL




1. ADRENERGIC RECEPTORS

The earliest work relating to the i1dea of speclalised
receptors in the sympathetlc system was discussed by Elliot in
1904, He found that, in the cat, following complete
denervation of the iris, the dilator puplllae muscle was more
sensitive to adrenaline than the muscle with 1ts nerve supply
intact, This led him to suggest that the site of action of
adrenaline might be ¥a sort of mechanism developed out of the
muscle cell in response to its union with the synapsing
sympathetic fibre, the function of which 1s to recelve and
transform the nervous lmpulse¥®. He concluded that adrenalilne
may be liberated by the nervous impulse at the nerve ending.
In the following year Elliot (1905) showed the close
relatlonship between responses elicited by adrenaline and by
sympathetic nerve stimulation in many tissues., He suggested
that the nature of the receptive substance determined whether
the responses were elther motor or inhibitor. Langley (1905)
agreed with EFlliot concerning the presence of receptive
substances but thought them to be cell constituents, rather
than that they were developed in consequence of the unlon
between sympathetic nerves and smooth muscle. He considered
that "a cell might make motor or inhibitor receptive
substances or both, and that the effect of a nervous impulse

depends upon the proportion of the two kinds of receptive
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substance which is affected by the impulse®. Drle (1906)
produced definite evidence for the existence of "myotrophic
structures or substances? subserving eilther stimulatlon or
inhibition in the sympathetic system when he selectively
antagonised only the excitatory responses of adrenaline and of
nerve stimulation with ergot. Inhibitory responses were
elther unaffected, enhanced, or sometimes revealed after
antagonism of the motor response. Dale would not speculate
on the ideas of Elliot or Langley in regard to the location of
these excitatory and inhibitory elements because hils
experiments gave "no indicatlon as to the level at which this
functional differentiation occurs”.

Most of the work in the next four decades was concerned
with elucidating the nature of the transmitter substance in
sympathetic nerves, rather than being directed primarily at
how the transmitter effected a response in the muscle.

Because of the inability of any one proposed transmitter to
mimic exactly the responses which occurred to sympathetic
nerve stimulation, Cannon and Rosenblueth (1933) suggested
that the transmitter (M) was given its characteristic type of
activity by combining with either an excitatory (E) or an
inhibitory (I) “"receptive substance” inside the reacting cells.
When these substances escaped from the affected cells into

the blood stream they would induce excitatory, inhibitory or,

when present together, both effects on distant organs.
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The theory which is accepted at the present time as
describing the nature of adrenerglc receptors was proposed by
Ahlquist in 1948. He classified adrenergic receptors in
different effector organs largely on the basis of the order of
potency of a series of five sympathomimetlc amines -
adrenaline, noradrenaline, isoprenaline, o-methyladrenallne and
a-methylnoradrenaline. He found that only two orders of
potency were revealed in all the organ systems studied. In
one adrenaline was most potent and isoprenaline least potent.
In the other lsoprenaline was most potent and noradrenaline
least potent. This suggested that only two receptor types
were involved. Ahlguist called those mediating responses in
the former group alpha (a) receptors, and those in the latter
group beta (B) receptors., Further, all the responses medlated
via a-receptors could be antagonised by ergotoxine, dibenamine
and tolazoline, except that of intestinal relaxation which was
not convincingly affected. The responses elicited through
B-receptors were not influenced by these blocking agents.
The great difference between this theory and the earlier ones
was that although the older ideas described two receptor
structures, these subserved either stimulation or inhibition.
Ahlquist also postulated two groups of receptors but he did
not classify them by the nature of the response they mediated,

but by thelr sensitivity to a series of catecholamines in
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eliciting sympathomimetic responses. In fact he found that
both a- and B-receptors were involved in excltatory and
inhibitory responses in the various tissues investigated.
Lands (1952) disagreed with certain aspects of Ahlquist®s
classification, He preferred, as did earlier workers, to
classify adrenerglc receptors as elther excltatory or
inhibitory. He found that with sympathomimetic amines like
adrenaline, the 3-(or g-)hydroxyl group on the benzene ring
was most important for stimulation of excitatory (Ac)
receptors, while the alcoholic hydroxyl on the side chain was
most important for stimulation of inhibitory (Ar) receptors.
Thus receptors mediating intestinal relaxation were classified
as Ar. This was in contrast to the results of Ahlquist
which indicated that adrenergic receptors in the intestine
were similar to those receptors in other tissues except the
heart which mediated excitatory effects. The receptors in the
heart were stimulated by sympathomimetic amines with a strong
affinity for either Ac or Ar receptors and therefore Lands
suggested that they be classified as a separate group (Acr).
Supporting evidence for Ahlquist’s theory and indeed
evidence which has caused its widecpread acceptance came in
1958, when an antagonist of the responses elicited as a
consequence of B-receptor stimulation was discovered. This
antagonist, dichlorolsoprenaline, was found to block both the

1nh1b1tory effects on smooth muscle as well as the excitatory
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effect of catecholamines on the heart (Moran and Perkins, 1958).
However it failed to influence the intestinal relaxatlon
produced by catecholamines (Furchgott, 1959). Therefore
Furchgott considered that the intestinal adrenerglc receptors
should be classified separately as delta receptors. In the
same year however Ahlquist and Levy found that, when both «a-
and B-blocking agents were present, intestinal adrenerglc
receptors could be blocked. Thus they concluded that the
intestine contains a- and B-inhibitory receptors. Furchgott
confirmed these results soon afterwards (1960).

Furchgott (1959) proposed a separate class of adrenergic
receptors mediating glycogenolysis which he called gamma
receptors, but in the following year (Furchgott, 1960) he
conceded that adrenerglc receptors in the heart for
glycogenolysis were of the B-type. This followed the work of
Mayer and Moran (1960) who found that dichloroisoprenaline
was an effective antagonist at this site. It is not yet
resolved whether all adrenergic metabolic receptors may be
classified as B-receptors, but glycogenolysis in the heart,
skeletal muscle and liver, and adipose tissue lipolysis can
be antagonised by B-blocking agents (Mayer, Williams and Smith,
1967). However a-blocking agents also antagonise hepatic
glycogenolysis (Mayer, Moran and Fain, 1961).

Although the adrenergic responses in smooth muscle may be

blocked by a- and B-blocking agents, either singly or in
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combination, so that it appears that only two types of
adrenerglc receptors are present, a number of factors have
emerged recently which have led to the conclusion that the
B-receptors in the various tissues may not be uniformly
.similar. In a series of papers Levy (1964, 1966a,b, 1967b)
showed that certain derivatives of methoxamine blocked
B-receptors in the rat uterus, but did not block the positive
chronotroplec and lonotropic B-effects on the heart or on
intestinal relaxation, or changes in blood flow in the hind
1limb of the dog, induced by isoprenaline, In support of
these observations, Dunlop and Shanks (1968) found that a new
blocking agent, I.C.I. 50172, antagonised the positive
chronotropic and ionotropic actions of 1soprenaline on the
heart of the dog, but had little action on other effects
mediated by B-receptors, including inhibition of the uterus
of the rat. They dliscussed the possibility that B-receptors
may not be identical in the varlous tissues of any one speciles.
Dunlop and Shanks suggested, on the basis of their results
and those of Levy, that B-receptors be classified into
excltatory and inhibitory subgroups. Similar observations
on the selectivity of action of a-methyldichloroisoprenaline
at certaln B-receptors were made by Van Deripe and Moran
(1965), and the implications behind such a subdivision of
B-receptors has been discussed by Braunwald (1966) and

Moran (1966, 1967). Lands, Arnold, McAuliff, Luduena and
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Brown (1967) suggested that B-receptors be divided into two
subgroups, namely “B;® receptors which include cardiac
stimulatory receptors and those involved in lipolyslis and
"Bri" receptors which include receptors for bronchiolar
dilatation and for glycogenolysils, Theilr concluslons were
based on the relative potencies of agonists in effecting these
responses.

In regard to subdivision in the a-group of adrenergic
receptors, van Rossum (1965) found that noradrenaline possessed
a greater affinity for a~receptors in certain tissues where
dopamine possessed only a weak affinity. For example,
a-receptors in the rabbit intestine were occupied more easily
by noradrenaline than those in the rat vas deferens, whereas
the reverse was true for dopamine. van Rossum speculated
upon the existence of a series of a-receptors ®“at one end of
which are receptors best fitted by noradrenaline, and at the
other end receptors which are best fitted by dopamine¥.
However, using the rather different technique of measuring
dissociation constants (Kg) for receptor-antagonist
interactions, Furchgott (1967) concluded that o-receptors in
the aorta, stomach and duodenum of the rabbit were all of one
type. This conclusion was based upon the assumption that the
Kg values should be the same for any one antagonist reacting
with receptors which are of the same type.

This work has thus invited speculation as to exactly
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where these newer adrenergic blocking agents exert their effect
in the chain of reactions leading to the observed response in
the tissue. Moran (1966, 1967) has pointed out that a- or
B-receptor activation is only one step in a whole sequence of
events occurring between initiation and observation of the
response. The possibility must not be ruled out that
different events occur in different organs after receptor
activation and that the newer f-blocking agents may antagonise
the response through an action at such a site, thus exerting
a more selective action than the earlier antagonists. 1t
would seem therefore that a certain degree of caution is
warranted in the classification of adrenergic receptors solely
on the baslis of susceptibility to blockade by antagonists.

In order to solve the problems regarding uniformity of
type within receptor groups and the relationship between a-
and B-groups, 1t 1s necessary to discover the molecular
configuration of the receptors. To date the only information
about the molecular nature of adrenerglic receptors is based
upon the chemlstry of agonists and antagonists. Some
workers have suggested particular enzymes or other substances
which they consider may be the receptor. Others, preferring
not to assign any formulation to the “whole® receptor, have
pointed out a number of chemical groupings which would seem to
be necessary structures on the receptor surface for its

interaction with agonists or antagonists,. Ariéns and his
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co-workers (Ariéns, van Rossum and Simonis, 1957; Ariéns,
1967) pointed out the difference between the "affinity® of a
substance for a receptor and its “intrinsic activity® 1in
promoting a response, Agonists possess both properties while
ideal antagonists have a good affinity for the receptor without
initiating a response. Antagonists usually possess a greater
affinity for receptors than agonists, but it 1s possible that
both may be "multipotent¥, i.e, act on more than one type of
receptor. It is also possible that an antagonlst does not act
on the same receptor as the agonist, but instead may interfere
with steps in the sequence of events triggered by the action
of the agonist on the receptor (Ariéns et _al., 1957; Arléns
and Simonis, 1964). Large antagonist molecules may also
interact with structures adjacent to the "true” receptor and
thus mask 1ts activity. All these points if not realised,
may lead to erroneous conclusions regarding the structural
nature of receptors as deduced from drug-receptor interactions.

In regard to the structural properties of the g-receptor,
the earliest studles were made by Nickerson, Nomaguchi and
Goodman (1946) and Nickerson and Gump (1949), who likened the
actlon of dibenamine to that of the alkylating action of
nitrogen mustards. They showed that the B-chloroethyl side
chain of dibenamlne cyclised to form an ethylene-imine ring
structure which then reacted with sulphydryl groups on the

receptor surface (Harvey and Nickerson, 1954). Other workers
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confirmed that the action of this group of o-blocking agents
was due to the formatlon of the ethyleneiminlum ion, but a
controversy arose as to the nature of the anionic slte on the
receptor surface with whlch this lon reacts. Adenosine
triphosphate (ATP) appeared to be involved in the activatlon
of a-receptors (Belleau, 1959, 1963). Those who considered
that ATP was a part of the a-receptor (Belleau, 1959, 1963;
Bloom and Goldman, 1966) proposed that the anlonic slte was
a phosphate grouping of ATP which reacted with
B=haloalkylamines. In contrast, other lnvestigatlons
indicated that the oa~receptor was characterised as a
lipoprotein (Diksteln and Sulman, 1965; Yong, Parrulekar,
Wright and Marks, 1966). Conclusions reached by Graham and
Al-Katib (1966) also favoured a protein-like structure, for
they found that trypsin antagonised the alkylatlng mechanlsn
of B-haloalkylamlnes, indicatlng the presence of lysine or
arginine or both amino acids in the receptor structure.
Further, Hokin, Sastry, Galsworthy and Yoda (1965) showed that
the first stage in the breakdown of ATP by ATPase involved
the transfer of the terminal ATP phosphate group to a
carboxylate anion on the protein surface of the enzyme.
Kimelberg and Triggle (1965), Triggle (1965) and Graham and
Al-Katib (1966) suggested that a carboxylate group was the
reactlve site on the a-receptor for B-haloalkylamines. This

led Belleau (1967) to modify his original theory (Belleau, 1959,
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1960) and to propose that although ATP was 1lnvolved 1n
a-receptor activation it was not the actlive site for
B-haloalkylamines. Instead, he proposed that the protein
structure of the a-receptor was ATPase and that the reactive
site for the a-blocking agents was a carboxylate group on this
surface. The site of action for catecholamines however, ls
to date still considered to be on the terminal phosphate group
of ATP (Bloom and Goldman, 1966; Belleau, 1967). It appears
therefore that a-receptor agonists and a-receptor antagonlists
of the B-haloalkylamine type may not act at preclsely the same
sites.

In regard to reactlions which mediate responses at the
adrenergic B-receptor, Belleau (1960) and Sutherland and Rall
(1960) proposed that B-receptors were involved in regulating
the formation of adenosine 395° phosphate (cyclic AMP) from
ATP, They considered that the actions of catecholamines in
eliciting responses at B-receptors were related to their
abllity to increase the activity of adenylcyclase, the enzyme
responsible for the conversion of ATP to cyclic AMP. In 1960
Belleau considered that a complex was formed between
catecholamlines and ATP, but although retaining this basic
concept, a revision of the mechanlism of combinatlon between
the reactants was necessary (Belleau, 1967) in the light of
experiments conducted by Bloom and Goldman (1966). Further
speculation by Robinson, Butcher and Sutherland (1967) has led

them to suggest that adenylcyclase itself may be the B-receptor,
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because stimulation of adenylecyclase resembles most closely
those effects which have been described as belng medlated by
B-receptors. Other workers (Vane, 1962; Ariéns, 1963) also
have suggested that B-effects may be medlated by cyclic AMP
formation, without golng as far as to postulate the structure
of the B-receptor.

The involvement of ATP at both a- and B-receptor sites
has led to some controversy as to the separate exlstence and
function of the two receptor systems. Bloom and Goldman
(1966) considered that the receptors should be regarded as
enzyme-substrate complexes and emphaslised thelr separate
jdentities by describing the o-receptor as an ATPase + ATP
complex and the B-receptor as an adenyleyclase + ATP compleX.

Further, 1t was found that 1LPC--labelled phenoxybenzamine

(Masuoka, Hansson and Appelgren, 1967) and 1h

C-labelled
propranolol (Masuoka and Hansson, 1967) were not bound to the
same sites when their distribution was examilned
autoradiographically. On the other hand, 1t has been
considered that adenylcyclase may be involved in both a- and
B-receptor reactions (Robinson, Butcher and Sutherland, 1967)
and that both receptors are concerned in the regulation by
catecholamines of cyclic AMP levels in the isolated pancreatlc
cells from the rat (Turtle and Kipnis, 1967).

In connection with the actual locatlon of adrenergic

receptors, 1t has not yet been established whether they 1lile
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within the cell, in the cell membrane or outside 1it. Graham
and Al-Katib (1966) have found that trypsin antagonlsed the
a-receptor blockade caused by p-haloalkylamlnes. They have
cited evidence (Weiss, 1963) which showed that trypsin cannot
penetrate living cells, and therefore they have concluded that
the a-receptor site is part of the cell membrane. Paton (1967)
has emphasised the lmportance of determining the location of
receptors, for 1f the substance flrst has to penetrate the
¢ell membrane, thls process will involve structural factors in
its own right. Thlis may modlfy conslderably the lmportance of
structure-activlity relatlonships 1In determining the nature of
adrenerglc receptors. Thus at the present time the structure,
type and site of adrenerglc receptors 1is still far from being
elucidated.
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2. ADRENERGIC RECEPTOR BLOCKING AGENTS

The use of relatively specific substances to oppose
the actions of agonists is one of the most important techniques
in the elucidation of the nature of receptors., In the
application of Ahlquist®s dual receptor theory for adrenergic
receptors it is often necessary to antagonise the predominant
action of sympathomimetic amines at one type of receptor, in
order to expose their weaker actlon at the second slte.
Indeed, Furchgott (1967) has proposed that in a
pharmacological assessment of adrenergic receptors, the true
nature of a particular type of receptor can be assessed only
when the other adrenergic receptors in the system are blocked.
Thus, when a-rcceptors are being studled, B-receptor

activation must be prevented, and vice versa.

4) a~BECEPTOR BLOCKING AGENTS

The first demonstrations of specific adrenergic blockade
were glven by Dmle (1905, 1906) and Sollmann and Brown (1905).
Dale found that ergotoxine and ergotamine blocked or reversed
most excltatory responses to adrenaline and to sympathetic nerve
stimulation. The excltatory action of adrenaline on the heart
however, was not antagonised and neither were the inhibitory
actions of adrenaline. These early results have been observed

many times in the succeeding years, using a wlde range of
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substances., The following are some of the most important
groups:-

(1) Ergot alkaloids and derivatives

Reduction of the alkaloids ergotamine and ergotoxine to
their dihydro derlvatives was found to increase thelr
adrenergic blocking activity and to decrease their smooth
muscle stimulating capacity (Stoll and Hofmann, 1943; Brtigger,
1945; Rothlin and Brilgger, 1945; Rothlin, 1947).

(11) Benzodioxanes

The excitatory responses to adrenaline on the clrculation,
nictitating membrane, iris and uterus of certailn specles were
shown to be blocked by plperoxan (933F) (Fourneau and Bovet,
1933). More recently, a more potent derivatlve, Dibozane has
been described by OLeary (1953).

(111) Imidazoline derivatives

The adrenergic blocking action of tolazoline (Priscol)
was first described by Schnetz and Fluch (1942) and more fully
by Ahlquist, Huggins and Woodbury (1947) and by Gowdey (1948).
Meier, Yonkman, Craver and Gross (1949) and Gross, Trlpod
and Meler (1951) showed that another imidazoline derivative
phentolamine (Rogltine) blocked the actlon of adrenaline and
noradrenaline on the intestine and uterus of the rabbit but had
1little effect on the catecholamine activity on the uterus of

the gulnea plg or on the cat and frog heart.
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(1v) B~Haloalkylamines

The pharmacology of dibenamine was first reported by
Nickerson and Goodman (1945). A more detalled report soon
followed describing the actions not only of dibenamine but also
of some of its analogues (Nickerson et al., 1946). However,
in general, only quantitative differences between the various
active members of the serles were found, Another important
member of this group, phenoxybenzamine (Dibenzyline) was
described by McLean, Fendrick, Macko and Fellows (1951) who
found it to be more potent and faster acting than dibenamine.

The prolonged action of the B-haloalkylamines, in contrast
to the relatively short action of the other groups of
a-blocking agents, has led to a detailed study of thelr
mechanism of actlon. It appears that the blockade 1s produced
In two stages. Initially there is a competitive type of
antagonlisn between the catecholamine and the B-haloalkylamine
for the same population of receptors (Nickerson and Gump, 1949;
Furchgott, 1954; Innes, 1962a: Hansch and Lien, 1968).

Later, a fully developed blockade occurs which 1is
non-competitive, and where a stable chemical bonding between
the antagonist and the receptor site is formed (Nickerson and
Gumip, 1949; Furchgott, 1954). This involves the formation

of an ethyleneiminium intermediate (Nickerson and Nomaguchi,
1951) which then reacts with active groups on the a-receptor
surface (Harvey and Nickerson, 1954; Belleau and Triggle, 1962;
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Graham, 1962). The study of these interactions has greatly
assisted in the definition of a molecular structure of the
a-receptor (p. 16).

Throughout the first half of this century the development
of adrenergic blocking agents produced only compounds which
could antagonise most of the excltatory effects of
catecholamines and of sympathetlic nerve stimulation. The
exciltatory effect of adrenaline on the heart and the numerous
inhibitory effects on other tissues could not be antagonlised
effectively, although some inconclusive reports were presénted

concerning the antagonism of certain of these effects (p. 29).

B) B-RECEPTOR BLOCKING AGENTS

In 1958 a new type of adrenerglc blockade was described.
Investigation of the compound dichloroisoprenaline (p. 280)
revealed that 1t antagonised specifically the inhibitory
components of adrenergic activity described above which could
not be antagonised by any of the previously described blocking
agents (Powell and Slater, 1958). Further investigations by
Moran and Perkins (1958) revealed that dichlorolsoprenaline
also specifically blocked the positive chronotroplc and
lonotropic cardiac effects of adrenaline. This result
substantiated the proposal by Ahlquist (1948) that
catecholamine-induced responses were effected through two types

of receptor (p. 1C). The B-receptors were blocked by
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dichloroisoprenaline, while a-receptors were blocked by the
previously described blocking agents. This led Moran and
Perkins (1958) to propose that adrenergic antagonlsts should
be termed a~ and B=-blocking agents according to the type of
receptor at which they effected a blockade.
Dichloroisoprenaline did not antagonise catecholamlne activity
at a-receptors. Indeed, 1t enhanced the activity of substances
which acted at these sites (Powell and Slater, 1958; Levy,
1959), In contrast to the a-blocking agents, which do not
structurally resemble agonists at a-receptors,
dichloroisoprenaline is very similar to isoprenaline, a potent
B-receptor stimulant. Accordingly B-receptor blocking agents
have been developed by various modifications of the
isoprenaline structure. Because of its very close resemblance
to isoprenaline, dichloroisoprenaline was found to possess
quite marked sympathonimetic effects on the heart (Moran and
Perkins, 1958) and particularly on the uterus of the rat where
its B-sympathomnimetic activity prevented it from being used as a
B=blocking agent (Powell and Slater, 1958; Jensen and Sund,
1960). Consequently compounds were synthesised which
possessed less intrinsic B-sympathomimetic activity but which
retained their B-receptor blocking properties.

In 1962 Black and Stevenson described the adrenergic
blocking properties of pronethalol (p. 281). It blocked

adrenerglc responses of the guinea-pig heart and tracheal
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chain, and of the cat heart and fowl caecum. Relaxation of
the rabbit duodenum was partially antagonised. Pronethalol
did not influence the catecholamine-induced contraction of the
rabbit uterus and the vasoconstrictor action of catecholamines
on the rabblt ear. It was not entirely devoid of
sympathomimetic activity (Lish, Weikel and Dungan, 1965) on the
heart of the dog (Donald, Kvale and Shepherd, 1964) and uterus
of the rat (Vanov, 1963; Vanov and Vogt, 1963), but it was
withdrawn from clinical usage when it was found to produce
tumours in mioce (Paget, 1963). With the addition of a methoxy
group into the aliphatic side chain of pronethalol to produce
propranoclol (p. 281) (Black, Crowther, Shanks, Snith
and Dornhorst, 1964), a B-antagonist ten tines more potent
than pronethalol and with no sympathomimnetic activity or
carcinogenic potential was produced. A number of compounds
have now been introduced with qualitatively similar B-blocking
properties. They have the basic structure either of
pronethalol, e.g. INPEA (Teotino, Polo-~Friz, Steis and Della,
1963); H.13/57 (Corrodi, Persson, Carlsson and Roberts, 1963);
MJ 1999 (Lish et al., 1965), or of propranolol, e€.g. K3 592

(Engelhardt, 1965); I.C.I. 45763 (Shanks, Wood, Dornhorst and

Clark, 1966) and H.56/28 (&blad, Brogard and Ek, 1967). The

chemical formulae of these compounds are tabulated on p. 280.
While the B-adrenergic blocking agents described above

antagonise all the B-effects of catecholamines and of
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sympathetic nerve stimulation to a greater or lesser extent,
a number of compounds have emerged recently which appear to
block some, but not all B-receptors., Compounds related to
N-isopropyl methoxamine (p. 281) were reported by Burns,
Colville, Lindsay and Salvador (1964) to block adrenaline-
induced release of free fatty acids from the rat epididymal
fat body, but were without effect on the isoprenaline-
initiated positive chronotropic and lonotropic cardiac effects.
In the same year Levy found that N~isopropyl methoxamine
would not block clrculatory g-effects of catecholamines in the
anacsthetised dog, but strongly antagonised their activity at
f-receptors in the uterus of the rat. In a further study
Levy (1966b) attributed these selective actions to an a-methyl
group in the aliphatic side chain which is not present in other
B-blocking agents. Levy (1966a) found that a related compound,
butoxamine, produced a selective blockade of B-receptors in
the uterus of the rat and the intestine and the femoral
vascular bed of the dog, but had no influence on cardiac
B=responses. Similarly a-methyl analogues of
dichlorolsoprenaline were found to antagonise vasodilatation
but to exert only a weak blocking activity on cardiac
responses to catecholamines (Van Deripe, %blad and Moran, 1964;
Van Deripe and Moran, 1965). On the basis of this
differential blockade Moran (1966) suggested that

B-adrenerglic receptors be divided into several subclasses.
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Further evidence for this was produced by Dunlop and Shanks
(1968) using a new compound I.C.I. 50172 (p. 281). It caused
blockade of cardiac B-responses to catecholamines, but it did
not affect catecholamine-induced vasodilatation or increased
blood flow in the hind 1imb preparation of the dog. It
possessed only very weak blocking activity at B-receptors in
the trachea of the guinea-pig, having only a 150th of the
potency of propranolol at thils silte. These workers suggested
from theilr results and from the work of Levy (1966a,b) that
B-receptors should be divided into two subgroups - excitatory
and inhibitory - since blocking agents have now been
synthesised which selectively antagonlise only cardlac
excitatory, or certain inhibitory responses.

Thus 1t 1s evident that the use of adrenergic blocking
agents 1s of value in the pharmacological definition of
adrenerglc receptors. Nevertheless nisinterpretation of
results could occur and indeed has occurred when non-specific
compounds or blocking agents wilth numerous side effects have
been employed.

Some of the most confusing results have been obtailned
with the use of ergot alkaloids and thelr derivatives
(Nickerson, 1949). The potent activity of this group in
stimulating smooth nuscle directly 1s well known. That these
substances willl cause blockade of adrenerglc excltatory

responses has been reported in this section (p. 22), but many
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investigators have indicated that ergot alkaloids block
inhibitory responses as well. These alkaloids were found to
alter the depressor responses to N-ethylnoradrenaline and
isoprenaline to pressor effects (Raymond-Hamet, 1936; Hazard,
Beauvallet and Guidicelli, 1947: King, 1947). These pressor
responses were definitely sympathomimetic because they were
reversed by benzodioxanes and by yohimbine and were enhanced
by cocaine (Hazard, Beauvallet and Guidicelli, 1948).

However, Lands, Luduena, Grant, Ananenko and Tainter (1950)
showed that thls depressor reversal was due to an increased
cardiac output in the presence of a peripheral vascular bed
already constricted by the alkaloid, and not a true pressor
effect of isoprenaline. More recently it has been shouwn that
some of the stimulatory effects produced by the alkaloids
themselves are elicited through a-receptors (Konzett, 1960;
Innes, 1962a). Ahlquist and Levy (1961) and Levy and
Ahlquist (1961) revealed that dihydroergotamine possessed
both a- and B-receptor blocking properties, Thus, although
the activity of dihydrogergotamine on adrenergic receptors 1is
not specific, nevertheless it has been used recently as an
adrenergic blocking agent. Rudzik and Miller (1962a) stated
that 1t blocked the inhibitory action of adrenaline on the
uterus of the rat, while Clegg (1963), using it as an
a=-blocking agent, found that it antagonised the stimulatory

effect of noradrenaline on the uterus of the guinea-pig.
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However, Deis and Pickford (1964) observed that
dihydroergotanine itself initiated uterine activity in the rat
in dioestrus.

Similarly, the examination of the specificity of action
of other adrenergic blocking agents must be consldered,
Attention has been focussed recently on these aspects by
Furchgott (1966) and Nickerson (1967) who emphasised that the
use of %receptor protection” experiments as employed by
Furchgott (1954) and more recently by Innes (1962a,b, 1963),
using a number of agonists, can provide direct evidence about
the different sites of action of antagonists,.

Marked side effects of a- and B-blocking agents on other
adrenergic mechanisms will undoubtedly influence the response
observed to sympathominmetlc substances, especlally in the whole
animal. In this respect members of both groups of blocking
agents inhibit the uptake of noradrenaline in sympathetic
nerves, Dichloroisoprenaline and phenoxybenzamine are
particularly strong inhibitors of uptake (Axelrod, Hertting
and Potter, 1962). The activity of other blocking agents in
this respect has been reviewed recently by Iversen (1967).
Foo, Jowett and Stafford (1968) have concluded that the potency
of B-receptor blocking agents in reducing noradrenaline uptake
was unrelated to thelr potency in blocking B-receptors.

A1l of the substances tested, including dichloroisoprenaline,

pronethalol and propranolol, blocked B-receptors in
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concentrations lower than those required to block the uptake
of noradrenaline.

Much attentlon has been paild to the circulatory and
cardlac responses to B-blocking agents in relation to their
clinlcal usage. Dichloroisoprenaline (Lucchesi and Hardman,
1961) and pronethalol (Vaughan-Williams and Sekiya, 1963)
exerted a non-specific antagonism to cardiac arrhythmias
induced by a range of adrenerglc and non-adrenergic cardiac
stimulants. This action was thought to be related to the
potent local anaesthetic properties of these agents (Morales=-
Aguileré'and Vaughan-Williams, 1965). A dose-~dependent
peripheral vasodilatation caused by propranolol was thought to
be related also to 1ts local anaesthetlc activity (Shanks, 1967).

Other workers (Sharma, 1966; Olivares, Smith and
Aronow, 1967) have indicated that propranolol may interfere with
the production of a-receptor blockade by phenoxybenzanine.
They argued that a pressor response produced by noradrenaline
in the presence of both blocklng agents was not due to a
potentiation of the a-activity of noradrenaline after B-receptor
blockade, It was concluded that, in some undefined way,
propranolol displaced phenoxybenzamine from the da-receptors.
Propranolol produced a sinllar effect upon the a-receptor
blockade caused by tolazoline and by phentolamine (Olivares
et al., 1967). More recently however, Yamamura and Horita

(1968) have considered that propranolol does not act by
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displacing phenoxybenzamine from a-receptors in the
vasculature of the cat since the actlons of methoxamlne and
oxymetazoline, which act only at a-receptors, were not
restored after propranolol. It was shown that the actions of
adrenaline and noradrenaline, which possess activity at both
o~ and B-receptors, were partially restored by propranolol.
They proposed that this occurred as a result of an enhanced
actlon of adrenaline and noradrenaline, after blockade of
B-receptors, at residual a~-receptors previously not blocked by
phenoxybenzamine.

It is important therefore, to take into account the
specificlty of action of adrenergic blocking agents when
evaluating results. This 1s particularly important when

performing in vivo experiments.
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EXPERIMENTAL

SECTIONS I - III

The experlimental work 1s divided into three sectlons.
Each sectlon is complete within itself, and includes an
historical, a discussion and a summary, followed by the tables
and figures. A general dlscussion and an appendix follow

Section III.
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THE RESPONSES OF THE UTERUS

OF THE RAT TO SYMPATHOMIMETIC

AMINES AND THEIR MODIFICATION

BY OVARIAN HORMONES

SECTION I
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HISTORICAL
RESPONSES TO SYMPATHOMIMETIC AMINES

In 1914 Gunn and Gunn reported that adrenaline lnhilbited
the 1solated uterus of the rat. Cow (1919) confirmed this
and showed that adrenaline caused a simllar effect in vivo.
Knaus and Clark (1926) found that adrenaline inhibited the
uterus of the rat at all stages of the oestrous cycle.
Sasakl (1938) confirmed the inhilbitory action of adrenaline
in vitro but stated that the uterus was more sensitive in
dioestrus than at other stages of the oestrous cycle. Greer,
Pinkston, Baxter and Brannon (1938) reported that noradrenaline
produced an inhilbitory action on the isolated uterus of the
rat but that it was much less potent than adrenaline.

Quantitative studles of the actlons of adrenaline and
noradrenaline on varlous isolated uterine preparations
enabled West (1947) to demonstrate the great difference in
inhibltory potency between the two amines. He reported that
l-adrenaline was approximately 100 times more potent than
dl-noradrenaline on the isolated uterus of the rat.
Subsequently this preparation has been employed wldely in the
bioassay of catecholamines, using the method of de Jalon,
Bayo and de Jalon (1945), and numerous observations of the
ratio of the equiactive doses of noradrenaline to adrenaline

have been reported. Gaddum, Peart and Vogt (1949) quoted a
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range of 75 to 300 for the ratio of l-noradrenalline to
l-adrenaline; while Luduena, Ananenko, Slegmund and Miller
(1949) obtalined a value of 30 for the laevo lsomers. Mann
(1950) found that the ratio of the dose of dl-noradrenaline
to the equlactive dose of l-adrenaline to cause inhibition
was approximately 100 on the uterus of rats in dloestrus, 1in
both in vivo and in vitro experliments. She obtalned similar
results on i1solated uterine preparations from ovariectomised

and from immature animals.

Obgervations on excitatory actions of adrenaline and
noradrenaline have not been reported so widely. In both
in vivo and in vitro studies Mann (1949, 1950) found that both
adrenaline and noradrenaline caused exciltatory responses on the
uterus of the rat in the oestrous state only, eilther in natural
oestrus or in an oestrous condition induced by the injection
of oestradiol. However, the adrenaline response was biphasic,
consisting of an excitatory phase followed by a more prolonged
inhibition. Noradrenaline was approximately ten times more
potent than adrenaline in inlitlating an excitatory response.
The production of this excltatory response was not dependent
upon the prevaliling muscular tone of the uterus, for a
contraction could be elicited iIn both quliescent and
spontaneously contracting preparations. No excitatory activity

to either amine was obsgserved on the uteri from rats in
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dioestrus, or from immature and ovariectomised animals.
Bonney and Ferguson (1950) also showed the biphasic nature of
the adrenaline response but found that a concentration of the
order of 10"8 adrenaline excited the uterus from a rat in
ocoestrus only when the tissue was qulescent, and that the more
usually observed inhibitory action occurred when the preparation
was contracting spontaneously. This excltatory actlon was not
dependent entirely upon the tone of the uterus however,
because they found that adrenaline produced solely an
inhibitory actlon on the uterus in the dloestrous phase,
regardless of whether the preparatlon was contracting
spontaneously or was qulescent. Miller and Murray (1959)
noted that, in preparations where the tone was low, adrenaline
sometimes contracted the uterus, but they did not refer to any
partlicular stage of the oestrous cycle. Draskocl, Feldberg and
Haranath (1960) found that the excitatory response to adrenaline
on the 1isolated uterus from a rat 1n oestrus was dependent upon
the dose applied. A concentration of the order of 10~
produced an inhibltory response, but on increasing the
concentration 100 times an excitatory effect occurred which
decreased with repeated dosage.

In a study desligned to test the postulates of Ahlquist
(1948, 1962) that the rat uterus contailns both excitatory and
inhibitory adrenerglc receptors, Levy and Tozzi (1963) were

unable to demonstrate any contractile effects with adrenaline
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in vitro. This was true for uteri taken from rats at all
stages of the oestrous cycle and from animals treated wlth
diethylstilboestrol.

Thus 1t appears that the production of excltatory
effects by adrenaline and noradrenaline may depend upon either
the dose glven, the muscular tone prevailing during the
experiment, the sexual state of the animal, or perhaps upon all

of these factors.

Studies on the responses of the uterus of the rat to
other sympathomimetlc amines have not been so numerous but the
great sensitlvity of the lsolated preparation to dl-lsoprenaline
has been noted. Gaddum et al. (1949) found that 1t was
approximately equipotent with l-adrenaline in producing uterine
1nhibltion. Similar observations were recorded by Holzbauer
and Vogt (1955), Rudzik and Miller (1962a), Levy and Tozzl
(1963), Diamond and Brody (1966a) and Miller (1967). Other
workers however, reported that it was significantly more potent
than adrenaline. The ratio of potency of dl-isoprenaline
to l-adrenaline was reported to be 6 (lMuscholl, 1959); 20
(Brookes, Schaeppl and Pincus, 1965); 40 (Lish et al., 1965);
and greater than 10 (Levy, 1966b). Schild (1967) has found
that in the rat uterus depolarised by potassium chloride, the
mean activity ratlios for l-noradrenaline:l-adrenallne:

dl-isoprenaline are 1:8:32. This inhibitory action of
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isoprenaline was found to 5ccur at all stages of the oestrous
cycle, both in vitro (Levy and Tozzi, 1963) and in vivo (Lish
et al., 1965).

The action of N-ethylnoradrenaline on the isolated uterus
of the rat was noted by Gaddum et al. (1949). They reported
its inhibitory potency to be approximately equal to that of
adrenaline. The addition of an ethyl group to the a-carbon
atom in the side chaln of noradrenaline to form
a-ethylnoradrenaline (butanephrine) did 1little to alter the
inhibitory potency. Levy and Tozzi (1963) found that
a-ethylnoradrenaline was much less potent than adrenallne, l.e,
was also of a similar potency to noradrenaline.

Phenylephrine has been shown to cause inhibition of the
isolated uterus of the rat (Rudzik and Miller, 1962a; Levy,
1966a) at all stages of the oestrous cycle (Levy and Tozzi,
1963) . It was approximately equipotent with noradrenaline in
this action (Spratto and Miller, 1967). In contrast, under
the experimental conditions described by Tothill in 1967
(ps 46), phenylephrine caused a contraction of isolated uterine
preparations from oestrogen-treated rats. It possessed one
tenth the potency of adrenaline and noradrenaline in eliciting
this action. On uteri from untreated animals only 1nhibitory

responses to the three amines were obtained.
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THE EFFECT OF HYPOGASTRIC NERVE STIMULATION

Few reports have been made on the nature of the adrenergic
responses produced in the rat by stimulation of the
hypogastric nerve. In a study of three rats Labate (1941)
found that both adrenaline and nerve stimulation caused
inhibition of the spontaneous movements of the intact uterus.
Cocalne potentliated the responses to both adrenaline and nerve
stimulation, thus suggesting that the fibres were adrenerglc
in function.

In 1950 Mann compared the effect of hypogastric nerve
stimulation with the responses to adrenaline and to noadrenaline
throughout the oestrous cycle. She found that excitatory
responses of the uterus to nerve stimulation and to
noradrenaline were produced when the animals were in natural
oestrus, or in an oestrous condition produced by giving
oestrogen to ovariectomised animals. In rats in dioestrus
adrenaline, noradrenaline and stimulation of the hypogastric
nerve caused inhibition of uterine activity. In all
instances the response to nerve stimulation was similar to the
noradrenaline effect, but not always similar to the adrenaline
action. Thus she suggested that, in the rat, the transmitter

might be noradrenaline,

THE EFFECT OF ADRENERGIC BLOCKING AGENTS

An early report of adrenerglc blocking action by Mendez
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(1928) indicated that ergotamine did not abolish the inhibitory
action of adrenaline on the rat uterus, although 1t antagonised
the motor effects of adrenaline on the uteri of other specles,
Ahlquist, Huggins and Woodbury (1947) showed similar
properties for the more specific agent tolazoline. Mann (1950)
showed that the motor effects produced by noradrenalilne,
adrenaline and hypogastric nerve stimulation on the intact
uterus of the rat in oestrus were antagonised or reversed by
dibenamine and by ergotoxine. The inhibitory actions of
catecholamines on isolated uterine preparations were blocked by
dichloroisoprenaline (Jensen and Vennergd, 196la; Levy and
Tozzi, 1963; Levy, 1964), and by pronethalol (Levy and Tozzi,
1963; Daniel, 1964; Levy, 1964; Diamond and Brody, 1966a).
However, because these two substances possess consliderable
sympathomimetic activity on the rat uterus, other workers have
reported on their inability to antagonlise effectively the
inhibitory actions of catecholamines (Powell and Slater, 1958;
Jensen and Sund, 1960: Vanov and Vogt, 1963). The
sympathomimetic actions of these blocking agents have
themselves been antagonised by other more speciflic B-blocking
agents (Lish et _al., 1965; Levy, 1966b). A more effective
blockade of uterine inhibitory responses to the catecholamines
has been produced with propranolol (Diamond and Brody, 1966a,b
and 1967;: Levy, 1967a,b; Singh and Mahawar, 1968) and with

MJ 1999 (Brookes et al., 1965; Lish et al., 1965; Spratto and
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Miller, 1967).

Recently a group of new compounds has been syntheslsed
which appears to block selectively some, but not all the
responses which are medlated via B~receptors. These substances,
N-isopropylmethoxamine (Levy, 1964), N-t-butylmethoxamine
(Levy, 1966a, 1967b) and dimethylisopropylmethoxamine (Levy,
1966b), effectively antagonised the inhibitory responses to
catecholamines of the isolated uterus of the rat. These
findings have been interpreted to mean that B-receptors may not
be identical in the various tissues of any one species (p. 13).

The inhibitory actions in vitro of various sympathomimetic
agents have been blocked also by substances classed as
a~receptor antagonists, Phentolamine was observed to block
the inhibitory effect of adrenaline (Wigvist, 1959; Rudzik and
Miller, 1962a) and Jensen and Vennergd (1961b) found tolazoline'
effective in this respect. Dihydroergotamine was found to
antagonise the inhibitory action of adrenaline (Holzbauer and
Vogt, 1955; Wigvist, 1959; Rudzik and Miller, 1962a; Levy
and Tozzi, 1963; Tothill, 1967b) in concentrations which did
not affect the inhibition produced by papaverine (Wigvist,
1959) and by relaxin (Rudzik and Miller, 1962a). This led the
latter workers to postulate the existence of a~inhibitory
adrenergic receptors in the uterus of the rat. In contrast
to this work tolazoline (Nishijama and Chuma, 1955),

phenoxybenzamine (Levy and Tozzi, 1963; Farrant, Harvey and
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Pennefather, 1964; Spratto and Mlller, 1967) and phentolamlne
(Levy and Tozzi, 1963; Diamond and Brody, 1966a) were
reported as having no antagonistic effects upon the inhlbitory
actions of catecholamines. Further, dibenamine and
phenoxybenzamine (Holzbauer and Vogt, 1955), phentolamine
(Brookes et_al., 1965; Tothlll, 1967b) and phenoxybenzamlne
and dihydroergotamine (Tothill, 1967b) were found to ilncrease
the inhibitory actlons of adrenallne and noradrenallne.
This potentiation of B-actions by a-blocking agents led
Brookes et al. (1965) to suggest that a-excitatory receptors
might be present 1n the uterus.

Stronger evidence for the presence of a-excltatory
receptors has been shown by the production of an excitatory
response to catecholamines in the presence of a B-blocking
agent, and the subsequent antagonlsm of this effect by an
a=-blocking agent. This was reported by Jensen and Vennergd
(1961a) when adrenaline inhibition (1 x 10~%) of the uterus of
a rat in oestrus was blocked by dichloroisoprenaline, A
concentration of 1 x lO"7 adrenaline then produced an
excitatory action which was blocked by phenoxybenzamine.,
Similar observations on the response to adrenaline were made
by Diamond and Brody (1966a,b), also on the uterus of an
oestrogen-treated rat, using propramolol and phentolamine as
B- and a-~-blocking agents respectively.

Direct evidence for the presence of oa~excltatory receptors
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in the isolated uterus of the rat has been glven by Diamond

and Brody (1966b, 1967). They found that, in uteri from
ovariectomlsed rats treated with oestrogen, noradrenaline
produced an excitatory action which was antagonised by
phentolamine. These results confirmed the work of Mann (1950)
some sixteen years earlier, on studles with both intact and
isolated uteri. Tothill (1967b) found, in uteri from rats
treated with stilboestrol and with a low muscular tone

Induced by treatment with isoprenallne, that adrenaline,
noradrenaline and phenylephrine all produced motor effects
which were blocked by phentolamine and by phenoxybenzamine,

but not by pronethalol. Since these motor effects were
antagonlsed by the 5=hydroxytryptamine antagonist bromolysergilc
acld, Tothill proposed that in uterl from rats treated wlth
oestrogens, a motor receptor desighated as the "E-receptor®
was present. This receptor was stimulated by catecholamines
and by 5-hydroxytryptamine, However, Diamond and Brody
(1966a) found that methysergide prevented responses to
S5-hydroxytryptamine but not to noradrenaline on the isolated
uterus of the rat. Further, Paton (1968) has shown that while
the excitatory actions of both noradrenaline and
5-hydroxytryptamine may be antagonised by phenoxybenzamine,

the action of 5-hydroxytryptamine is blocked selectively by
dimethylaminopropylthiocinnamanilide.

Thus 1t 1s apparent that a controversy still exists as to
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the nature of the adrenerglc receptors in the uterus of the rat.

THE INFLUENCE OF OVARIAN HORMONES ON UTERINE ADRENERGIC
RESPONSES

The observations on the activity of several sympathomimetic
amines on the uterus, as reported on the preceding pages,
indicate that their effects vary according to the sexual state
of the animal. It has been considered that these variations
may be induced through an action of the ovarian hormones.

In in vitro studies on the uterus from the rat, Balassa
(1941) found that after treatment of rats with oestrogen, or
oestrogen and progesterone, no alteration in the uterine
response to adrenaline occurred. Mann (1949, 1950) stated
that noradrenaline caused a contraction of the uterus from
oestrogen-treated ovariectomised rats, l.e. a reversal of 1its
action in untreated ovariectomised animals. The response to
adrenaline also was reversed but a secondary inhibitory
component followed the oestrogen-induced motor action.

Other workers (Rudzik and Miller, 1962a; Levy and Tozzi,
1963) did not record excitatory actions with sympathomimetic
amines on isolated uteri from rats which had received
diethylstilboestrol, and concluded that the uterus of this
species contained no excitatory adrenerglc receptors.

Recently however, some of the work of Mann (1950) has

been confirmed and further investigated by Diamond and Brody



- 46 -
(1966Db). They found that adrenaline and noradrenaline relaxed
isolated uteri from ovariectomised rats and that pretreatment
of these animals with progesterone or oestrogen and progesterone
did not reverse the responses to the amines. However, in rats
treated only with oestrogen the uteri were contracted by
noradrenaline, although adrenaline still produced an inhibitory
action. In the presence of B-receptor blockade induced by
propranolol, adrenaline as well as noradrenaline was able to
cause a motor action, but again this was so only if the rats
had been oestrogen-treated, These workers concluded that
oestrogen sensltises rat uterine a-receptors rather than that
progesterone desensitises f-rereptors, because in the
progesterone-dominated uterus noradrenaline was less active
in initiating an inhibitory response than in the oestrogen-
dominated preparation.

Tothill (1967a,b) showed that adrenaline, noradrenaline
and phenylephrine were able to exert motor actions on the
isolated uteri of rats which had recelved stilboestrol.

These amines produced only inhibitory actions on uteri from
untreated animals in all stages of the oestrous cycle, or in
ovariectomised animals which had received both oestrogen and
progesterone., It was possible to produce the excitatory
effects on the uterus of the oestrogen-treated animals only if

7

the uterus was pretreated with 1 x 10~ ' isoprenaline. This

was reported by her to produce an effective blockade of the
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B~adrenergic receptors in the uterus; a technique first
deseribed by Butterworth (1963a,b) for inducing blockade of
the B-receptors in the cardiovascular system of the cat.
Tothill concluded that the presence of a high level of
oestrogen induced the formation of a motor receptor in the
uterine tissue. More recently, Paton (1968) has confirmed
that noradrenaline contracts the uterus from rats which have
recelved diethylstilboestrol.

Thus the findings of these recent reports indicate that
oestrogen treatment of rats enhances the exciltatory activity
of adrenaline and of noradrenaline on the uterus, To date
however, no definite conclusions have been reached as to how

this action 1is effected.
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INTRODUCTION

The work reported on the preceding pages has shown that
the nature of the adrenergic receptors in the uterus of the rat
1s still far from being elucldated. The presence of both a-
and fB-inhibitory receptors, as well as a-excitatory receptors
has been reported, although it is not resolved whether these
receptors exist in the uterus during all the sexual states of
the animal.

In view of these differing results 1t was thought that
1t would be useful to re-examine the problem using a
serles of catecholamines which included isoprenaline, now that
large doses of thils substance have been reported to stimulate
a-excitatory receptors (Butterworth, 1963a, b). Propranolol
has been used as the B-receptor blocking agent of choice
because of its lack of sympathomimetic activity.

The influence of the sexual state of the animal and of the
ovarian hormones on the adrenergic responses of the uterus has
been investigated. While thls work was in progress other
reports have been presented (Dlamond and Brody, 1966b;
Tothill, 1967b) concerning the influence of these factors upon
the activity of sympathomimetic amines. The effects of
hypogastric nerve stimulation have been studied throughout
the oestrous cycle.

The present work does not include an investigation of the

adrenerglc responses in the pregnant animal,
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METHODS
Both in vivo and in vitro studies have been made, In all

experiments rats of the Wistar albino strain were used. All
animals received Oxoid Modified L1B diet and tap water

ad 1libitum. Four groups of experimental anlmals were

employed:

1. ADULT RATS

Adult virgin female rats in a welght range of 170 - 380 g
were used.

The animals exhibited a four-day oestrous cycle. The
stage of the cycle was determined by the vaglinal smear method
(Long and Evans, 1922). Cells from the vaginal tract were
taken up in saline introduced into the vagina from a small
bulb pipette. The following stages were identified by

microscoplcal examination of the smear:

Dioestrus -~ predominance of leucocytes with a few nucleated
eplthelial cells and absence of cornified cells.
Proestrus - predominance of round nucleated epithelial cells,

wlth a few leucocytes and squamous cells.
Qestrus ~ predomlnance of cornified eplthelial cells, with
a few nucleated epithelial cells and absence of
leucocytes.
Metoestrus - predominance of leucocytes with a few squamous

cells.
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2, IMMATURE RATS
Animals were used in which the vaginal orlflce was closed.
The welght range was 44 - 90 g. The uteri of animals below
b0 g were generally too small and lacking in smooth muscle to

be used.

3. OVARIECTOMISED RATS

Adult virgln female rats 1n a welght range of 200 - 360 g
were used.

The ovarles were removed by a dorsal approach. The
animals were anaesthetised wlth ether. Halr was removed
from a region on elther side of the back, away from the spinal
column and caudal to the lowest rib. An 1ncislon was made
in this region on one side and after locating the ovary 1t
was removed carefully by paring away fat and severing the
vascular and uterine connections. Ligation of the ovarian
blood vessels was unnecessary as no appreclable blood loss
occurred. The abdominal wall was closed with cotton thread
and the body wall wilth Michel c¢lips. This procedure was
repeated on the opposite slde for the removal of the other
ovary. The anilmals were not used 1ln experlments for at least
fourteen days, during which time the absence of an oestrous
cycle was confirmed by the dally examlnation of vaginal

Smears.
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L4, HORMONE-TREATED RATS
Immature and ovariectomlised animals were given elther
oestradlol or progesterone, singly or together, in order to
simulate the conditlons in the oestrous cycle. All doses were
glven subcutaneously in arachls oll.
Oestradlol only:
(1) 50 ug oestradiol benzoate per rat per day for three
days or
(11) 2 single injection of 500 ug oestradlol benzoate.
These anlmals were employed three days after the day of
injection.
Progesterone only:
500 ng progesterone per day for three days.
Oestradlol and Progesterone:
50 g oestradlol benzoate per day for three days followed
by 500 ng progesterone + 10 ug oestradiol benzoate per day

for three days.

Unless stated otherwlse the anlmals were employed 1in
experiments on the day followlng the last injectlon. The
nature of the cellular components in the vaglnal smear was

determined before the animal was used.
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IN VIVO EXPERIMENTS

Adult rats in various stages of the ocestrous cycle and
hormone-treated ovariectomised animals were employed. Immature
and untreated ovariectomised rats could not be used owing to
the undeveloped state of the uterus.

The animals were anaesthetised with a 10% solution of
urethane injected intraperitoneally in a dose of 15 ml/kg body
welght. The trachea was exposed but not cannulated and a
cannula was tled into a femoral vein. Injectlons of
sympathomimetic amines were made intra-arterlally via a
polythene catheter inserted in a retrograde manner along a
femoral artery. Adrenergic blocking agents were glven
intravenously. In some experiments the blood pressure was
recorded from a carotid artery, using a Condon capillary
manometer,

An in vivo method of recording uterine movements has been
developed by a modification of the technique of Bell and
Robson (1937). A cannula was tled into the cervical end of
one uterine horn and a small incision was made in the ovarlan
end. Warm 0.9% sodium chloride solution was introduced into
the uterine horn so that air in the lumen was displaced
through the lincislon. When the horn was fllled with saline
a ligature was tiled round the uterus at the ovarian end in such
a way that the sallne was prevented from escaping through the

incision, but the uterlne blood flow was not obstructed.
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Intrauterine pressure changes were recorded by connecting
the cannula to a Condon capillary manometer, The changes in
the height of the mercury level were magnified with a Palmer
"Fixit® lever and recorded on a smoked drum (Diagram, p. 282),
Contractions of the longitudinal muscle of the uterus were
recorded by downward movements of the lever. Inhibitory
responses were recorded as a decrease in size of the
spontaneous contractlions. If spontaneous movements were
absent doses of acetylcholine were injected intra-arterially
at regular intervals and any uterine inhibltion caused by the
amines was determined by the decrease in size of the subsequent
acetylcholine responses. This technique afforded a good
comparison with the in vitro method of estimating uterine
inhibition.

In a number of experiments the hypogastric nerve was
stimulated. The nerve was located in the mesentery near the
colon, oclose to the abdominal aorta, below the origin of the
ovarian arteries. It was tied, cut centrally and stimulated
at a point distal to the inferlor mesenteric ganglion using a
Palmer square wave stimulator. Suitable electrical stimuli
ranged from 1 - 3 V, with 0.2 - 5.0 msec pulse width at a

rate of 20 - 50 per sec for a duration of 30 sec.
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IN VITRO EXPERIMENTS

The sexual state of the rat was determined by taking
a vaglnal smear before it was used in an experiment. The
animal was stunned and killed by cutting the neck. Either
one or both uterine horns were removed and suspended in a
physiological solution in an isolated tissue bath of 25 ml.
capacity. Uterine movements were recorded on a smoked drum.
In the majority of experiments using adult rats and in all
experiments using lmmature and ovariectomised rats the bathing
medium was Tyrode solution at 37 - 3800 aerated with 95%
oxygen and 5% carbon dloxide. Uterine movements were
recorded with an isotonic frontal writing lever.

However, in order to achleve a more accurate comparison
wlith the numerous experimental procedures adopted by others
who have used thls tissue, a number of different experimental
conditions were used in some of the experiments with uteril

from adult rats:
(1) Either Krebs, Tyrode or de Jalon solutions were

used. The composition of these solutlions 1s given
on p. 283.

(11) Bath temperatures over a range of 29 - 38°C were
employed.

(111) The bathing solution was aerated with either air,

100% oxygen, or 95% oxygen and 5% carbon dioxide.
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(1iv) Simple isotonlc or isometric recording levers were used.
(v) In the assessment of inhibltory activity of the
sympathomimetic amines elther the spontaneous rhythm
of the uterus, or the acetylcholine-induced
contractions of a quiescent uterus were used as

indicators of inhlbltory potency.

In order to obtaln a better comparison between the
in vivo and the in vitro work, some of the in vitro
experiments were performed using a uterine horn from a rat
in which the other horn had been used in an in vivo
experiment. Detalls of the materials used 1n the

experimental work are given in the Appendix, p. 276 .
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RESULTS
RATS IN DIOESTRUS

in vivo experiments

Uteri from animals in dioestrus usually showed spontaneous
movements which caused pressure changes of up to 7 mm Hg and
occasionally even larger contractions were observed.

In the eight experiments the flve catecholamines employed,
namely noradrenaline, adrenaline, a-ethylnoradrenaline,
N-ethylnoradrenaline and isoprenaline, produced solely inhibltory
actions (Fig. 1, 2, pp. 119, 120). These were observed
either as a change in base-line tone or as a reductlon of
spontaneous or acetylcholine-lnduced contractlons. The
approximate ratios of equlactive doses to cause inhibition
were, in terms of noradrenaline = 1 (at a dose of 6.4 ng);
a-ethylnoradrenaline = 1.6; adrenaline = 0.04;
N-ethylnoradrenaline = 0.006; isoprenaline = 0.0004 (Table 1,
p. 107). Hypogastric nerve stimulation also caused either
relaxation or inhibition of spontaneous activity (Fig. 2,

p. 120).

In no instance was any reversal of response from
inhibition to exciltation observed to any of the catecholamlnes,
even when comparatively large doses were used, e.g. 20 ug
noradrenaline; 25 ug adrenaline; 50 ug a-ethylnoradrenaline;

500 ng N-ethylnoradrenallne or 5 mg lsoprenaline. This was so
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even when reversal of the blood pressure responses occurred to
doses of N-ethylnoradrenaline (50 - 500 ug) and lsoprenallne
(1 - 10 nmg). This reversal was achleved by lnduclng
B-receptor blockade wlth large doses of lsoprenaline, The
blood pressure response to a-ethylnoradrenallne was pressor
initilally but subsequent similar or larger doses always
produced depressor effects. In the presence of f-blockade
induced by isoprenaline, a-ethylnoradrenalline always caused a
pressor effect.

After propranolol (0.1 - 0.8 mg 1l.v.) the inhibltory actlion
of noradrenaline was reversed to produce a contraction of the
uterus (Fig. 2, p. 120). This effect however often was masked
to some extent by the increased uterine motility produced by
propranolol itself (Fig. 2, 3, pp. 120, 121). The inhibitory
action of hypogastric nerve stimulation was 1influenced
similarly by propranolol so that after f-receptor blockade nerve
stimulation produced an excltatory effect. The inhibitory
actions of adrenaline and 1soprenallne were antagonised but no
reversal of effect occurred after propranoclol. The excitatory
action of noradrenallne after propranolol was blocked by an
Antravenous injectlion of 2 mg phentolamlne. Tolazollne
(1.0 - 2.0 mg 1.v.) and dihydroergotamlne (0.1 - 1.0 mg i.v.)
were without effect on the inhlbitory responses produced by the
catecholamines.

In nearly all the experlments doses of propranoclol which
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were required to produce an effective blockade of B-receptors
initiated uterine contractions. This was noticeable especially
when the muscular tone was low or when the spontaneous

contractions were small and infrequent (Fig. 3, p. 121).
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RATS IN DIOESTRUS

in vitro experiments

The degree of spontaneous activity of the preparations
varied according to the nature of the different experimental
conditions used and 1t appeared to be dependent more upon the
bath temperature than upon the composition of the physiological
solution employed. For example, at 29 = 32°9C very little
uterine activity was recorded in either Tyrode, Krebs or
de Jalon solutions. At 37 - 38°C fairly regular spontaneous
contractions occurred using Tyrode or Krebs solutlions, but
actlivity was still weak when de Jalon solutlion was employed.
Aeration of Tyrode solution with either 100% oxygen, 95%
oxygen/5% carbon dioxide or alr did not produce significantly
different results. Results recorded using de Jalon solutlion
aerated with either 100% oxygen or air also did not differ to
any great extent.

The choice of bathing media made no apparent difference
to the actlions of the catecholamines for in all experiments,
except for one out of a total of seventeen conducted at this
stage of the oestrous cycle, the five amlnes produced solely
inhibltory actions (Fig. 4, p. 122). Only in one eXperiment
did noradrenaline (4 x 10-6) cause a contraction but this was
followed by a prolonged inhlbltory action. Subsequent similar

concentrations produced only inhibitlion of uterine activity.
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It was found that variation in the relative inhibltory potencles
of the amlnes was conslderable, but was no greater between
experiments set up under the same condlitions than between
experlments employlng dlfferent bathing medla. The order of
the amlnes, when arranged according to thelr relatlve
potencles, was always the sane. The values obtalned for the
relatlve inhibitory potencles, by estlmatlon of the reductlon
In helight of the spontaneous uterlne contractlons, dlid not
differ slgnificantly from the wvalues obtalned using
acetylchollne-induced contractions. The approximate ratlos of
equlactive concentrations to cause lnhibition were, in terms of
noradrenallne = 1 (at a concentratlon of 12,9 x 10'8);

a~ethylnoradrenaline = 0.8; adrenaline = 0.01;

N-ethylnoradrenaline 0.0005; isoprenaline = 0.00001 (Table 2,
p. 108).

Except in the one instance reported above, concentrations
of up to 4 x lO-L’L of each amine falled to produce excitatory
actlons on the uterus when the animal was in dloestrus.

The inhibitory actions of the catecholamines were not
affected appreciably by tolazoline (10-6 - 10-5) or by similar
concentrations of dlhydroergotamlne or of phentolamine.
Concentrations of phentolamine greater than 10'5 antagonlsed
the inhibitory actions of the amines but also depressed

spontaneous and acetylcholine-induced uterine contractlons to

a simllar extent.
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The inhibitory actions of adrenaline, noradrenaline and
isoprenaline were antagonised by 4 x 10_6 pronethalol, although
the B-blocking agent 1tself exerted inhlbitory actions on the
uterus in concentrations which were required for adrenergilc
blockade. However, 1 x 10'7 propranolol was found to antagonise
the inhibitory actlons of all the amines, without exerting any
appreciable inhibitory action itself elther on natural or on
acetylcholine-induced uterine contractions. After treatment
with propranolol noradrenaline, adrenaline, N-ethylnoradrenaline
and a-ethylnoradrenaline produced excitatory actlons, but
isoprenaline falled to produce such an effect even with
concentrations of up to 8 x lO-LF (Fig. 5, p. 123). The
excltatory actions produced after treatment with propranolol
were blocked by 4 x 10"6 phentolamine. The approximate ratios
of equiactive concentrations to cause excltation after
propranolol were, in terms of noradrenaline = 1 (at a
concentration of 1 x 10-6); a-ethylnoradrenaline = 12;
adrenaline = 1.9; N-ethylnoradrenaline = 50 (Table 10, p. 117)}.
These ratio values were similar to those obtalned from the

uterl of rats in oestrus without prior treatment with

propranolol.
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RATS IN PROESTRUS

in vivo experliments

Uteri of animals at this stage of the oestrous cycle
usuvally exhibited small but regular spontaneous contractions,
causing pressure changes of up to 4 mm Hg.

After initial investigations with adrenaline, noradrenaline
and isoprenaline in three animals, further experiments on the
intact uterus of rats in proestrus were not performed as the
results were not appreciably different from those obtained when
the animal was in dioestrus (compare Tables 1, 2, 3, pp. 107,
108, 109). Only inhibitory responses to the three amines and
to hypogastric nerve stimulation were recorded. The approximat
ratios of equiactive doses to cause inhlbitlion were, in terms
of noradrenaline =1 (at a dose of 7.5 ug); adrenaline = 0.023;
isoprenaline = 0.0001 (Table 3, p. 109).

The responses to adrenaline and to isoprenaline were
antagonised and those to noradrenaline were reversed by 250 ug
propranolol. A similar dose of phentolamlne had no effect
upon the inhibitory actlons of the amines but antagonised the
excltatory éction of noradrenaline which occurred after the
injection of propranolol.

It was observed that, as in the dioestrous and oestrous
states, propranolol initiated or enhanced uterine contractions
especlally when the muscular tone was low. This effect was
caused by doses of propranolol which were required to produce

effective B-receptor blockade.
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RATS IN PROESTRUS

in vitro experiments

The preparations showed little spontaneous activity so that
the inhibitory effects of the catecholamines were estimated by
their activities in reducing acetylcholine-induced contractions.

The actions of the catecholamlnes on uteri taken from rats
in proestrus did not differ appreclably from thelr actlons on
uteri from rats in dioestrus, as was observed in the in vivo
studles. In nineteen experiments adrenallne, noradrenaline
and isoprenaline always caused inhibition of the uterine muscle,
except in one experiment in which noradrenaline contracted a
quiescent preparation. The approximate ratios of equlactilve
concentrations to cause inhibitlon were, in terms of

8):

adrenaline = 0.013; 1isoprenaline = 0.000005 (Table 3, p. 109).

noradrenaline = 1 (at a concentration of 7.9 x 10~

Tolazoline (1 x 10'5) did not modify the actions of the
catecholamines.

During the investigations with pB-blocklng agents it was
found that dichlorolsoprenaline and pronethalol caused
Inhibitory actions on the uterus in concentrations which were
lower than those necessary to produce B-receptor blockade.
Thus 1t was impossible to determine to what extent pB-blockade
had been achleved with these agents because they depressed the
acetylcholine-induced uterine contractions. In relation to

the inhibitory actlion of noradrenaline, dichlorolsoprenaline
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was approximately one-tenth as active while pronethalol
possessed about 1/200th the potency of noradrenaline (Fig. 6,

p. 124). After the inhibitory action produced by 4 x 10_7

5 pronethalol

dichloroisoprenaline a concentration of 1 x 10~
falled to produce an inhibitory effect. Subsequently further
concentrations of dichloroisoprenaline werc without effect.

The inhibitory action of adrenaline also was antagonlised by
these concentrations (Fig. 6, p. 124),

Propranolol caused a depression of acetylcholine-induced
uterine contractions but in concentratlons more than 50 times
greater than those necessary to antagonise isoprenaline-
induced uterine inhibition (Table 11, p. 118).

In the presence of propranolol the actlons of noradrenaline
and adrenaline were reversed to produce contractions of the
uterus, but isoprenaline failed to exhibit excitatory actions
in concentrations ranging from 10-10 - 10-4. These actlons

were similar to those recorded on isolated preparations from

rats in dioestrus (Fig. 5, p. 123).
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RATS IN OESTRUS

in vivo experiments

Uteri from animals in ocestrus, in contrast to the uteri
from rats in dioestrus and proestrus were, in the majority
of experiments, devold of spontaneous activity. However
muscular tone was similar to that in the other stages of the
cycle.

In animals in oestrus, in contrast to those in dioestrus
and proestrus, noradrenalline always produced a motor response
with doses ranging from 0.1 - 20 ng (Fig. 7 - 11, pp. 125 =
129). This effect was recorded in each of a total of eleven
experiments. Stimulation of the hypogastric nerve (four
experiments) also resulted in uterine contraction (Fig. 8,
pe. 126), in contrast to the inhibitory action of nerve
stimulation in dioestrus. Adrenaline however, produced an
inhibitory action (eight experiments) when the animal was in
oestrus, although in two instances in separate experiments a
dose of 20 ug or 30 ng produced a small contraction followed by
a prolonged inhibition (Fig. 11, 8, pp. 129, 126). The two
substituted noradrenalineg were able to 1nduce contractions of
the uterus of the animal in oestrus 1f large doses were
injected, namely 50 ng N-ethylnoradrenaline (Fig. 7, p.125 )
and. 20 ng a-ethylnoradrenaline (Fig. 9, p. 127), but a more
powerful inhibitlon followed as with adrenallne. In no

instance was the inhibitory action of isoprenaline reversed to
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produce a contractlion. This was observed even if a blood
pressure reversal response, i.e. a pressor response, was
produced by a large dose of isoprenaline (Fig. 12, p. 130).
The approximate ratlios of equiactive doses to cause excitatlon
for the other four catecholamines were, in terms of
noradrenaline = 1 (at a dose of 1.9 ug);

ag~ethylnoradrenaline = 10; adrenaline = 26;

N-ethylnoradrenaline = 63 (Table 4, p. 110).

Although the predominant action of noradrenaline on the
uterl of rats in oestrus was exclitatory, an inhibltory
action of the amine occurred as a secondary component of a
biphasic response in four out of eleven experiments. The
inhibltory response was observed as an inhibition of a
following dose of either noradrenaline (Fig. 10, p. 128) or of
acetylcholine (Fig. 9, p. 127). In contrast, a solely
inhlibitory action was the major effect produced by adrenaline,
a-ethylnoradrenaline and N-ethylnoradrenaline and was the only
effect produced by 1isoprenaline (Fig. 7, p. 125). The
approximate ratios of equiactive doses to cause inhibition

were, in terms of noradrenaline = 1 (at a dose of 14.3 ug);

a=-ethylnoradrenaline = 2.1: adrenaline = 0.13;

N-ethylnoradrenaline 0.05; 1soprenaline = 0.0009 (Table 4,

p. 110),
A comparison of the activitles of the amines on the uteri

of rats in dloestrus and in oestrus showed that adrenaline was



- 67 =~
approximately seven times less active 1n causing uterine
inhibition in the oestrous state (compare Tables 1 and &,
pps 107, 110). This result could not be confirmed by 1in vitro
studies owing to the wider variation in amine activities
within any one stage of the cycle.

The motor effect of noradrenaline was antagonised and
sometimes reversed by 0.2 - 2.0 mg tolazoline, 0.2 = 1.0 mg
phentolamine (Fig. 11, p. 129) and 0.1 - 1.0 mg
dihydroergotamine. The effect of stimulating the hypogastric
nerve was antagonised to a smaller extent by these agents and
could never be abolished or reversed. Propranolol
(0.2 - 0.25 mg) had no effect upon the solely excitatory
action of noradrenaline but it enhanced the excltatory
component of a biphasic response and antagonised the
inhibitory phase (Fig. 10, p. 128), The inhibitory action of
adrenaline was reversed by propranolol. The subsequent
excitatory effect and the excltatory effect of noradrenaline
were blocked by 250 ug dihydroergotamine. The inhibitory
action of isoprenaline although antagonised was never reversed
by propranolol.

As in the other stages of the oestrous cycle propranolol
initiated or enhanced uterine motllity in doses which were
required to produce B=-blockade, thus making any accurate

quantitative evaluation of results difficult.
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In regard to the effects of the amlnes on the blood
pressure (both i1.v. and 1.a., routes) the response to
N-ethylnoradrenaline was, like that to adrenaline, biphasic,
causing a depressor response with low doses and a pressor
effect with 50 ug or more. The first response to
a=ethylnoradrenaline (5 - 10 ug) was pressor, but subsequent
similar or larger doses were always depressor. Reversal of
the isoprenaline depressor response occurred with repeated
doses of the order of 1 mg and a pressor dose-response curve
was obtained with doses from 1 - 10 mg (Fig. 12, p. 130).
After the isoprenaline depressor reversal, subsequent doses
off the other catecholamlines always produced a pressor response
and changes in both the order and the ratios of potency
occurred. The pressor activities of the catecholamines were:
(1) before isoprenaline depressor reversal:
noradrenaline) adrenaline) a-ethylnoradrenaline)
N-ethylnoradrenaline} isoprenaline;

(11) after isoprenaline depressor reversal:
noradrenaline = adrenaline > N~ethylnoradrenaline>

a-ethylnoradrenaline > isoprenaline.
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RATS IN OESTRUS

in vitro experiments

The majority of uteri were devold of spontaneous rhythm
except for an infrequent period of powerful contractions or a
single maximal contraction. The activity of the smooth
muscle was not influenced appreciably by changes in bath
temperature from 29 - 38°C or by using either Krebs or Tyrode
solutions. No spontaneous activity was recorded however, in
preparations set up in de Jalon solution.

As observed in the in vivo studies, the great difference
between the actions of the sympathomimetic amines at this stage
and that of dioestrus was that noradrenaline elicited a motor
response., This effect was observed in each of a total of 23
experiments, and such responses were recorded with both
lsometric and isotonic levers (Fig. 14, 15, pp. 132, 133),
Temperature changes from 29 - 38°C did not alter appreciably
the excltatory response to noradrenaline and conbractions were
obtained from preparations bathed in de Jalon, Krebs or Tyrode
solutions. The contractile effect was produced with

8 . 4 x 10'6

experiments. This wide range of effective concentrations

concentrations ranging from 2 x 10~ in the different

appeared to be due to differences in the activities of the
preparations and could not be attributed to the use of different
bathing media or recording levers. Although a contractile

response was observed more readilly on quiescent preparations
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(Fig. 15, p. 133), it was not dependent solely upon the tone
of the musculature, for a contraction was produced in
preparations to which regular concentrations of acetylcholine
were applied (Fig. 13, p. 131) or in those showlng spontaneous
activity (Fig. 14, p. 132). In some preparations,
concentrations of noradrenaline below those required to
produce a uterine contraction caused an increased response to

acetylcholine (Fig. 13, p. 131). This action occurred only in

experiments in which noradrenaline caused solely an
exciltatory response. The potentiation of acetylchollne
persisted for at least three contractions following the
addition of noradrenaline to the bathing solution. The
potentiation could be prolonged however, 1f noradrenaline was
administered at regular intervals. A similar potentiation of
spontaneous uterine contractions occurred in other experiments.
In approximately half of the experiments in which noradrenaline
was observed to contract the uterus, the response was followed
by an inhibitory action (Fig. 17, p. 135). In these
preparations a concentration of noradrenaline smaller than that
which produced this biphasic actlion caused solely an
inhibltory effect.

Although the predominant responses to adrenaline,
phenylephrine, a-ethylnoradrenaline and N-ethylnoradrenaline
were inhibitory, in higher concentratlons these amines

contracted the uterus, but these contractions were



- 71 -
followed always by an inhibitory phase. The greater the
inhibitory activity of the amine the greater was the inhibitory
component of the response in relation to the inltial
excltatory effect (Table 9a, p. 115). These blphasic actlons
were observed only in those preparations where noradrenaline
caused solely an exciltatory response (Fig. 15, p. 133) and not
in those where its actlon was biphasic. Isoprenaline in
concentrations up to 4 x 10’” falled to exhibit any
excltatory activity. Even after the appllcatlion of high
concentrations of the amine, only a pronounced inhibitory
actlon was observed. The approximate ratios of equlactive
concentrations to cause excltatlon were, in terms of
noradrenaline = 1 (at a concentration of 114 x 10-8);
a-ethylnoradrenaline = 1.0; adrenallne = 8.9;
phenylephrine = 23; N-ethylnoradrenaline = 110 (Table 5,
p. 111).

All the amines were able to exert inhibltory effects
elther as solely inhibltory actions or as the secondary
component of a blphasic response. As 1n the other stages of
the oestrous cycle, considerable variation occurred between the
concentrations requlred to produce similar effects in different
experiments, However, when the amines were arranged according
to thelr relative potencles, the order was the same as that
found for the ln vivo experiments., The approximate ratios of

equlactive concentrations to cause inhlbition were, in terms of
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noradrenaline = 1 (at a concentration of 70 x 10-8);
a=-ethylnoradrenaline = 1.0; adrenaline = 0.01;
phenylephrine = 0.9; N-ethylnoradrenaline = 0.001;
isoprenaline = 0,0000005 (Table 5, p. 111).
The excitatory actions of the amlnes were antagonised by

2 x 10'6

tolazoline (Fig. 16, p. 134) and by 4 x 10~7
phentolamine, and subsequently the amines produced inhlibitory
effects. The order of the amines, when arranged according to
their relative inhibitory potencles, was identical to the order
obtained for inhibitory effects on the uterl of rats in
dloestrus and proestrus. In those oestrous preparations where
noradrenaline caused solely an excitatory action, tolazoline
exposed the inhibitory action of noradrenaline and enhanced

the 1nhibltory activity of all the other amines except
lsoprenaline. In those preparations where the response to
noradrenaline was biphasic, tolazoline did not potentiate the
inhibitory actlon elther of noradrenaline or of the other
amines (Fig. 16, p. 134).

Propranolol (4 x 10-8 - 4 x 10'7) blocked the inhibitory
actions of all the amlines, These included (1) the solely
inhlbitory responses, e.g. to isoprenaline; (2) the inhibitory
component of a biphaslic response, e.g. to adrenallne and
(3) the inhibitory actions produced after treatment with

tolazoline or phentolamine. The excltatory component of the
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responses to the amines was enhanced after propranolol
(Fig. 17, pe 135). The following approximate ratios of
equlactive concentrations to’cause excitation after
propranolol were, in terms of noradrenaline = 1 (at a

concentration of 0.6 x 10'6); adrenaline = 2.9;

phenylephrine = 12; N-ethylnoradrenaline = 56 (Table 10,

p. 117). The ratios of noradrenaline to adrenaline,
phenylephrine and to N-ethylnoradrenaline were smaller than
those recorded in the absence of propranolol (Table 10,

p. 117). Isoprenaline did not exert any exclitatory effect
after the additlion of propranolol to the bathing solution.
Even the repeated application of concentrations of the order
of 10'4. which did not produce uterine inhibition, failed to
exert any excltatory effect (Fig. 17, p. 135).

In the concentrations in which they were employed to
produce receptor blockade, the adrenerglc blocking agents used
in these in vitro experiments did not influence greatly the
uterine activity, especially in regard to the modification of
the acetylcholine-induced contractions which were often used as
a measure of the sympathomimetic inhibitory activity.
Phentolamine however, in larger concentrations (10—5) than those

7

effective for oa-receptor blockade (107" - 10-6). caused a

non-specific depression of uterine activity.



IMMATURE RATS

in vivo experlments

Oowing to the small size of the uterl of immature rats,
experiments recording uterine movements in vivo were not

attempted.

IMMATURE, UNTREATED RATS

in vitro experiments

In seven experiments the preparations showed very little
spontaneous activity so that the inhilbitory actlons of the
amines were estimated by thelr activities in reducing
acetylcholine-induced contractions.

All five catecholamines produced solely inhibltory actions
(Fig. 18, p. 136), comparable to thelr effects on the uteri
from adult animals in dloestrus and proestrus. Similar
concentrations were necessary to produce these effects in uteri
from both immature and adult rats. The approximate ratlos of
equlactive concentrations to cause inhibltion were, in terms of
noradrenaline = 1 (at a concentration of 380 x 10“9);
ag=ethylnoradrenaline = 0.7; adrenaline = 0.01;
N-ethylnoradrenaline = 0.003; 1isoprenaline = 0.000007
(Table 6, p. 112).

Concentrations up to 4 x 10~ of each amine failed to

contract the uteri of immature rats (Fig. 18, p. 136).
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After B-receptor blockade with 4 x 10—7

propranolol the
inhibitory actions of the amines were antagonised. In some
experiments the actlons of noradrenaline, adrenaline and
phenylephrine were reversed to produce motor effects, but these
responses were weak and achleved only with concentrations of
the order of 10~2. The approximate ratios of equiactive
concentrations to cause excitatlon after propranolol were, 1in
terms of noradrenaline = 1 (at a concentration of 4.0 x 10'6);

adrenaline = 2,0; phenylephrine = 10 (Table 10, p. 1l17).
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IMMATURE, OESTROGEN-TREATED RATS

in vitro experiments

Treatment of immature rats with oestradiol, given either
as a single large dose (one experiment) or as repeated small
doses (two experiments) (p. 51), caused a large increase in
uterine welght. Uteri from the untreated immature animals
always welghed less than 50 mg (wet welight). Treatment with
oestradiol caused a four to eleven-fold increase in the
uterine weilght (excluding the welght of fluld present in the
lumen produced by the hormone treatment). These preparations
were devold of spontaneous actlvity as were the uterl from
the untreated animals.

Adrenaline, noradrenaline and isoprenaline caused
inhibition of acetylcholine-induced uterine contractions, and
these preparations were considerably more sensitive to the
catecholamines than uterl from the untreated immature or the
adult animals, However, the ratio values were similar in both
untreated and oestrogen-treated animals (Table 6, p. 112).
The approximate ratios of equiactive concentrations to cause
inhibition were, in terms of noradrenaline =1 (at a
concentration of 4.1 x 10'9); adrenaline = 0.004;
isoprenaline = 0.00002 (Table 6, p. 112).

In all three experiments when the concentration of
noradrenallne was increased to approximately 100 times that

necessary to produce inhibition, a contraction of the uterus
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oceurred, followed by a longer perlod of inhlbition. In one
experiment a similar effect was recorded with adrenallne, whlch
possessed about one fifth of the potency of noradrenaline in
eliciting a uterine contraction (Table 6, p. 112). After
b x 10”7 propranolol, the inhibitory component of these
responses to adrenaline and to noradrenaline was antagonlsed
without altering appreclably the motor response to
noradrenaline. The excitatory effect of adrenaline, however,
was enhanced, so that 1t became approximately equipotent
wlth noradrenaline (Table 10, p. 117). In the two experlments
In which adrenaline falled to contract the uterus, the amlne
produced a contractlon after propranolol. The inhibitory
response to 1lsoprenaline was blocked but not reversed by

propranolol.
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IMMATURE, PROGESTERONE-TREATED RATS

in vitro experiments

In two animals progesterone treatment (p. 51) caused
increases in the welght of the uterl but these were smaller than
those of the uteri from oestradiol-treated rats. The
preparatlons exhiblted a greater degree of spontaneous activity
than the uteri from untreated rats, but the contractions were
relatively weak when compared with those of uterine preparations
from adult animals.

Only with noradrenallne was it possible to obtain a motor
response, but concentrations of the order of 10"5 were
requlred to produce this effect. These concentrations were at
least ten times greater than those necessary to produce such
a response in uterl from animals which had recelved oestradiol.
This effect was associated always with a followling inhibltory
component.

Adrenaline, noradrenaline and 1soprenaline caused
inhibitory actlons in concentrations similar to those which were
effective on uteri from rats which had recelved oestradiol.

The approximate ratios of equiactive concentrations to cause
inhibltion were, in terms of noradrenaline = 1 (at a

concentration of 12 x 10-9); adrenaline = 0,01;

lsoprenaline = 0.00005 (Table 6, p. 112).
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IMMATURE, OESTROGEN + PROGESTERONE-TREATED RATS

in vitro experiments

In three experiments the administration of oestrogen and
progesterone (p. 51) caused increases in uterine weight similar
to those caused by oestradiol alone. These preparations were
devoid of spontaneous activity except for an infrequent, large
contraction or a short period of contractile activity.

The responses to adrenaline, noradrenaline and isoprenaline
did not differ qualitatively from those of uterl from rats
treated with oestradiol alone. Quantitatively however, these
preparations were less sensitive to the inhibitory actions of
the three amines than the latter preparations (Table 6, p. 112).
In one experiment noradrenaline caused solely an excitatory
effect in a concentration of 2 x 10'7. Lower concentrations
caused solely inhibitory effects, while higher concentrations
caused biphasic effects of excitation followed by inhibition.
In this experiment adrenaline in concentrations below 1 x 10'7
produced solely inhibition, while concentrations greater than
2 X 10'7 produced biphasic effects. The ratio of the
concentration of adrenaline to the equiactive concentration of
noradrenaline to cause uterine excitation was 20 (Fig. 19,

p. 137). In the other two experiments noradrenaline caused
inhiblitory effects in low concentrations and biphasic responses

in higher concentrations, while adrenaline produced inhibitory
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effects at all concentrations used. Isoprenaline always
produced solely inhibiltory effects in all three experiments.
The approximate ratlos of equlactive concentratlions to cause
inhibition were, 1n terms of noradrenaline = 1 (at a
concentration of 413 x 10-9); adrenaline = 0.08;
isoprenaline = 0.000006 (Table 6, p. 112).

The exciltatory actlons of adrenaline and noradrenallne

-6
were antagonlised by 2 x 10 tolazoline.
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OVARIECTOMISED, UNTREATED RATS

in vivo experiments

Owing to the small size of the uteri of ovariectomised
untreated animals, attempts at recording uterlne movements
in vivo were not successful.

in vitro experiments

The uteri from ovariectomised rats were smaller but
otherwise of similar appearance to those from rats in
dloestrus. The four preparations showed some degree of
spontaneous activity whlch was sufficlent to use in an
estimation of inhibitory actions of the sympathomimetic amines.

The five amines produced only inhibitory actlons as in the
dioestrous and proestrous states (Fig. 20, p. 138). The
approximate ratios of equiactive concentrations to cause
inhibition were, in terms of noradrenaline = 1 {(at a
concentration of 0.47 x 10—8): a-ethylnoradrenaline = 1.5;
adrenaline = 0.014; N-ethylnoradrenaline = 0.016;
isoprenaline = 0.00001 (Table 8, p. 114). These preparations
were about twenty times more sensitive to the amines than those
from rats in dioestrus and proestrus and, in more than one
instance, inhibitory responses to concentrations of the order
of 10-15 isoprenaline were obtained. The small disturbance
caused by the addition of the solution to the bathing medium

was not in itself sufficient to cause a response because a
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comparable volume of saline or bathing solution produced no
effect.

Treatment with propranolol antagonised the responses to
isoprenaline, N-ethylnoradrenaline and o-ethylnoradrenaline.
In all experiments the actlon of noradrenaline was reversed
to produce an excitatory effect in the presence of propranolol.
The responses to adrenaline were blocked but in two out of
three experiments, when the concentration of adrenaline was
increased to 1 x 10-6. excltatory actions were produced. The
ratlo of the concentration of adrenaline to the equilactive
concentration of noradrenaline to produce uterine excltatlon
was approximately 10 in the presence of propranolol (Table 10,

p. 117).
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OVARTECTOMISED, OESTROGEN-TREATED RATS

in vivo experiments

The uterl of two animals which had recelved a single
injection of 500 ug oestradiol (p. 51) were much larger and more
vascular than the uterl from ovarlectomlsed, untreated rats,
and therefore, 1t was possible to record uterine activity.

In neither experiment did the preparations exhibit any
spontaneous contractions,

Doses of 2 - 10 pg noradrenaline caused excltatory actilons,
but in both experiments a following inhibition of uterine
activity occurred. Adrenaline in doses up to 20 ug produced no
excitatory actlon.

Both amines caused inhibltion of acetylcholine-induced
uterine contractions, the inhlbitory action of noradrenallne
ocecurring with doses lower than those necessary to produce
excltatory effects, The ratio of the dose of adrenaline to
the equlactive dose of noradrenaline to cause inhibition was
0.04 (Table 7, p. 113).

in vitro experiments

Treatment with oestradiol given either as a single large
dose (two experiments) or as repeated small doses (one
experiment) (p. 51), caused increases in weights (approximately
250%) of the uteril of ovarlectomlsed rats. These preparations

were usually qulescent except for an occaslonal large
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contraction.

As with the uteri from immature animals which had recelved
oestrogen, noradrenaline caused, in two out of three
experiments, solely excitatory effects with concentrations
from 10'? - 10'6. Higher concentrations produced biphasic
effects of contraction followed by inhibition. In one
experiment the amine produced only inhibitory actlons in
concentrations from 4 x 1077 - 4 x 1079. This different
response did not appear to be related to the dose of oestrogen
given. Adrenaline, in one experiment only (Flg. 21, p. 139),
produced a biphasic action when the concentration applied was
of the order of 10,000 times that necessary to produce solely
an lnhlbltory response.

All the five amines produced uterine inhibition and the
approximate ratios of equlactive concentrations to cause
inhibition were, in terms of noradrenaline = 1 (at a

8); a-ethylnoradrenaline = 1.0;

concentration of 38 x 10~
adrenaline = 0.004; N-ethylnoradrenaline = 0.0004;
isoprenaline = 0.0000015 (Table 8, p. 114).

Treatment with propranolol antagonised the inhibiltory
responses to all the amines., In the experiment in which
adrenaline caused a motor action propranolol enhanced this
effect, but the concentration of noradrenaline required to

produce a contractlion was not reduced appreciably. Thus,

after propranolol, the ratio of the concentration of adrenaline
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to the equiactive concentration of noradrenaline was decreased
from 25 to 1.3 (Table 10, p. 117).

In one experiment using the uterus from an ovariectomised
rat which had not received any hormone treatment, the effect of
adding a water-soluble oestrogenic material, 17B-oestradiol
hemisulphate sodium, to the bathing medium was investigated.

In a concentration of 1 x 10'6 this substance was allowed to

remain in the bath for 30 minutes. This treatment had no

effect on the response of the uterus to noradrenaline.
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OVARIECTOMISED, PROGESTERONE-TREATED RATS

in vivo experiments

Treatment of ovariectomised rats with progesterone (p. 51)
did not produce any noticeable degree of uterine proliferatlion.
Owing to the small size of the uterl of these animals attempts
at recording uterine movements in vivo were not successful.

in vitro experiments

In contrast to uteri from immature rats, preparations
from three ovariectomised animals showed no apprecliable welght
gain after progesterone treatment (p. 51).

Only inhibitory responses to all the catecholamines were
obtained (Fig. 22, p. 140), and although these preparations
were as sensitive to the amines as uteri from normal adult
animals, they were considerably less sensitive than similar
preparations from ovariectomised rats which had not received
progesterone treatment. The approximate ratios of equiactive
concentrations to cause inhibition were, in terms of
noradrenaline = 1 (at a concentration of 48 x 10'8);

a=-ethylnoradrenaline = 0.,27; adrenaline = 0.008;

0.0015; 1soprenaline = 0.000002

N-ethylnoradrenaline
(Table 8, p. 114).

After L x 10"7 propranolol the inhibitory responses to all
the amines were antagonised but only noradrenaline produced a
motor response, i.e, a reversal of its action before

propranolol (Fig. 22, p. 140).
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OVARIECTOMISED, OESTROGEN + PROGESTERONE-TREATED RATS

in vivo experiments

The uteri of two animals which had recelved oestrogen and
progesterone (p. 51) were much larger and more vascular than
the uteri from ovariectomlsed, untreated rats or from those
which had recelved progesterone only. In nelther experiment
did the preparation exhibit any spontaneous contractlons.

In one experiment a dose of 0.2 ng noradrenallne produced
solely an excltatory response whille a tenfold increase 1n dose
caused, as well as the motor action, a secondary inhibitory
effect. This biphasic response was recorded in a subsequent
experiment, when 4 ug a-ethylnoradrenaline also produced a
very weak excltatory action followed by a more pronounced
inhibitory effect (Fig. 23, p. 141). Adrenaline,
N-ethylnoradrenaline and isoprenaline were devold of exciltatory
activity.

Adrenaline caused an inhibition of acetylcholine-induced
contractions in doses as low as 0.01 ug and the other
catecholamines employed also caused similar effects (Fig. 23,
Pe 141). The following approximate ratios of equlactive
doses to cause inhibition were, in terms of noradrenaline = 1
(at a dose of 3.0 ug); a-ethylnoradrenaline = 0.03;
adrenaline = 0.02; N-ethylnoradrenaline = 0.005;
isoprenaline = 0.001 (Table 7, p. 113).

After propranolol, not only noradrenaline, but adrenaline
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and a~ethylnoradrenaline exerted solely excitatory actlons.
A dose of 20 ng N-ethylnoradrenaline caused a biphaslc response,
but a dose of 2 ug 1lsoprenaline surmounted the propranolol
blockade to produce uterine inhibition. The approximate
ratios of equiactive doses to cause exclitation after
propranolol were, in terms of noradrenaline =1 (at a dose of
1.0 ug);: a-ethylnoradrenaline = 3.5; adrenaline = 1.5;
N-ethylnoradrenaline = 450, A further increase in the dose of
isoprenaline up to 5 mg failed to cause a contraction of the
uterus in the presence of propranolol.

Doses of propranolol which were requlred to produce an
effective blockade of B-receptors inlitiated strong uterine
contractions, This effect was noticed in other in vivo
experiments in normal adult rats at all stages of the oestrous
cycle.

in vitro experiments

The administration of oestrogen and progesterone (p. 51)
caused similar increases in uterine welght to those produced
by oestradiol alone (p. 83). The preparations were devoid of
spontaneous activity except for an infrequent, maximal
contraction.

Excltatory responses to noradrenaline and adrenallne
were obtalned more frequently than in preparations from rats

which had received oestradiol alone (Table 8, p. 114). In two
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of the four experiments noradrenaline, 1in concentrations from

8 -1x 10'7, caused solely excitatory effects, while

1 x 10
higher concentrations produced blphasic responses. In the two
other experiments noradrenaline falled to produce solely
exciltatory responses but caused biphasic effects 1n
concentrations of the order of 10'7. Adrenaline also
produced biphasic actions but only in the two experiments 1in
which the action of noradrenaline was solely excltatory. The
ratio of the concentration of adrenaline to the equlactive
concentration of noradrenaline to cause excitation was 30
(Table 8, p. 114).

a~Ethylnoradrenaline, N-ethylnoradrenaline and 1soprenaline
produced only inhibitory actions. Adrenaline also produced
inhibition in all four experiments, but in concentrations
lower than those which produced the biphaslic responses.
Noradrenaline caused inhibitory actions only in the two
experiments in which it failed to produce solely excitatory
effects and, as with adrenaline, these inhibitory effects were
produced with concentrations lower than those which produced
biphasic responses.,. The approximate ratios of equlactive
concentrations to cause inhibition were, in terms of
noradrenaline = 1 (at a concentration of 58 x 10-8);

0.25; adrenaline = 0.015;

a=ethylnoradrenaline

0.013; 1isoprenaline = 0.00001 (Table 8,

N-ethylnoradrenaline

pe 114).
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In one experiment using the uterus from an ovarlectomlsed
rat which had received progesterone treatment, the effect of
adding the water-soluble 17p-oestradiol hemlsulphate sodium
to the bathing medium was investigated. In a concentration
of 1 x 102 this substance was allowed to remaln in the bath
for 30 minutes. It produced no observable differences 1n the
responses of the uterus to noradrenaline, adrenaline and

5

isoprenaline. Conversely, addition of 1 x 10" - of a water
soluble progestational substance, Primolut-aqueous, to the
solution bathing a uterine preparation from an oestrogen-
treated, ovariectomised animal, had no effect on the inhibitory
response to noradrenaline.

Summaries of the results of the experiments performed
on the isolated uterus of the rat are given in Tables 9a
(ps 115) and 9b (p. 116). Table 9a shows the transition from
the solely inhibitory actions of the sympathomimetic amines on
the uteril from rats in dioestrus to thelr excitatory or
biphasic effects on the uterl from animals in oestrus.
Table 9b indlicates the ratios of equiactive concentrations of
the amines to produce thelr respective excitatory and/or
inhibitory actions on the uterl from rats in different sexual

states.
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DISCUSSION

The employment of a serles of sympathomimetlc amines
together with antagonists at a- and B-adrenerglc receptors
has confirmed the exlistence of a-excitatory and B-inhibitory
receptors in the uterus of the rat. Although both a- and
B-receptors have been shown to be present at all stages of the
oestrous cycle, the actions of the amines varled according
to the sexual state of the rat. In dioestrus and proestrus
all the amlnes produced solely inhibitlon of the uterus.
When the animal was 1n oestrus however, contractile responses
were produced to some of the amines, Noradrenaline was the
only amine to produce solely an excitatory response.
Adrenaline, phenylephrine and the a-ethyl- and N-ethyl-
substituted noradrenalines also inltiated uterine contractions,
although to a lesser extent than noradrenaline, but these
effects were followed by an inhibitory phase. The greater the
inhibitory activity of the amine in dloestrus, the greater was
the inhibltory component of the biphasic response in relation
to the 1nitial excitatory effect in oestrus. It was important
when investigating the possible motor activity of an amine on the
1solated uterus from a rat in oestrus to examine the effects
of the wldest concentration range practicable for, except
wlith noradrenaline, the amines always exerted inhibitory

actions in concentrations lower than those necessary to exert
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the blphasic actions. Further, repeated application of the
amines in concentrations which produced the biphasic actions
caused a decline in the excitatory component of the responses.
This was because the more prolonged inhibitory phase suppressed
the excitatory component on further administration of the
amine. Only wlth noradrenaline was it possible to produce
quantitatively similar responses wlth repeated application
of the amine. Other factors which also influenced the nature
of the bilphasic responses are discussed on p. 266. The
responses to hypogastric nerve stimulation closely paralleled
those to noradrenaline. In dioestrus and proestrus nerve
stimulation resulted in uterine inhibition, but in oestrus the
response was reversed to a contractile effect.

Throughout thlis work the results obtained in the in vitro
eXperiments correlated very well with those of the in vivo
studies. This indicates the usefulness of the in vitro
studles as a gulde to the determlnation of 1in vivo effects when
these could not be recorded, as in the immature rat. Further,
1t suggests that the effects of the amlnes in vivo on tissues
other than the uterus, do not modify greatly the effects of the
amines on the uterus 1itself.

The response of a tissue to a particular sympathomimetic
amine depends to a greater or lesser extent upon the relative
number and/or activity of the adrenergic a-receptors to the

number and/or activity of B-receptors present in that tlssue.
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Thus any alteration in this relationship, such as is produced
by the use of adrenerglc blocking agents, will alter the
response of the tissue to the amlne. Since such an
alteration of the responses of the uterus of the rat to the
amines occurs during the oestrous cycle, it 1s possible that
in some way the relative number and/or activity of u-receptors
to S-reoeptors changes as the oestrous cycle progresses. The
results of this work suggest that during the oestrous phase
of the cycle the number and/or activity of uterine
a-receptors 1s increased. This is suggested because:
(1) the responses of the uterus from a rat in oestrus were
similar to the responses of the uterus from a rat in dloestrus
after treatment with propranoleol; (11) the responses of the
uterus of a rat in oestrus after treatment with tolazoline or
phentolamine resembled the responses of the uterus from a rat in
dioestrus; (iiil) larger doses of adrenaline were necessary to
produce inhibition of uteri from rats in oestrus than from
rats in dloestrus. An alternative interpretation of these
results is that in oestrus the number and/or activity of
B-receptors is decreased, but 1t is considered that this 1is
unlikely because the potency of isoprenaline in causing uterine
inhibition was not appreciably different in the various stages
of the oestrous cycle.

In regard to inhibitory actions isoprenaline proved to be

the most potent in the series of sympathomimetic amines.
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Reduction in the size of the grouping attached to the nitrogen
atom from -CH(CH3)2 to ’CZH5' 'CHB and -H, caused a
progressive decrease in lnhibltory potency. The addltion of
a 'CZHS group to the a-carbon atom in the slde chain of
noradrenaline did not influence appreciably the inhibltory
activity while the removal of a catechol -0H group from
adrenaline greatly reduced the activity. These results are
in agreement with the work of recent authors (Lish et al., 1965;
Schild, 1967), although in the earlier paper of Gaddum et al.
(1949) 1t was found that an increase 1n the slze of the groups
on the nltrogen atom did little to alter the lnhlbltory potency
of the catecholamines. This concluslon may have been reached
because the uteri were suspended in de Jalon solution at 29°C.
These condltions greatly reduced the sensitivlity of the
preparation to isoprenaline (Lish et al., 1965).

The fact that propranolol and pronethalol, and to a lesser
extent dichloroisoprenaline, antagonlsed these inhibitory
responses to the amines indicated that they were mediated
via B-receptors, This 1ls supported by the observatlon that
tolazoline enhanced the inhibitory action of all the amines
except isoprenaline on preparations from rats in oestrus,
although 1t produced no significant effect on the uteri from
animals in diloestrus. These results confirm and extend those
reported recently (Levy and Tozzl, 1963; Brookes et al., 1965;
Diamond and Brody, 1966a, b; Tothill, 1967b). The inhibltory
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responses of uteri from rats in diloestrus and proestrus to
hypogastric nerve stimulation were reversed by propranolol,
thus indicating that the responses were mediated via
B-receptors.

It has been reported that the a~blocking agents used in
this work antagonise the inhibltory responses to the
sympathomimetlc amines. Wigvist (1959) and Rudzik and Miller
(1962a) found phentolamine effective in this respect, but these
workers used a dose of 2.5 mg in a 50 ml. organ bath. In the
work reported here it was found that doses of this order, which
were at least ten times greater than those necessary for
a-receptor blockade in this preparation, caused a non-specific
depression of the uterus and of 1ts response to acetylcholine.
Thus the depression of the inhibltory responses to the
sympathomimetic amlnes was non-selective. Phentolamine also
depressed the actlivlity of the amlnes on isolated preparatlons
of rabbit (p. 162) and of human (p. 249) uterine tissue when
large doses were employed. Similarly, Jensen and Vennergd
(1961b) found that tolazoline blocked adrenaline-induced
inhlbitlon of the uterus of the rat but noted also that it
depressed uterine activity and the response to histamine.,

An analyslis of the contractile responses, eilther of uteril
from rats in oestrus or of uterl treated with propranolol from
rats at all stages of the oestrous cycle, shows that the order

of potency for eliciting motor responses was the reverse of
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that for eliciting inhibitory effects on B-receptors,
i.e. noradrenaline > adrenaline > phenylephrine >
N-ethylnoradrenaline. A comparison between noradrenaline and
ag-ethylnoradrenaline shows that substitution on the g-carbon
atom reduces the activity in eliciting contractile responses.
A greater loss of activity occurs when the substitution 1s on
the nitrogen atom, as is shown by a comparison of the
activities of the ag-ethyl- and N-ethyl-substituted
noradrenalines. Removal of a catechol -0OH group from
adrenaline to form phenylephrine also reduces the activity
at the excitatory receptor. A study of these structure-
activity relationships shows that it is more important for
both catechol -0OH groups to be present for optimum inhibitory
activity than for excitatory activity, while substitution on
the a-carbon atom reduces excitatory rather than inhibitory
activity.

Phentolamine and tolazoline in concentrations of the
order of 10"6 antagonised all the motor effects of the amines
on the uterus. Where the response was biphasic, the
inhibitory component persisted or even was enhanced, indicating
that its production was not dependent upon a prior motor effect.
Propranolol was effective in antagonising this secondary
inhibition. The motor response to hypogastric nerve
stimulation was antagonised by phentolamine, tolazoline and

dihydroergotamine. These results confirm and extend those
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of Marm (1950) and Diamond and Brody (1966b, 1967) and lndicate
that the motor effects of sympathomimetic amines and of
hypogastric nerve stimulation are exerted via a-receptors.
The employment of a B-blocking agent in both in vivo and
in vitro preparations markedly enhanced the ability of the
amines to exert a motor effect on the uterl from rats in
oestrus. Moreover, 1t revealed a motor action of the amines
on the uterl from rats in dioestrus and in proestrus. This
exposure of a motor effect has been reported by Jensen and
Vennergd (1961la) using dichlorolsoprenaline, by Brookes et al.
(1965) using MJ-1999, and by Diamond and Brody (1966a, b) using
propranolol; all these studles being performed on ln vitro
preparations from rats in the oestrous phase only. Tothill
(1967a, b) used isoprenaline to induce B-receptor blockade and
reported that motor responses to adrenallne, noradrenaline and
phenylephrine could be obtalned but only when the animal was in
an oestrous state.,

In in vitro preparations from rats in oestrus, the
concentration of noradrenaline required to produce a motor
action was approximately six times that necessary to produce
an inhibltory response in dloestrous preparations. For
rhenylephrine the increase was approximately 100 and for
adrenaline 2,000. Also, hlgher concentratlons were necessary
to produce motor responses in dioestrus and proestrus after

B-receptor blockade. Jengen and Vennergd (1961a) indicated
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that after dichloroisoprenaline a motor effect could be obtalned
to adrenaline after a 100-fold increase in the concentratlon
requlired to produce an inhlbltory action prior to the
B-receptor blockade. This fallure to use higher concentratlions
may explailn why motor effects were not observed on uterl from
rats in oestrus (Rudzik and Miller, 1962a; Brookes et al.,
1965; Tothill, 1967a, b), even after B-receptor blockade
(Levy and Tozzi, 1963). 1In this latter work however,
B-blockade was attempted with pronethalol, which 1ltself has
been shown by Vanov and Vogt (1963) and by Lish et al. (1965),
and also reported in this work, to possess conslderable
inhibltory sympathomimetic activity on the uterus of the rat in
concentrations lower than those requlired for effective
B-receptor blockade. Moreover, phenylephrine was used by
Levy and Tozzl (1963) as the amine most likely to stimulate
a~receptors, whereas thils work has indicated that noradrenaline
1s the most potent 1n stimulating a-receptors in the uterus of
the rat.

In an attempt to determine how the alterations of the
uterine responses to the amines are brought about 1t was shown
in this work, and has been reported in earlier studies (Mann,
1950; Diamond and Brody, 1966b), that the production of
contractile responses to noradrenaline and to adrenaline could
be produced 1n uterl from ovariectomised adult rats which had

recelved injectlons of oestradiol, The selection of the
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doses of oestradiol was based upon the amount required to
produce myometrial and endometrlal changes comparable to those
which occur naturally during the different sexual states as a
result of ovarlan secretions. Small doses of oestrogen

(10 ug/kg) have been found to induce a vaginal smear pattern
identical to that of natural oestrus and much larger single
doses (e.g. 1 mg/kg) produce similar effects with little
reduction in the time taken to produce endometrial
proliferation (Reynolds, 1949; Parkes, 1966). Small,
repeated doses and single large doses have been used in this
work and it was found that both injection reglimes resulted in
the production of a contractlle response to noradrenallne.

The important factor however, is the delay involved between

the injection and the observation of an endometrial change in
the animal, for it 1s only when the vaglnal smear consists
predominantly of cornified cells that a reversal of the response
to the amines occurs. A dose of oestrogen takes 44 - 72 hours
to produce endometrial and myometrial proliferation in the rat
(Allen, 1932).

A motor response of the uterus of the rat to
sympathomimetic amines has been observed after either a single
large injection of oestrogen (0.5 mg oestradiol dipropionate,
Mann, 1950; 2.5 mg/kg diethylstilboestrol, Tothill, 1967a),
or a number of small doses (50 - 75 ug diethylstilboestrol daily
for 6 - 12 days, Paton, 1968), or a single small dose (50 ug
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oestradiol benzoate, Diamond and Brody, 1966a). All these
experiments were performed at least Lo hours after the
injection. Levy ani Tozzi (1963) found that sympathomimetic
amines were unable to produce motor responses on the uterl of
rats pretreated with 100 ug/kg diethylstilboestrol. However,
it may be pertinent that their experiments were performed only
24 hours after the injection of oestrogen when the hormone
was unlikely to have produced its full physiological effect.

It has been considered that the role of the ovarian
hormones in altering the uterine response to sympathomimetic
amines may be further implicated 1f an acftion of the hormones
can be demonstrated on the isolated uterus. Graham and Gurd
(1960) found, using the isolated uterus from the non-preghnant
cat, that the introduction of progesterone in o0il into the
bathing solution was without effect on the action of
catecholamlines. It is possible that this may have been
caused to some extent by the low solubllity of the progesterone
in the aqueous medium. It has been shown that water-soluble
ovarian hormones, when added to the bathing solution, alter
the responses of the isolated uterus of the rat to oxytociln,
s5-hydroxytryptamine and acetylcholine (Neumann and Hempel,
1965). However, in thls work it was found that the addition
of a water-soluble oestrogen to the bathing solutlion falled
to reverse the response to noradrenaline of a preparation from

an ovariectomised rat.
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During the course of in vivo experiments in which
propranolol was employed, it was found that the blocklng agent
in doses necessary to cause B-blockade, initiated or enhanced
the motility of the uterus. That this action did not occur
in vitro indicates that the effect was unlikely to be produced
as a consequence of a direct action of the blocking agent on the
myometrium. It is possible that the effect was caused by the
blockade of a sympathetic inhibitory control of the myometrium
via the hypogastric nerve. This action occurred however, in
animals in oestrus, when hypogastric nerve stimulation caused
uterine excitation. This could be explained if it is assumed
that some of the transmitter would normally excite uterine
B-receptors as well as a-receptors, and therefore after
B-receptor blockade more transmitter would activate a-receptors
and thus increase the excitatory effect of nerve stimulation.
Also, propranolol has been shown to reduce transmitter uptake
into sympathetic neuronal stores (Foo et al., 1968) and this
action would increase the level of transmitter available to act
at a-receptors. The use of an a-blocking agent however, did
not show conclusively whether the increased uterine activity
produced by propranolol was caused by increased aq-receptor
stimulation. In two experiments g~blockade did reduce the
action of propranolol, but in three others no modification of
its effect was seen. This may have been due to an

interference with the establishment of a-blockade by
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propranolol, an action which has been described by Sharma
(1966), Olivares et al., (1967) and by Yamamura and Horita
(1968). A further possible mechanism of action may be through
a local anaesthetic effect on the uterlne nerves. The potent
local anaesthetic property of propranolol has been described by
Lucchesi et al. (1967) and by Day, Owen and Warren (1968).
Alternatively, the action of propranolol may be caused by
its conversion in vivo to a substance possessing uterine
excitatory properties. The development of more specific
B=blocking agents willl help to resolve how this actlon of

propranolol is effected.
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SUMMARY

1.

2.

Only a-excltatory and B-inhlbltory adrenergic
receptors have been detected in the uteri of adult rats
at all stages of the oestrous cycle, in both in vivo and

in vitro experiments.,

The responses of the uterus to the sympathomimetic
amines differed qualitatively in the different stages of
the oestrous cycle.

Noradrenaline caused solely inhibiltory effects in
dioestrus and proestrus. In oestrus thls effect was
reversed either to a solely excitatory action or to a
biphasic effect of excitation followed by inhibition.

Adrenaline caused solely inhibitory effects in
dloestrus and proestrus. In oestrus, where noradrenaline
produced solely anexcitatory effect, adrenaline caused a
contraction followed by a longer period of inhibition.
a=Ethylnoradrenaline, N-ethylnoradrenaline and phenylephrine
produced effects which were similar to those produced by
adrenaline, The stronger the inhibitory activity of the
amine the weaker was the motor component of the biphaslc
response which occurred in oestrus.

Isoprenaline caused solely inhibitory effects 1in
dioestrus, proestrus and oestrus. The amine produced no

a-excitatory effects at any stage of the oestrous cycle.
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However it exerted a pressor effect via a-receptors in the
arterial vasculature. This was ellicited with doses
approximately 10,000 times those necessary for a maximal

depressor response.

Uterine inhibition produced by the sympathomimetic
amines was antagonised by propranolol and subsequently all
the amines except isoprenaline were able to exert a motor
effect at all stages of the oestrous cycle. These motor
actions and the motor actions produced in oestrus were
antagonised by a-receptor blocking agents. Propranolol,
in doses necessary to produce B-receptor blockade,
initiated or enhanced uterine contractions in vivo at all
stages of the oestrous cycle. Such an effect was not

produced using isolated preparations.

The reponses to hypogastric nerve stimulation were
very similar to the responses produced by noradrenaline.
In dioestrus and proestrus nerve stimulation caused solely
inhibition but this effect was reversed when the animal
was in oestrus. The inhibitory responses to nerve
stimulation were reversed by propranolol. The subsequent
motor actions and the motor action produced in oestrus

were antagonised by a-receptor blocking agents.
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Treatment of immature and of ovariectomlised adult
rats with oestradiol or with oestradiol and progesterone
caused. the uterine responses to be converted into
responses similar to those observed using rats in oestrus.
Treatment with progesterone alone did not alter
qualitatively the responses to the amlnes but lowered the

sensltivity of the uteri to thelr effects.

The responses of uteri from rats in oestrus were
similar to the responses from rats in dloestrus and
proestrus after treatment with propranolol. The responses
of uterl from oestrogen-treated ilmmature and from oestrogen-
treated ovariectomlsed rats were similar to the responses
from untreated animals after the addition of propranolol
to the bathing media. This suggests the possibility that
oestrogen increases the number and/or the activity of the

adrenergic a-receptors in the uterus.
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TABLES 1 - 11.

FIGURES 1 - 23.

Where the abbreviations and symbols used are not
explained at the foot of the Table or Figure, an explanation
is given in the Appendix on page 278.

In Tables 1 = 8 each line shows the results from a single

experiment. Mean values are included at the foot of each

set of figures.,
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TABLE 1
RATS IN DIOESTRUS

Ratio of the dose of sympathomimetic amine
to the equiactive dose of l-noradrenaline.

in vivo experiments

Inhibitory response

Ratio sympathomimetic
*Dose (pg) amine/l-Noxr
1-Nor 1-q-EtNor | 1-Adr | 1-N-EtNor | d1-Iso
5.0 0.05 0.0002
0.2 0.0005
2.0 0.10 0.0005
5.0 0.001
5.0 0.01 0.00001
20.0 0.01
10.0 1.6 0.02
L.o 0.03 0.006
bbb =1 1.6 0.04 0.006 0.0004

*Dose by retrograde injection into the
femoral artery to cause 50% inhibition
of spontaneous or acetylcholine=induced
uterine contractions.
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TABLE 2
RATS IN DIOESTRUS

Ratio of the concentration of sympathomimetic amine
to the equiactive concentration of l-noradrenaline.

in vitro experiments

Inhibitory response

Ratio sympathomimetic
*Conc? 1-Nor amine/1-Nor

x 107 1-g-EtNor | 1-Adr | 1-N-EtNor | dl-Iso
10.0 045 0.004 | 0.00004 | 0.00000002
4.0 1.0 0.01 0.001 0.0000001
48.0 1.0 0.005 | 0.0005 0.00000005
24,0 0.02 0.00002
8.0 0.01 0.00005
L.o 0.02 0.000001
4.0 0.01

8.0 0.02

4.0 0.005

20.0 0.004

8.0 0.003
12.9 = 1 0.8 0,01 0.0005 0.00001

*#Concentration to cause a 50% reduction in

height of spontaneous or acetylcholine-

induced uterine contractions.
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TABLE 3
RATS IN PROESTRUS

Ratio of the dose or concentration of sympathomimetic
amine to the equiactive dose of l-noradrenallne.

Inhibltory response

a) in vivo experiments

Ratio sympathomimetic
#Doge (ug) amine/l-Nor
= Ni
L-Nox 1-Adr d1-Iso
10 0.025 0.0001
5 0.02
7e5 =1 0.023 0.0001

b) in vitro experiments

n “Ratio sympathomimetic
*Conec. Ll-Nor amine/1-Nor
-8
x 10 l-Adr dl-Iso
0.8 0.01 0.0000001
0.2 0.002 0.000002
8.0 0.005 0.000001
L,o 0.04 0.00002
2.0 0.002 0.000002
20.0 0.02 0.000002
20.0 0.01
7.9 =1 0.013 0.000005

#Dose or concentration to cause a 50%

reduction in height of spontaneous
or acetylchollne-induced uterine
contractions,
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TABLE 4

RATS IN OESTRUS

Ratio of the dose of sympathomimetic amine
to the equiactive dose of l-noradrenaline.

in vivo experiments

Ratlo sympathomlimetic
Dose (ug) amine/l-Nor
-Nor l-g=-EtNor 1l-Adr 1-N-EtNor dl-Iso
*E #1 E I E I E I E I
2.0 10 - | 0.25{ - | 0.1 63| 0.0005 0.0002
2.0 5 10 | 4.0 - 0.25 - 0.1 0.002
2.5 2.5 - 0.04 0.0004
0.2 20 40 | 0.13
2.0 - 12 | 1.0pg
500 - - 100})8
0.25 - - 200“’8
200 - - 1.0“&
0.25 -
0.2 -
5.0 -
1.9=1 10 26 63
14.,3=1 2.1 0.13 0.05 0.0009

Doses by retrograde injection into the femoral artery to cause:

*E =

*I

- = amlne

a Just submaximal contraction or

a 50% reduction in height of spontaneous or

acetylcholline~lnduced uterine contractions.

used but no action observed,
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TABLE 5
RATS IN OESTRUS

Ratio of the concentration of sympathomimetic amine
to the equiactive concentration of l-noradrenaline.

in vitro experiments

Conc? Ratio sympathomimetic amine/l-Nor
l-Nor
Z 10-8 i-a- 1-Adr 1-Phe| 1-N-EtNor dl-1so0
EtNor - = -
#g | #»1 | E | I |E 1 |E|lT|E| I E I
20| & 0.8| 5| 0.01 200{0,001 | -|0.000001
80| 40 10| 0.01 - |0.001 | -|0.0000005
160| & 51 0.01 50 - |0.0000002
2| 0.4 20 | 0.01 80 - {0.000001
soo| 8 |[1.0 2| 0.005 - [0.00000005
2| 4 10| 0.02 - |0.00000001
100| - 4 lbx10-8 - |2x10-8
8o|soo || - |1.2] 5| 0.00 |25]1.0
200{100 4| 0,02 |[20]0.8
16| - 25 1x10~7
4oo| - 5 18x10™7
60| - 7 lex10~8
32| - 12 x10-10
40| - 10 {4x10-10
114 1.0 8.9 23 110 -
70 1.0| | o0.01 0.9| |0.001 | [0.0000005

Concentration to cause:

*BE

a Just submaximal contractlion or

#T = a 50% reduction in height of spontaneous or

acetylcholine-induced uterine contractlons.

-~ = amlne used but no actlon observed.
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TABLE 6
IMMATURE RATS + HORMONE TREATMENT

Ratlo of the concentration of sympathomimetlc amine
to the equiactive concentration of l-noradrenaline.

in vitro experlments

% Cone® 1-Nor Ratlo sympathomimetic amine/l-Nor
= x 10-9 10 1-Adr 1-N- dl-Iso
a EtNor EtNor
& *E #T E| T | B| I E| I E I
- Lo 1.0| -|0.02 0.002
- 600 0.3] -{0.007 0.004
- 800 ~{0.005 0.00000005
o - 400 -10.01 0.00001
- 400 -|0.005 0.0000001
- 400 -0.01 ‘ 0.000025
- 20 -{0.,01 0.,0000001
380
=1 047 0.01 0,003 0.000007
1 800 8 -{0.,01 - | 0.00005
11 | 2,000 L -10.002 - | 0.0000005
o] 1 800 O0.b 5(0.001 - | 0.0000001
h.1
20,000 I -10.02 - | 0.0001
P 20,000 20 -10.002 -1 0.0000002
12
=1 0,01 0.00005
0 1,000{1,000 -{0.01 - | 0.00001
800| 200 -10.005 -
+ 200 Lo 20(0.01 ~ | 0.000001
P 013
= 0.08 0.000006

Concentration to cause:

#E = a just submaximal contraction or
#I = a 50% reduction in height of spontaneous or
acetylcholine=induced uterine contractlons.

- = amlne used but no action observed
1 and 11 refers to oestrogen adminlstratlon reglme on p. 51.
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TABLE 7

OVARIECTOMISED RATS + HORMONE TREATMENT

Ratio of the dose of sympathomimetic amine
to the equiactive dose of l-noradrenaline.

in vivo experiments

Hormone
treatment

Dose (ng)
1-Nor

o

Ratio sympathomimetic

amine/l-Nor

I-a-
EtNor

1-Adr

I-N-
EtNor

dl-TIso

¥E | *1

E

I

E

I E I

Oestrogen

11
11

10.0
540

0.05

0.02

Jwv W W
.

0.04

+
Progest-~
erone

Oestrogen

0.5
10.0

0.025 | - | 0.005

0.02

0.001

Hw w
. .
O Qo o = O Qo Qo

0.03

0.02 0.005

0.001

Dose by

#*E =

#T =

a just submaximal contraction or

a 50% reduction in height of spontaneous or

acetylcholine~induced uterine contractions.

= amine

11 refers

used but no actlion observed,

to oestrogen administration regime on p. 51.

retrograde injection into the femoral artery to cause:
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TABLE 8
OVARIECTOMISED RATS + HORMONE TREATMENT

Ratio of the concentration of sympathomimetlc amilne
to the equiactive concentration of l-noradrenallne.

in vitro experiments

% Conck® Ratio sympathomimetic amine/l-Nor
l-Nor T T=N—
= = =0 - = -
S LE 10-8 || Bewor | 2749 | TFiwor di-1so
g HE 1 E| I E I E I E I
- 0,03 =|245 -10.025}| = |0.,03 - { 0.00001
- 0.04 0.6 -|0.,01 -{0.001 |- | 0,00004
U - 0.8 -10.002 - | 0,0000002
1.0 0,02 - | 0,0000004
047
= ] 1.5 0.01Y4 0.016 0.00001
1y} - {100 -10.002 - | 0.00000002
0 140 | 12 - [0.007 - | 0,000003
111 8 | 10 -[1,0 |25]0.,004 | =]0.0004
38
= 1 1.0 0,004 0.0004 0.0000015
- b,0 ~{0.13| =-|0.005| -{0.001 |- | 0,000003
P - 1100 -{0.4 -(0,01 -10.002 | -] 0.,0000004
- | 40 -10.01
48 .
= 1 0.27 0.008 0.0015 0.000002
L 10 50{0.02 - | 0.00002
40 1160 -{0.25/10/0.,013 | -|0.,013 |~ | 0,000008
o |20 20 -l0.02
. [|so| ko -10.005
P 26
58
=1 0.25 0.015 0.013 0.00001

Concentration to cause:

#E = a Just submaximal contraction or
#I = a 50% reduction in height of spontaneous or
acetylcholine~induced uterine contractions.

- = amine used but no action observed,
1 and 11 refer to oestrogen administration regime on p. 51.
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TABLE 9a

CORRELATION OF THE SEXUAL STATE OF THE RAT WITH THE RESPONSE OF

THE UTERUS TO SYMPATHOMIMETIC AMINES

in vitro experiments

Response:
Sexual state E = excitation; I = inhibition
leg- 1l=Na-
1-Nor | 1-Adr | Fynor | EtNoy |dL-IsO
4% 14 3 3 9
Dioestrus I I I I I
10 12 8
Proestrus I I I
Immature 6 7 2 2 5
untreated I I I I I
Ovariectomised 4 4 2 2 4
untreated I I I I I
Immature + 2 2 2
progesterone I I I
Ovarlectomlised + 3 3 2 2 2
progesterone I I I I I
Immature + 3 3 3
oestrogen E or EI | el or I
Ovariectomised + 3 3 1 1 2
oestrogen E or EI| eI or I I I
Immature + 3 3 3
oestrogen + Eor EI| el or I
progesterone
et Iy 1 1 | 1 | e
progesterone E or EI| eI or I I I
Oestrus 25 17 2 7 11
FEor EA|EI or I{elIor I|elorI I

EI; Eil; eI - letter size indicates relative magnitude of

components of biphasic

* —

= number of experiments performed.

responses
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TABLE 9b

ON THE UTERUS OF THE RAT IN DIFFERENT SEXUAL STATES

in vitro experiments

#Conc? || Ratio sympathomimetic amine/l-Nor ﬁ;
Sexual state 1-NorJy=a -y TR PR or
X 107 Fevor | =~°T | EtNor e T
Dioestrus 12.9 0.8 0,01 0.0005 | 0.00001 I
Proestrus 7.9 0.013 0.000005 I
Immature
untreated 38 0.7 0.01 0.003 0.000007 I
Ovariectomised
antreated 0.47 1.5 0.014 0.016 0.00001 I
Inmmature +
progesterone 1.2 0.01 0.00005 I
Ovariectomised | ,g 0.27 | 0.008 0.0015 | 0.000002 | I
+ progesterone
Immature + 120 5.0 - E
t s eam eas e (e en eE e eE S = ) S e S IR S TR SRR G EE . e
oesvrogen 0.41 0.004 0.00002 I
Ovarlectomised | 34_._ L Eﬁ_ I R o _ _Iz
+ oestrogen 38 1.0 | 0.004| 0.0004|0.0000015 | I
Imnature + _97_______30___ _______ = ____EL
O+P 41 0.08 0.000006 | I
Ovariectomised 26 - 30 - - E
+ + el wibubuie Bibatais eibeibebats Dbyl - =
° P 58 25 0.015 0.013 0.00001 I
114 1.0 8.9 110 - E
Oestrus e = e e = ] e - - - ] - —— - — —
70 1.0 0.01 0.001 0.000005 I

# Concentration to cause a 50% reduction in height of

spontaneous or acetylchollne-induced uterine contractions

(inhibitory response), or a just submaximal uterine
contraction (excitatory response).

##*E = excltatory ratio;

I = inhibitory

- = amline used but no action observed.

ratio.
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TABLE 10

EFFECT OF PROPRANOLOL ON THE EXCITATORY ACTIVITY OF

SYMPATHOMIMETIC AMINES ON THE UTERUS OF THE RAT IN DIFFERENT

SEXUAL STATES

in vitro experiments

N n Ratio of the conc® of
Prgggin- Sexual state gggg; sympathomimetig to the
- = - equlactive conc. of l-Nor
L x 10 x 10 6 =
i-a- 1-Adr | 1=Phe 1-N-
EtNor | =~ | = EtNor
Dioestrus I I I I
Qestrus 1.0 3 6 29 106
 immature
Before untreated I I I I
Immature + 0.8 5
oestrogen
Ovarliectomised
untreated 1 1 1 1
Ovarliectomlsed
+ oestrogen 0.08 1 25 I
Dioestrus 0.6 12 1,9 50
Oestrus 0.6 I 2.9 12 56
Immature
_Entreated 4,0 I 2.0 10 I
After Imature +
oestrogen 0.8 1.0
Ovariectomised
untreated 0.1 10
Ovariectomised
+ oestrogen 0.8 1.3

*Concentration to cause a just submaximal contraction.

I = inhibltory action only.
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TABLE 11
RELATIVE ACTIVITY OF B-RECEPTOR BLOCKING AGENTS AS AGONISTS
AND ANTAGONISTS ON THE B-RECEPTORS IN THE UTERUS OF THE RAT

in vitro experiments

- *Agonlst ##*Antagonlst
p-Blocking agent activity activity
Dichloroisoprenaline >1 x 1077 L x 10'6
Pronethalol >4 x 1077 >4 x 10'6
-6 -8
Propranolol >2 x 10 >4 x 10

*
n

Concentration to cause a 50% reduction in height
of acetylcholine-induced uterine contractions.
3% Concentration to cause blockade of
1soprenaline-induced uterine inhibition.
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THE RESPONSES OF THE UTERUS

OF THE RABBIT TO SYMPATHOMIMETIC

AMINES AND THEIR MODIFICATION BY

OVARIAN HORMONES

SECTION IT
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HISTORICAL
RESPONSES TO SYMPATHOMIMETIC AMINES

An early observation on the activity of sympathomimetic
amines on the uterus of the rabbit was made by Langley in 1901
who described a motor effect of an extract of adrenal glands on
the intact uterus. Elliot (1905) commented upon the similarity
between the motor action of adrenaline and the response evoked
by sympathetic nerve stimulation. Studying their modification
by ergot alkaloids, Dale (1906) noted that in vivo ergot caused
a reversal to inhibition of the responses both to adrenaline and
to hypogastric nerve stimulation. He found that ergot
alkalolds effectively antagonlised only the excitatory and not
the inhibitory actions of adrenaline on the uterus of various
species, includlng the rabbit. In a study of the possible
relationship between the actions of adrenaline and of the
pltuitary hormones, MeSwiney and Brown (1926) found that the
motor effect of adrenaline on the rabbit uterus could be
reversed 1in the presence of a high tone produced by Pituitrin
or histamine and concluded that the nature of the adrenaline
response depended solely upon the prevalling muscular tone.
Balassa (1940) stated that although adrenaline caused a
contraction of the uterus of the adult rabbit, doses as great
as 10 - 50 ug/kg produced no action on the uterus of the

immature animal. Mann (1950) showed that similar excitatory
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effects were produced by noradrenaline in the adult and in
ovariectomised and immature rabbits.

Thus in most instances both adrenaline and noradremaline
cause only excitatory effects, but some workers have reported
that these amines can produce inhibitory actlions. Thiennes
(1928) noted that whereas some uterine strips were contracted
by adrenaline others were relaxed, but he forwarded no
explanation for this. Rothlin and Brfigger (1945) stated that
low concentrations of adrenaline caused inhibition while high
concentrations produced biphasic effects on some isolated
preparations. Ahlquist (1948) noted that although adrenalilne
and noradrenaline caused solely excitatory responses on
1solated uterine preparatlions, these amines produced blphasic
effects in vivo. Biphasic effects were recorded also by
Cross (1958) both to adrenaline and to noradrenaline in an
in vivo study using ovariectomlsed oestrogen-treated rabbits.
The inhibitory potency of adrenaline was approximately twice
that of noradrenaline. He found that the amines inhibited the
excitatory action of a following dose of Pitocin. However,
Fuchs (1964) could not confirm this result, perhaps because
she administered the amine and Pitocin simultaneously.

In regard to the relative potency of the two amines in
eliciting motor responses, West (1947) gave the ratio of the
dose of dl-noradrenaline to the equlactive dose of l-adrenallne

as five and this was confirmed by Mann (1950). Luduena et al.
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(1949) reported the ratio of l-noradrenaline to l-adrenaline
as one and thig was confirmed by Lands (1952). Ahlquist
(1948) and Lewis (1954) found both 1l- and dl-adrenaline more

active than dl-noradrenaline, the former belng the most potent,

Studles of the responses of the uterus of the rabbit to
other amines have not been so numerous, but Konzett (1940)
found that 2 x 10-AL isoprenalline produced an inhibltory actlon
6

on the isolated uterus when 1 x 10~ adrenaline caused a motor
effect. This Lnhibltory action of lsoprenaline has been
confirmed by Lands, Nash, McCarthy, Granger and Dertinger
(1947) using a concentration of 2 x 10-7. Ahlquist (1948)
showed that this inhibitory action also occurred in vivo.

The possibility that 1soprenaline might produce a motor

effect on the uterus of the rabblt has received 1little
attention. Lewls (1954) detected a very weak actlon of the

laevo lsomer on in vitro preparations where it possessed
approximately a 10,000th of the excitatory activity of
l-adrenaline. A similar result was recorded by Furchgott
(1959), also using in vitro preparations. Lish, Hillyard and
Dungan (1960) found that a concentration of 8 x 10-6
l-isoprenaline contracted the uterus from a rabblt which had
been injected with oestradiol. However, Luduena (1962)

found that concentrations of the order of 10'5 were

necesgsary to exclte the uterl from untreated animals while
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weaker concentrations (1077 - 10-6) caused only relaxation.

The action of N-ethylnoradrenaline on the isolated
uterus was noted by Konzett (1940). A concentration of
1 x 10"5 produced a motor effect, indlcating a potency of
about one tenth that of adrenaline. This result was
confirmed by Lands, Nash, Dertinger, Granger and McCarthy
(1948) and by McDougal and VWest (1954). The latter workers
reported the ratio of the concentration of
dl=N-ethylnoradrenaline to the equiactive concentration of
l-adrenaline as fifteen. dl-a~-Ethylnoradrenaline produced
a weak motor action on the 1lsolated preparation, having only
a 500th of the potency of l-adrenaline (ilcDougal and West,
1954).

Lewis (1954) reported that the ratio of activity of
l-adrenaline to l-phenylephrine was 0.6 in producing a motor

response on the 1solated uterus.

THE EFFECT OF HYPOGASTRIC NERVE STIMULATION

In 1895 and 1896 Langley and Anderson made a detalled study
of the anatomy of the hypogastric nerve in the rabbit. They
found that stimulation of the post-ganglionlc flbres from the
Inferior mesenteric gangllon caused a strong contractlon of
the uterine muscle and constriction of the uterine
arterioles, Elllot (1905) noted the similarity of this action

to that of adrenaline on the intact uterus. Dale (1906) and
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Cushny (1906) noticed that these responses could be reversed
by ergot alkaloilds, which indicated that the hypogastric nerve
in this specles contalned both excitatory and inhibitory
fibres. Sauer, Jett-Jackson and Reynolds (1935) confirmed that
nerve stimulation produced uterine contraction in the adult
rabbit. An excltatory response to nerve stimulation was
obtained by Mann (1950) in immature and ovariectomlsed animals
as well as in the adult. In 1952 Schofield observed that a
secondary inhibiltory effect on the uterine musculature
followed the excitatory response to nerve stimulation but
considered that this was due to the intense vasoconstriction
which occurred at the same time, rather than to any specific

actlon of the transmitter on the uterine muscle.

THE EFFECT OF ADRENERGIC BLOCKING AGENTS

Many of the early reports indicated that the excitatory
effects of sympathomimetlc amines and of hypogastric nerve
stimulatlion could be reversed by ergot alkaloids to produce
inhibition of uterine spontanelty and a decrease in muscular
tone (Imle, 1906; Cushny, 1906; Fardon, 1908; McSwiney and
Brown, 1926 and Mendez, 1928). These results were recorded
using both in vivo and in vitro uterine preparations.

With the introduction of more specific blocking agents,
Rothlin and Br#gger (1945) reported that dihydroergotamine

antagonised but did not reverse the exciltation of 1isolated
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uterine muscle by adrenaline. Similar observations were made
by Ahlquist et al. (1947) with tolazoline. They reported that
the reversal of the response to adrenaline, rather than 1its
antagonism, occurred only when the amine was appllied during
a contraction produced by the blocking agent. Nickerson and
Goodman (1947) found that dibenamine reversed the motor effect
of adrenaline both on the 1isolated uterus and on the uterus
in situ. Ahlguist (1948) found, using 1solated preparations,
that the excitatory responses to a serles of catecholamines
were reversed by tolazollne. Biphaslc responses were
produced by the amines in vivo, the excitatory component of
which was antagonlised by tolazoline. He concluded from these
results that the rabbit uterus contained a-excitatory and
B=inhibitory receptors. Mann (1950) found that the excitatory
responses to adrenaline and to noradrenaline could be
antagonlsed or reversed by dibenamine in both in vivo and
in vitro preparations. The actlon of noradrenaline was more
easlly antagonised, and its inhibitory activity was more easily
exposed, than that of adrenaline. Gross et al. (1951) showed
that phentolamine antagonised the actions of adrenaline and
noradrenaline on a~excitatory receptors in the uterus and
exposed the action of the amines on the inhibitory receptors.
Luduena (1962) concluded that the excitatory action of
l-lsoprenaline on the isolated uterus was exerted via

a-receptors since it was antagonised by piperoxan. Black and
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Stevenson (1962) demonstrated that the excltatory actlon of
adrenaline was not medlated vlia B-receptors because the response
was unaltered by pronethalol.

Direct evlidence for the existence of B-receptors was
produced by Willems, Bernard, Delaunols and Schaepdryver (1965)
and by Willems and Schaepdryver (1966) who showed that
propranolol blocked the relaxation of the uterus produced by
lsoprenaline. Indirect evidence was presented also, 1ln that
the motor effects of adrenaline and noradrenaline were
enhanced by propranolol. Lambotte, Lambert and Cesslon-
Fossion (1967) found that the isoprenaline-induced relaxation
of lsolated uterine strips was antagonised by
dichlorolsoprenaline and that the contractions caused by
adrenaline and by noradrenaline were blocked by a benzodioxane
derivative, Quiloflex, This 1ndicates the presence of both o=
and f-adrenergic receptors in the uterus of the rabbit.,

In regard to the action of adrenergic blocking agents on
the response to hypogastric nerve stimulation, Mann (1950)
found that dlbenamine blocked or reversed thls response and
that to noradrenaline, while the effect of adrenaline was less
readily antagonlsed. This indicated that the transmitter
in the hypogastric nerve might be noradrenaline. Blockade
of the excltatory effect of hypogastric nerve stimulatlon by
a~receptor blocking agents was confirmed by Varagic (1956)

using tolazoline on an isolated hypogastric nerve-uterus
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preparation and by Setekleiv (1964) using dihydroergotamine
and phentolamine in in vivo experiments. In thelr paper
concerning the influence of the sexual state of the rabblt
on the response of the uterus to nerve stimulation, Miller and
Marshall (1965) showed that the excitatory response to nerve
stimulation in oestradiol-treated animals was abolished by
phentolamine, while an inhibitory effect which occurred after
progesterone treatment was blocked by propranolol. Thus it
was concluded that the excltatory responses to hypogastric
nerve stimulation were mediated via a-receptors and that the

inhibitory responses were mediated via B-receptors.

THE INFLUENCE OF OVARIAN HORMONES ON UTERINE ADRENERGIC
RESPONSES

Sauer et al. (1935) reported that although adrenaline
caused uterine contraction in pregnant and non-pregnant rabbits,
the response to hypogastric nerve stimulation was reversed from
excitation in non-pregnant animals to inhibition in pregnant
animals. In an attempt to correlate this change with
alterations in ovarian hormone levels they showed that nerve
stimulation caused contraction of the uteri of ovariectomised
animals, both before and after treatment with oestrogen. In
pseudopregnant animals or in animals which had undergone
prolonged luteal stimulation either no effect was recorded

or uterine relaxation occurred. This work has been confirmed
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recently by Miller and Marshall (1965) using an isolated
hypogastrlic nerve-uterus preparation. Nerve stlmulation
caused contraction of the uteri from untreated rabbits and from
rabbits previously given oestradlol, but 1f progesterone
treatment followed the oestrogen injections, nerve stimulation
then caused the uterus to relax. The latter response was
blocked by propranolol and the former by phentolamine. These
responses to nerve stimulation were not influenced by ganglion
blocking or parasympathetic blocking agents. The hormone
treatment did not alter the catecholamine content of the
uterine tissue although reserpline decreased it. Reserplne
also caused a decrease 1n the response to nerve stimulation.

Willems et al. (1965) and Willems and Schaepdryver (1966)
found that in vivo the uteri of ovariectomised, oestrogen=
treated rabblts were contracted by adrenaline and by
noradrenallne and that these responses were reversed by
phenoxybenzamine., However, the uteri of rabbits which had
received Gestanon (l7a~-allyl-B-hydroxy-estr=i-ene), a strongly
progestational agent, were relaxed by adrenaline and occasionally
by noradrenaline. These responses were reversed by
propranolol, This suggested that a predominance of
B=receptors exlsts in the uterl from animals treated with
Gestanon (Willems and Schaepdryver, 1966). The action of
1soprenaline was not altered by the hormone treatments and the

amine always caused uterine relaxation.
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These results have led to the conclusion that the ovarlan
hormones must exert theilr influence at the effector cell,
namely that oestrogen treatment increases the proportion of
a-excitatory receptors while in progesterone-treated uterine

muscle B-receptors are predominant.
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INTRODUCTION

The predominant response of the uterus of the rabbit to
adrenaline and to noradrenaline 1s a contraction of the
myometrium caused by o-receptor stimulation. In this work
the excltatory activity of lsoprenaline also has been
Investigated. Recordings of the blood pressure have been
made at the same tlme as the in vivo uterine recordings in
order to determine whether a particular dose of an amine which
would produce a qualitative change in the uterine response also
would promote a changed response in the arterial
vasculature.

The responses of the uterus of the adult rabbit to
stimulation of the hypogastric nerve appear to be influenced
by the ovarian hormones while the action of adrenaline is not
affected (p. 150). However, since ovarlan hormones have been
found to influence catecholamine activity on the uterus of
other mammalian species, it was considered worthwhile to
reinvestigate the problem using, as well as adult rabbits,
ovariectomised and immature animals, some of which were treated
with ovarian hormones.

The N-ethyl analogue of adrenaline has been used in this
work, for although it causes a contraction of the uterus of the
adult rabbit, 1t possesses a greater inhibitory activity at
f=receptors than adrenaline or noradrenaline, and therefore
would be more sultable for the detection of any alteration in the

predominance of one type of response over the other.
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METHO DS

As in the experiments on the uterus of the rat (Section I
p. 49) both in vivo and in vitro studies have been made on the
uterus of the rabbit.

In the early work New Zealand White rabbits were used but
later Dutch rabbits were found to be more satisfactory and
thus were used in the majority of the experiments. All

animals received Oxoild S.G.l diet and tap water ad libitum.

Four types of experimental animal were employed:
1. ADULT RABBITS

Adult, virgln, female New Zealand White rabbits in a
weight range of 3.8 = 5.1 kg, and Dutch rabbits in a weight
range of 2.2 - 3.4 kg were employed. The adult female does no
exhibit an oestrous cycle but exists in an oestrous condition

until mated (Parkes, 1956).

2. IMMATURE RABBITS

The smaller strains of rabbits mature more quickly and
hence Dutch rabblits were used at an earlier age than the New
Zealand White strain. The following welght ranges were
employed:

New Zealand White 620 - 1,850 g, i.e. aged 7 - 11 weeks.

Dutch 570 - 1,235 g, 1.e. aged 4 - 8 weeks.
In animals younger than these the uteri were not developed

sufficiently to permit investigations to be made.



- 155 =

3. OVARIECTOMISED RABBITS

Adult, virgin, female Dutch rabbits in a weight range of
1.8 = 2.6 kg were employed. In the earlier experiments the
ovaries were removed via a single mid-line incision in the
abdominal wall. It was found more satisfactory however, to
carry out the ovariectomy from two lateral incisilons in the
dorsal surface of the body wall. Anaestheslia was accomplished
with sodium pentobarbitone, 30 mg/kg intravenously, followed by
smaller doses until surgical anaesthesia was achieved. Fur
was removed from a region on each side of the back, away from
the spinal column and caudal to the lowest rib. An incision
was made in this region in the skin and the body wall muscle
layers were pared apart. The ovarian artery and vein were
located and were tied off close to the ovary. A cotton thread
was tied round the Fallopian tube and the ovary was removed.
The body wall and skin were closed with sutures. This
procedure was repeated on the opposite side for the removal of
the other ovary. The animals were not used for at least 28

days.

Ly, HORMONE-TREATED RABBITS
Ovariectomised and immature animals were given either
oestradiol or progesterone, singly or together, to egimulate

conditions in the adult animal.
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The following treatments were used:
(1) Immature animals
Oestradiol only: 50 pg oestradiol benzoate per rabbit per
day for three days.
Progesterone only: 1 mg per rabbit per day for four days.
QOestradiol and progesterone: each rabbit recelved 50 pug
oestradiol benzoate per day for two days followed by
100 pg oestradiol benzoate + 1 mg progesterone per day,
four injections on alternate days.
(11) Ovariectomised animals
Oestradiol only: 500 pg oestradiol benzoate per rabbit
per day for five days.
Progesterone only: 2.5 mg per rabbit per day, four
injectlons on alternate days.
Oestradiol and progesterone: each rabbit received 100 pug
oestradiol benzoate per day for two days followed by
100 pg oestradiol benzoate + 2.5 mg progesterone per

day, four injections on alternate days.

All doses were glven subcutaneously in arachis oil. The
animals were used three days after the last injection. The
size and vascularlity of the uterus were noted as a measure of

the effect of the hornmones,
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IN VIVO EXPERIMENTS

Immature and untreated ovariectomised rabbits could not
be used owing to the relatively undeveloped state of the
uterus but otherwise, as in the in vitro experiments, adult
animals and hormone treated ovariectomised animals were
employed.

The rabbits were anaesthetised either with a slow
intravenous injection of 7 - 9 ml/kg body weight of a 25%
solution of urethane, or with sodium pentobarbitone, 30 mg/kg
intravenously followed by smaller doses until surgical
anaesthesia was achieved. Anaesthesia with urethane was more
easily carried out but it sometimes resulted in a low blood
pressure.

The methods and the apparatus for setting up blood pressur
and uterine recordings were identical to those described for
the rat (p. 52, diagram, p. 282) except for small changes in
the recording apparatus to allow for the much larger size of
the rabbit uterus.

In a number of experiments the hypogastric nerve was
stimulated. The locatlon of the nerve in this species was
described accurately by Langley and Anderson (1896) who stated
that it followed closely the route of the abdominal aorta
below the origin of the ovarian arteries. The nerve was tied,
cut centrally and stimulated using a Palmer square wave

stimulator at a point distal to the inferior mesenteric
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ganglion, before it subdivided into many filbres in the reglon of
the aortic blfurcation. Sultable electrical stimull ranged
from 1 - 5 V, with 0.2 - 5.0 msec pulse width at 20 - 50 per

sec for a duration of 30 sec.

IN VITRO EXPERIMENTS

Similar procedures and conditlons as described in
Section I (p. 54) for the rat were used to study the
responses of the 1isolated uterus. The rabbilt was stunned and
then killed by cutting the neck and the whole uterus was
removed. Elther the complete uterus, one horn, or a part of
a horn was set up according to the overall size of the uterus.
In some experiments pleces of tissue were stored eilther in
Krebs or in Tyrode solution (p. 283) at 1 =~ 5% for periods of
up to flve days before belng used. In order to obtaln a
better comparison between the in vivo and the in vitro work
some of the ln vitro experiments were performed using a
uterine horn from a rabblt in which the other horn had been
used in an in vivo experiment.

Details of the materials used in the experimental work

are glven in the Appendix, p. 276.
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RESULTS
ADULT RABBITS

in vivo experiments

The spontaneous actlvity of the uterus varled widely.
In five out of fifteen experiments no activity was observed.
In the other ten experiments the spontaneity varied from small
contractions to large regular movements occurring every 20 = 60
seconds, sometimes producing pressure changes of up to 20 mm Hg.
These variations could not be attributed to the different
strains of rabbits or to the anaesthetic used. Neither did
they bear any obvious relationship to the general condltion of
the animal during the course of the experlment, especially
in regard to changes in the arterlal blood pressure.

The actions of the amines on the uterus could be obtained
both by intravenous and by retrograde intra-arterial injections
into the femoral vessels without producing qualitatively
different results. By using the latter route however, much
larger doses could be given without causing pronounced actions
elsewhere 1n the animal.

Adrenaline (0.5 - 10 pg) and noradrenaline (1.0 - 10 ug)
caused contractions of the uterus, while isoprenaline in similar
doses produced solely an inhibitory actlon. Doses of
adrenaline and noradrenallne which produced strong motor
effects caused, in seven out of ten experiments, secondary

1nhibltory responses, Thls was observed as a reduction in the
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height of the spontaneous uterine contractions (Fig. 24,
p. 210). A simllar action was observed with
N-ethylnoradrenaline. In no instance was an lnhibitory
response obtainable to any amine except isoprenaline without
an excitatory effect first preceding it. Solely excitatory
effects were recorded however with smaller doses of the amlnes
than those which produced the biphasic actions, again with
the exception of isoprenaline (Fig. 25, p. 211). It was
possible to obtaln a reversal of the isoprenallne inhibitory
actlion when doses of the order of 1 mg were injected, l.ec.
approximately 1000 times the dose required for an inhlbltory
effect (Fig. 25, p. 211). This action was not assoclated
with any secondary inhibitory component and smaller doses of
isoprenaline, which previously had caused inhibition, did not
produce such an action after the large doses had been employed.
In one experiment a-ethylnoradrenaline produced exciltatory
effects and 1t appeared to be approximately equipotent with
noradrenaline. The approximate ratios of equiactive doses
to cause excltation were, in terms of noradrenaline = 1.0
(at a dose of 4.8 ug); adrenaline = 0.8;
a=-ethylnoradrenaline = 0.5; N-ethylnoradrenaline = 5;
isoprenaline = 767 (Table 12, p. 202).

In some experiments the hypogastrlce nerve was stimulated
postganglionically (Fig. 24, 25, 27; pp. 210, 211, 213).

This resulted 1in a contraction of the uterine muscle. Where
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the uterus exhibited spontaneous activity this was usually
inhibited after the initial excitatory effect of nerve
stimulation. However, as with adrenaline and noradrenalilne,
no inhibitory response was obtailned without a preceding
excitatory effect, but stimuli weaker than those which
produced these biphasic effects produced solely excitatory
responsess.

In regard to the action of the amines on the blood
pressure, it was noted that the pressor actlvity of
intravenously administered adrenaline was approximately twice
that of noradrenaline. Isoprenaline produced a pressor
response when doses greater than 1 mg were administered
(Fige. 26, p. 212). This reversal from the more commonly
observed depressor response occurred in parallel with its
reversal of action to a motor effect on the uterus, both
reversals occurring when doses of the order of 1 mg were
administered. The sequence of results recorded when
administering 1soprenaline in increasing doses from 0.1 - 8 mg
is shown in Figures 25 and 26 (pp. 211, 212). Doses from
0.1 - 10 ug caused depressor and uterine inhibitory actions
which were relatively short-lived. Ilarger doses produced
similar but more prolonged effects, especlally on the uterus,
and doses of 50 ug usually caused very prolonged uterine
inhibition. Subsequent administration of 1 mg isoprenaline

at first produced no effect on the already inhibited musculature
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of the blood vessels and of the uterus but a further dose of
the order of 1 mg resulted in a pressor action and a
contraction of the uterus. Doses of 1 - 8 mg produced similar
but graded responses. These doses did not produce any
inhibitory effects and nelther did smaller doses of the order
of 10 pg which previously had caused depressor and uterlne
inhibitory responses.

The excitatory actions on the uterus produced by
noradrenaline, adrenaline and N-ethylnoradrenallne were
antagonised by phentolamine (0.2 - 0.5 mg 1.V.). These
doses of the blocking agent were ineffective in antagonising
the response to hypogastric nerve stimulatlon and even
repetition of these doses of phentolamine falled to block
completely the response to nerve stimulation (Fig. 27, p. 213).
Where the responses to Neethylnoradrenaline and noradrenaline
were biphasic (excitation followed by inhibition) the
Inhibitory action persisted or was enhanced after phentolamine.
The inhibitory actlon of adrenaline however, was not enhanced
and 1ln those instances in which adrenaline produced only
excitation, phentolamine did not reveal any inhibitory action
(Fig. 28, p. 214) unless much higher doses of adrenaline were
employed (p. 168). Phentolamine, in the doses required to
produce adrenergic blockade, 1tself caused changes in uterine
activity which made any quantitative assessment of

sympathomimetic amine activity unreliable. The order of the
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amines however, when arranged according to thelr relative
inhibitory potencies was lsoprenaline > N-ethylnoradrenallne >
noradrenaline > adrenaline.

The inhibitory action of isoprenaline was antagonised by
Ok -« 1,0 mg 1.v, propranclol (Fig. 29, p. 215) and subsequent
doses of isoprenaline of the order of 100 ug were able to cause
excitatory effects. This was in contrast to the much larger
doses (1.0 - 10.0 mg) which were necessary to cause excltatlon
before propranolol. The excitatory action of
Neethylnoradrenaline was enhanced after propranolol, while that
of adrenaline was not affected apprecilably by the blocking
agent. In four out of five experiments the uterine contraction
caused by noradrenaline also was unaffected by B-blockade,
but in one experiment the motor response to noradrenaline was
enhanced., In three experiments in which the isoprenaline-
induced inhibition was antagonised by propranolol, the excitatory
response to hypogastric nerve stimulation was not influenced.
Propranolol, in doses effective for B-receptor blockade,

increased uterine motility in three out of nlne experiments.

The elucidation of the nature of the activity of the
sympathomimetic amines on the uterus was of prime importance
in this work, but a number of observations on the actions of

the amines on the blood pressure after adrenergic blockade was

noted:
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After B-receptor blockade induced by large doses of
isoprenaline, adrenaline and noradrenaline were equlactive
in causing pressor effects. This was in contrast to
their activities before ilsoprenaline, when adrenaline
possessed approximately twlce the potency of
noradrenaline (Fig. 26, p. 212).
After B-receptor blockade induced by either propranolol
or by large doses of isoprenaline the pressor actlons of
Iintravenously adminlstered adrenaline, noradrenaline and
isoprenaline were antagonised by tolazoline (10 mg) or by
phentolamine (0.2 mg).
The depressor actions of small doses (1 - 4 pg) of intra-
arterially administered adrenaline, noradrenaline and
isoprenaline were antagonised, and in the former two
instances reversed, by propranolol (0.6 mg).
The pressor actions of intravenously administered
adrenaline, noradrenaline and N-ethylnoradrenaline were
reversed by phentolamine (0.5 mg). Noradrenaline

exhibited a greater depressor potency than adrenaline.
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ADULT RABBITS

in vitro experiments

The majority of the fourteen experiments were performed
using an isotonic lever, although in a few instances an
isometric lever was used. This latter recording system
usually reduced the spontanelty and sensitivity of the tissue,
but no qualitative differences were noted in the results
obtalned using the two systems. The spontaneous activity of
the preparations was not influenced appreciably by the
different bathing media employed and the majority of
preparations exhibited rhythmic contractions, although these
were not apparent at first in tissues which had been stored.

Concentrations of adrenaline greater than 1 x 10"9 or of
noradrenaline greater than 1 x 10-8 caused contractions of the
uterus (Fig. 30a, 31; pp. 216, 217). Similar concentrations
of lsoprenaline inhibited the spontaneous activity (Fig. 31, 32;
pp. 217, 218). In contrast to the results obtained in vivo,
where in many experiments adrenaline and noradrenaline caused
an inhibition of spontaneous activity after the initial
excltatory effect, these amines produced solely excitatory
actions at all concentrations in the in vitro preparations.

It was found that if the concentration of 1isoprenaline
administered was approximately 1000 times greater than the
minimal effective concentration to cause inhibition 1t would,

on repeated application, produce an excitatory effect. The
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first high concentration, e.g. 4 x 10”7, produced only
inhibition of the uterus. A following identical concentration
usually had little effect and then subsequent concentrations
caused contractions of the uterus. Concentrations of

2 X 10-5 - b x 10"LP were effective in producing excitatory
actions and dose-response curves could be obtained (Fig. 32,
p. 218). Occasionally, if the first concentration was as
great as 2 x 10-4, then a motor effect could be observed
immediately, without the need for the repeated application of
isoprenaline (Fig. 30b, 35; pp. 216, 221). The lower
concentrations of isoprenaline, which previously had inhibited
the uterus, did not produce any effects after the employment
of the higher concentrations of this amine, The Neethyl-

and ga=ethyl-substituted noradrenalines produced excltatory
effects (Fig. 30a, p. 216), but both amines were less potent
than noradrenaline. The following approximate ratios of
equiactive concentrations to cause excitation were, in terms of
noradrenaline = 1.0 (at a concentration of 1.9 x 1077);
adrenaline = 0.15; N=ethylnoradrenaline = 9;
a=ethylnoradrenaline = 205; 1isoprenaline = 1,820 (Table 13,
ps 203). The excitatory actions of noradrenaline,
N-ethylnoradrenaline, a~ethylnoradrenaline and isoprenaline
were potentiated after the employment of concentrations of

isoprenaline necessary to exert motor effects (Fig. 30b, p. 216)

The following ratios of equliactive concentrations to cause
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excitation after isoprenaline were, 1n terms of adrenaline =

8); noradrenaline = 2.5;

1.0 (at a concentration of 2 x 10~
N-ethylnoradrenaline = 12.0; a-ethylnoradrenaline = 850;

isoprenaline = 5,250,

8 _ 10'5) was able to induce an

Although isoprenaline (107
inhibitory effect on the uterus (Fig. 32, p. 218), the other
sympathomimetic amines studied were observed rarely to exert
suech an action. In one experiment (Fig. 30a, p. 216) a
concentration of 8 x 10-7 N-ethylnoradrenaline caused a
biphasic effect of exciltation followed by inhibition of
noradrenaline-induced contractions of the uterus, while a
concentration of 1.6 x 10-6 or greater produced an excitatory
effect. Similarly 1 x 10"5 a-ethylnoradrenaline caused an
inhibitory effect, while 2 x 10'5 or a higher concentratlon
produced a contractlon. Adrenaline and noradrenaline did not
inhibit eilther the spontaneous or the acetylchollne-induced
uterine contractions., Concentrations below the lowest
effectlve excitatory concentration produced no observable
change (Fig. 31, p. 217).

The excitatory actions of adrenaline, noradrenaline,
isoprenaline, a-ethyl and N-ethyl-substituted noradrenalines
were blocked by 4 x 10™5 tolazoline (Fig. 35, p. 221), but a
more complete blockade was achieved with 1 x 10"6 phentolamine
(Fig. 34, p. 220), since the former blocking agent exhibited

an excltatory effect 1tself in concentrations required for
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a=-receptor blockade. Phentolamine did not influence the
inhibitory action of isoprenaline (Fig. 34, p. 220) or the
excltatory effect of acetylcholine. The exposure of an
inhibitory action of the amines after a-receptor blockade was
most marked with Ne-ethylnoradrenaline. An inhibitory response
was obtained also to noradrenaline after phentolamine. The
inhibitory action of adrenaline in this respect was very weak,
causing a small inhibitory effect in only two out of five
experiments (Fig. 34, p. 220). These actions of the amines
after phentolamine were very similar to those obtained in vivo
where, although N-ethylnoradrenaline and noradrenaline readily
caused inhibitory responses, adrenaline caused only a weak
inhlibitory effect with concentrations much higher than those
necessary to produce a contractile effect before phentolamine.
The approximate ratios of equiactive concentrations of the
amines to cause inhibition after phentolamine were, in terms of
noradrenaline = 1 (at a concentration of 8 x 10'7);
adrenaline = 2.0; Ne-ethylnoradrenaline = 0.25;
1soprenaline = 0.05 (Table 19, p. 209). Propranolol, in
concentrations of the order of 10-8, antagonlsed the inhibitory
action of low concentrations (10"7) of isoprenaline, It did
not alter appreciably the ability of adrenaline to exert
contractile effects, but the motor actions of noradrenaline,
N-ethylnoradrenaline and isoprenaline were enhanced after

propranolol (Fig. 33, p. 219). The approximate ratios of
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equiactivé concentrations to cause excltation after
propranolol were, in terms of noradrenaline = 1.0 (at a
concentration of 8 x 10°°); adrenallne = 0.25;
N-ethylnoradrenaline = 3.8; isoprenaline = 250,

It was found that storage of the excised uterine tissue
in Krebs or Tyrode solution at 1 - 5°C for periods of up to
five days increased the sensitivity of the tissue to
adrenaline, noradrenaline and isoprenaline. The number of
results obtained did not allow an accurate quantitative
evaluation of the activity, but it was noticeable that the
increased sensitivity occurred both to the contractile effects
of adrenaline and noradrenaline as well as to the relaxant
effect of isoprenaline. It was not evident that the motor
action of adrenaline was potentiated more than that of

noradrenaline or vice versa. The maximum effect was reached

after storage for two days and subsequently there was a slow
loss of sensitivity to the three amlines. In contrast, there
was a gradual decline in sensitivity to acetylcholine

throughout the period of storage of the tissue.
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IMMATURE RABBITS

in vivo experiments

Owing to the small size of the uterus of immature rabbits,

it was not possible to record uterine responses in vivo.

IMMATURE, UNTREATED RABBITS

in vitro experiments

The early experiments were carried out with the New
Zealand White strain of rabbit. Uteri from animals less than
six weeks old were devoid of spontaneous activity and did not
respond to the sympathomimetic amines or to acetylcholine.

In uteri from older animals responses to adrenaline and to
noradrenaline were obtained. In some experiments these were
excitatory but more often, in contrast to the responses of
uteri from adult animals, inhibitory responses were produced.
In an attempt to explain these different results in apparently
similar preparations the precise ages and weights of the
animals, and the weights of the uteri were recorded (Table 18,
pe 208)., It was found that in six experiments using uteri
from rabbits aged 7 - 11 weeks both adrenaline and
noradrenaline produced solely inhibitory actions (Fig. 36,

pe. 222), or biphasic effects. These biphasic actions
consisted of a wezak excitatory effect followed by a greater
inhibitory component. The excltatory component of such a

biphasic response to adrenaline was always larger than the
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excitatory component of a response to noradrenaline which
produced a comparable lnhibitory effect. In contrast, in
older but still immature animals the responses were
qualltatively simllar to those obtained in adult animals,
although the uteri were generally less senslitive to adrenaline
and to noradrenaline.

Similar results were obtalned using Dutch rabbits
(Table 18, p. 208) except that, as this strain matures earlier
than the larger New Zealand Vhite rabbit, it was possible to
record responses to the sympathomimetic amines when the
anlmals were five weeks old. In two experiments using Dutch
rabbits which were four weeks old the uterl were insensitive
both to the amines and to acetylcholine. In six preparations
from Dutch rabbits which were 5 - 8 weeks old adrenaline and
noradrenaline produced predominantly inhibitory responses.
In one experiment with a uterus from a seven week o0ld animal
adrenaline produced excitatory effects while noradrenaline

7

caused inhibition with concentrations of the order of 10~ ' and

excitation with concentrations of the order of ].O-6 (Fig. 37,
Pe 223). In animals older than nine weeks the responses were
similar to those obtailned in the adult animal, but the
preparations were less sensitive to the amines.

Isoprenallne produced an inhlbltory effect in all the
preparations from immature rabbits (Fig. 36, p. 222). The

uterl from immature rabbits were much more sensitive to
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isoprenaline than the uteri from adult animals, Effective
inhibitory concentrations of isoprenaline were of the order of

10-10

on preparations from immature animals, while
concentrations of the order of 10-8 produced similar effects

on the uteri from adult rabbits. In no instance was it
possible to elicit a contraction of the uterus from the lmmature
rabbit with isoprenaline using concentrations as great as 10"4.
although similar concentrations readily caused contractions of
the uteri from adult animals,

N=Ethylnoradrenaline produced solely inhibitory responses
(Fig. 36, p. 222), except in one experiment with an eight week
0ld rabbit in which a biphasic response was recorded. This
contrasted with its motor action in the adult animal, except
on one occasion where a biphasic response also occurred in the
adult (Fig. 30a, p. 216).

The approximate ratios of equliactive concentrations to
cause inhibition (using New Zealand White rabbits less than
eleven weeks old, and Dutch rabbits less than eight weeks old)
were, in terms of noradrenaline = 1.0 (at a concentration of
7¢5 X 10-7); adrenaline = 6,9; N-ethylnoradrenaline = 0.5;
isoprenaline = 0.03 (Table 14, p. 204).

After treatment with 4 x lO'6

phentolamine, consistent
inhibitory responses were obtained with concentrations of
adrenaline which previously had induced only excitation.

However, the a=blocking agent did not influence greatly the
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inhibitory activities of adrenaline or of lsoprenaline, but
there were slight increases in the inhibitory activities of
noradrenaline and N-ethylnoradrenaline (Table 19, p. 209).

In two experiments after propranolol (4 x 10'8) had been added
to the bathing solution, the inhibitory actlons of adrenaline
and noradrenaline were antagonlsed, exposing excitatory
effects (Fig. 36, p. 222). Adrenaline was approximately twice
as potent as noradrenaline in initiating these excitatory
effects. The inhibitory action of isoprenaline was
antagonised but not reversed by propranolol. In one
experiment using propranolol an Neethylnoradrenaline-initiated
inhibltion was antagonised but no subsequent excltatory actlon
was observed, even with a 50~fold increase in the
concentration of N-ethylnoradrenaline (Fig. 36, p. 222).

In a Dutch rabblt which was twelve weeks o0ld adrenaline,
noradrenaline and N-ethylnoradrenaline produced motor effects
which were reversed by 4 x 10'-6 phentolamine, and the subsequent

inhibitory responses were antagonised by 4 x 10'7 propranolol.
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IMMATURE, OESTROGEN-TREATED RABBITS

in vitro experiments

Treatment with oestradiol (p. 156) caused a six- to
nine-fold increase in the uterine weights when compared with
the welghts of uterl from untreated animals (Table 18, p. 208),
Spontaneous activity varied considerably in magnitude and
frequency in the four preparations studied.

In contrast to the results obtained on uteril from
untreated immature animals adrenaline, noradrenaline and
N-e thylnoradrenaline caused strong motor effects (Fig. 38,
Pe 224). Excitatory effects were observed also with
concentrations of the order of 10~ isoprenaline (Fig. 39,
Ds 225). Phenylephrine (4 x 10-8) induced a motor response
but it was less potent than adrenaline. Not only
qualitatively but also quantitatively the responses to the
amines were similar to those recorded from the uterus of the
adult animal (Fig. 30, 32, pp. 216, 218), The approximate
ratios of equiactive concentrations to cause excitation were,
in terms of noradrenaline = 1.0 (at a concentration of
0.8 x 10'7); adrenaline = 0,38; N-ethylnoradrenaline = 8;
a-ethylnoradrenaline = 1,000; 1isoprenaline = 8,000 (Table 14,
p. 204).

In regard to any inhibitory actlivity only isoprenaline

(1077 - 10—6) was able to exert such an action (Fig. 39,
Ds 229 .
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IMMATURE, PROGESTERONE=-TREATED RABBITS

in vitro experiments

Two Dutch rabbits which were seven weeks old were treated
with progesterone (p. 156) which caused a five-fold increase
in the uterine weights when compared with the weights of uteri
from untreated animals of the same age (Table 18, p. 208).

The excitatory responses to adrenaline, noradrenaline and
N-ethylnoradrenaline were not different qualitatively from the
responseg of uteri from immature animals treated with
oestradiol alone. Quantitatively however, the preparations
were approximately ten times less sensitive to the three amines.
The approximate ratios of equiactive concentrations to cause
excitation were, in terms of noradrenaline = 1.0 (at a
concentration of 14 x 1077); adrenaline = 0.6;
N-ethylnoradrenaline = 6.5 (Table 14, p. 204).
a=Ethylnoradrenaline and isoprenaline, in concentrations up to

L x 10"1‘L

, falled to produce excitatory effects.

Inhibitory actions were produced by isoprenaline,
N-ethylnoradrenaline and a-ethylnoradrenaline, but adrenaline
and noradrenaline were devoid of any inhibitory activitye. The
sensitivity of the preparations to isoprenaline in producing

inhibition was much lower than the sensitivity of uteri from

untreated animals.
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IMMATURE, OESTROGEN + PROGESTERONE~TREATED RABBITS

in vitro experliments

A six week old Dutch rabbit was treated with oestradiol
and progesterone (p. 156) which resulted in a twelve-fold
increase in the uterine weight when compared with the uterus
from an untreated animal of the same age (Table 18, p. 208).
In a second experiment similar treatment with oestradiol and
progesterone caused a five=fold increase in the weight of the
uterus of a seven week o0ld rabbit.

Excitatory actions were produced in both experiments by
adrenaline, noradrenaline, a-ethylnoradrenaline,
N-ethylnoradrenaline and isoprenaline, and the approximate
ratios of equiactive concentrations to cause excitation were,
in terms of noradrenaline = 1.0 (at a concentration of
3.1 x 10~7); adrenaline = 0.13; N-ethylnoradrenaline = 2.3;
a=-ethylnoradrenaline = 100; 1soprenaline = 724 (Table 14,

p. 204),

Adrenaline did not cause any inhibltory effects, but in
one experiment noradrenaline, in a concentration of 4 x 10'8,
produced solely an lnhibitory effect and concentrations of

8

8 x 10™° - 8 x 107 produced biphasic responses of stimulation

followed by inhibition. Higher concentrations produced solely
excltatory actlons. Isoprenaline produced uterline inhibition

6

in concentrations ranging from 1072 - 107°,
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After treatment with 4 x 1077 propranolol, the inhibitory
component of the response to noradrenaline was abolished and
the activity of the amine in eliciting a motor effect was
enhanced. The motor activity of lsoprenaline also was enhanced
so that the following approximate ratios of equlactive
concentrations to cause excitation after propranolol were, in
terms of noradrenaline = 1.0 (at a concentration of 5 x 10'8);

adrenaline = 0.8; phenylephrine = 1.0; 1isoprenaline = 640,
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OVARIECTOMISED, UNTREATED RABBITS

in vivo experiments

Four attempts were made to record uterine actlivity 1n
untreated ovariectomised animals. In each experiment the
uterus was considerably atrophied and avascular, and in two
experiments no spontaneous actlvity was recorded.

These preparations were relatively insensitive to the
catecholamines, and in one experiment stimulation of the
hypogastrlc nerve had no observable influence on uterine
activity. Of the five catecholamines employed only adrenaline
and noradrenaline produced excitatory effects (Table 15,

p. 205) and, as in the normal adult animal (Fig. 24, p. 210),
these effects were usually followed by a secondary inhibitory
component (Fig. 40, p. 226).

In regard to inhibitory activity not associated wlth a
previous excitatory component, it was fouhd that noradrenaline
and N-ethylnoradrenaline in doses of the order of 1 pg caused
such an effect, However, adrenaline caused in most 1lnstances
a blphasic effect of stimulation followed by inhibition, as in
the normal adult rabbit. In contrast to the normal adult
however, if a dose of adrenaline was chosen just below that
requlred for excitation, it was possible to produce solely an
inhibitory response, but this was demonstrated only in one
experiment (Fig. 40, p. 226). The approximate ratios of

equlactive doses to cause inhibition were, in terms of
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noradrenaline = 1.0 (at a dose of 2 upg); adrenaline = 1l.0;
N-ethylnoradrenaline = 0.25; isoprenaline = 0.1 (Table 15,
pP. 205).

Doses of adrenaline, noradrenaline and N-ethylnoradrenaline,
which previously had initiated uterine inhibition, caused
contractile effects after an intravenous injection of 1 mg
propranolol. The approximate ratios of equiactive doses to
cause excitation after propranolol were, in terms of
noradrenaline = 1.0 (at a dose of 2 pg); adrenaline = 0,5;
N~ethylnoradrenaline = 2.5. The action of 1 ug isoprenaline
was blocked by propranolol but no excltatory activity was
revealed.

Blood pressure responses recorded at the same time as the
uterine movements did not appear to be appreclably different

from those obtained in normal adult animals.

in vitro experiments

In four experiments one uterine horn was set up which had
been stored overnight after removal from an animal which had
been used in an in vivo experiment. On two occaslons both
uterine horns were removed from freshly killed rabbits and the
second horn was used after storage overnight. Similar results
were obtained from the stored tissue to that used immediately
following removal from the animal. The preparations were

usually qulescent although stored preparations sometimes showed
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a small degree of spontaneous activity.

Excitatory responses were obtained to adrenaline,
noradrenaline, N-ethyl- and a=-ethylnoradrenaline. The
preparations were approximately eight times less senslitive
to these amines when compared with their activities in the
adult animal.,. No contractions could be obtained with high
concentrations (10'4) of isoprenaline (Fig. 42, p. 228).

The approximate ratios of equiactive concentrations to cause
excitation were, in terms of noradrenaline = 1.0 (at a
concentration of 14 x 10'7); adrenaline = 0.19;
N-ethylnoradrenaline = 14; a-ethylnoradrenaline = 200 (Table
16, p. 206).

In regard to inhibitory activity, in only two out of
seven experiments was it possible to demonstrate an inhibitory
action of adrenaline, and in these instances it was very weak,
a small increase in concentration resulting in a contraction.
A1l the other amines exerted inhibitory actions in
concentrations considerably lower than those required to
contract the tissue (Fig, 41, p. 227), e.g. for noradrenaline
an inhibitory response was obtained with a concentration of the

-6 -

order of 10'9, whereas a concentration of 1.2 x 10 as

requlred for an excitatory effect.

8 noradrenaline relaxed a

In one experiment 8 x 10~
preparation contracted by acetylcholine, while a similar

concentration of adrenaline caused a contraction which summated
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with the acetylcholine contraction (Fig. 42, p. 228), As the
concentration of noradrenaline was lncreased the response
changed first to a blphasic effect of excitation followed by
inhibition and then to solely an excitatory effect, The
excltatory activity of noradrenaline was however, much lower,
and the ratio of the concentration of noradrenaline to the
equiactive concentration of adrenaline was much greater than in
the normal adult rabbit. Isoprenaline was at least 100 times
more potent in causing uterine inhibition in these preparations
than in the adult rabbit (compare Fig. 31, 41; pp. 217, 227).
The approximate ratios of equiactive concentrations to cause
inhibition were, in terms of noradrenaline = 1.0 (at a
concentration of 0.47 x 10'?); adrenaline = 7.5;
N-ethylnoradrenaline = 0.04; o=-ethylnoradrenaline = 2.8;
isoprenaline = 0.02 (Table 16, p. 206).

After treatment with 4 x 10-6 phentolamine, consistent
inhibltory responses were obtained with concentrations of
adrenaline whlch previously had induced only excitation. The
a-blocking agent did not influence greatly the inhibitory
potencies (Fig. 41, p. 227) of adrenaline and noradrenaline,
although those of N=ethylnoradrenaline and isoprenaline were

increased (Table 19, p. 209).
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OVARIECTOMISED, OESTROGEN-TREATED RABBITS

in vivo experiments
—

In one rabbit given oestradiol (p, 156) following
ovariectomy the uterus was of a similar appearance to that of
the normal adult animal. The uterus was fully relaxed and
devoid of spontaneity.

Adrenaline, noradrenaline and N-ethylnoradrenaline
produced solely excitatory actions (Fig. 43, p. 229). The
approximate ratios of equiactive doses to cause excltation were,
in terms of noradrenaline = 1.0 (at a dose of 4.0 pg);
adrenaline = 0.13; N-ethylnoradrenaline = 10 (Table 15,

DPe 205).

Although inhibitory responses would not have been directly
observable, that they were not apparent was indicated by the
absence of any decrease in the excitatory activity of repeated
doses of the amines. a=Ethylnoradrenaline in doses of up to
0.5 mg failled to exert either excitatory or inhlbitory actlons.

The activity of Ne-ethylnoradrenaline on the blood pressure
also was demonstrated, An initial intravenous dose of 2.5 ug
produced a 10 mm Hg depressor response. Subsequent 2 - 5 ug
doses had 1ittle action, but graded pressor responses were
caused by 25 and 50 ug (Fig. 43, p. 229). The amine
possesgsed 1/30th of the pressor activity of noradrenaline,
a-Ethylnoradrenaline produced no appreciable pressor activity in

doses of up to 0.5 mg, but doses of 0.,05 - 0.5 mg caused small
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depressor effects.

in vitro experiments

In two experiments strong spontaneous contractlons were
recorded and it was found beneficial to use an isometric lever.

A11 five catecholamines caused excltatory effects and the
responses obtained were similar to those observed in the
untreated adult animal. The approximate ratios of equiactive
concentrations to cause excitatlion were, in terms of
noradrenaline = 1.0 (at a concentration of 2.1 x 10'7);
adrenaline = 0.3; Neethylnoradrenaline = 3;
a~ethylnoradrenaline = 175; isoprenaline = 2,800 (Table 16,

p. 206).

No inhibitory responses occurred to adrenaline,
noradrenaline and N=ethylnoradrenaline. Isoprenaline produced
inhibitory effects wlith concentrations from 10"9 - 10-6. This
indicated that the oestrogen~treated preparation was at least
100 times less sensitive to the inhibitory actlon of
isoprenaline than was the uterus from the untreated,
ovariectomised animal. In one experiment concentrations of
the order of 10"6 a=ethylnoradrenaline inhibited the
spontaneous activity after causing an initial weak motor

effect.
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OVARIECTOMISED, PROGESTERONE-TREATED RABBITS

in vivo experiments

In one experiment progesterone administration (p. 156)
did not change the appearance of the uterus from its atrophied
state caused by ovariectomy and the preparation showed no
spontaneous activity.

Adrenaline, noradrenaline and N-ethylnoradrenaline
produced excitatory effects, but isoprenaline was devoid of
excltatory activity in doses of up to 4 mg, even though these
doses produced pressor effects. The approximate ratios of
equliactive doses to cause excltation were, in terms of
noradrenaline = 1.0 (at a dose of 3 pg); noradrenaline = 0.67;
N-ethylnoradrenaline = 2.7; a=ethylnoradrenaline = 6,7
(Table 15, p. 205).

Isoprenaline exerted inhibitory actions with doses from
1 - 10 ug. The excitatory action of N=ethylnoradrenaline
was followed always by an inhibitory phase, but adrenaline and

noradrenaline produced no inhibitory effects.

in vitro experiments

In contrast to the activity of the uteri from animals
treated with oestradliol, these preparations from progesterone-
treated rabblts exhibited only weak spontaneous contractions

in the two experiments performed.
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The main difference between the responses of these
preparations and those from untreated, or from oestrogen-
treated, ovariectomised animals was thelr relative
insensitivity to the catecholamines. Concentrations of
adrenaline, noradrenaline and N-ethylnoradrenallne necessary
to produce excltatory effects were 20 - 30 times higher than
those required to produce similar effects on the uterl from
cestrogen-treated rabblts. This insensitivity was manifested
also by the absence of any excltatory responses both to
a-ethylnoradrenaline and to isoprenaline. The approximate
ratlios of equlactive concentrations to cause excitation were,
in terms of noradrenaline = 1.0 (at a concentration of
24 x 10'7); adrenaline = 0.5; N-ethylnoradrenaline = 2,7
(Table 16, p. 206).

Isoprenaline exerted solely inhibitory effects, but a
relatively high concentration (6 x 10"8) was necessary for a
minimal response. Similarly, relatively high concentrations of
N-ethylnoradrenaline (4 x 10~7) and a-ethylnoradrenaline
(4 x 10'5) were required to produce inhibitory responses.

These were at least 100 times greater than those which produced
comparable effects in untreated, ovariectomised rabbits

(Table 16, p. 206), Adrenaline and noradrenaline failed to
exert inhibltory actlons in these progesterone-treated
preparations, 1in contrast to theilr effects on uteri from

untreated animals.
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OVARIECTOMISED, OESTROGEN 4 PROGESTERONE-TREATED RABBITS

in vivo experiments

In one rabbit glven oestradlol and progesterone (p. 156)
following ovariectomy the uterus was of a simllar appearance
to that of the normal adult animal. The uterus exhibited
irregular spontaneous activity, the contractlions varylng both
in intensity and in frequency.

Adrenaline and noradrenaline produced contractions of the
uterus without appreciably altering the appearance of the
spontaneous activitye. N~ethylnoradrenaline caused a
biphasic effect of contraction followed by inhibition of the
uterine spontaneity. The inhibitory component of the response
was more pronounced than the preceding excitatory effect.
Isoprenaline in doses of up to 4 mg falled to produce
excltatory actions on the uterus even though doses of this
order produced pressor effects. The approximate ratios of
equlactive doses to cause excltation were, in terms of
noradrenaline = 1.0 (at a dose of 4 ug); adrenaline = 0.5;
N-ethylnoradrenaline = 25 (Table 15, p. 205).

Isoprenaline exerted solely inhibitory actions with
doses from 0.5 pug - 4.0 mg. N-ethylnoradrenaline exerted
inhlibitory actions with doses from 10 - 100 ug, but these

effects were preceded always by a contraction of the uterus.
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in vitro experiments

In three experiments results were obtailned which were not
greatly different from those recorded from the uteril of
animals treated with oestradiol alone. However, the
spontaneous activity was more pronounced than in the latter
preparations.

All the five amlnes produced excitatory actions which were
not assoclated with any following inhibitory phase (Fig. 44,
Pe 230)« The approximate ratios of equlactive concentrations
to cause exclitation were, 1n terms of noradrenaline = 1.0
(at a concentration of 0.72 x 10'7); adrenaline = 0.56;
N-ethylnoradrenaline = 10.8; a-ethylnoradrenaline = 306;
isoprenaline = 2,222 (Table 16, p. 206).

9

Inhibitory effects were produced by 10 °~ = 107

4 a-ethylnoradrenaline (Fig. 44,

isoprenaline and 4 x 10~
Ps 230), but neither adrenaline, noradrenaline nor
N-ethylnoradrenaline exerted inhibitory actions.

In two out of three experiments B-receptor blockade was
achleved with (1) propranolol (Fig. 45, p. 231), and (iil)
repeated large concentrations of isoprenaline. This resulted
in a lowering of the effective concentration of the
sympathomimetic amine necessary to produce an excltatory effect.
The approximate ratios of equlactive concentrations to cause
excltation after f-receptor blockade with propranolol were, in

terms of noradrenaline = 1.0 (at a concentration of 2 x 10-8);
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adrenaline = 0.5; N-ethylnoradrenaline = 2.5;
a=ethylnoradrenaline = 125; 1isoprenaline = 500.

A summary of the results of the experiments performed on
the isolated uterus of the rabbit is given in Table 17 (p. 207).
The table indicates the transition in the nature of the
responses of the uteri to the sympathomimetic amines through
the different sexual states of the animals. It also contrasts
the concentrations effective for excitation and for

inhibition in each sexual state.,
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DISCUSSION

The existence of aq-excitatory and f-inhibitory adrenerglc
receptors in the uterine smooth muscle of the adult rabbit
was demonstrated by Ahlquist (1948). His work has been
extended, in vivo and in vitro, by using both the a- and
p-adrenergic blocking agents currently avallable as well as a
series of sympathomimetlic amines. a=Ethylnoradrenaline has
been used because of 1ts value as a detector of adrenerglc
receptor types (Levy, 1959; Levy and Ahlguist, 1960).
N~ethylnoradrenaline has been employed because of 1its
intermediate structure between adrenaline and lsoprenaline.

In contrast to the responses of the uterus of the rat,
the predominant responses to sympathomimetic amines of the
uterus of the adult rabbit were found to be excitatory. Only
isoprenaline exerted solely an inhibitory action. Even with
Neethylnoradrenaline, which possesses a greater inhlibitory
activity than adrenaline or noradrenaline, an excitatory
actlion was obtained. This confirms previous reports of 1its
action in vitro on this tissue (Konzett, 1940; Lands et _al.,
1948; McDougal and West, 1954). In the majority of in vivo
experiments in which the uterus exhibited spontaneous activity,
a secondary inhibltory response to adrenaline, noradrenaline
and N-ethylnoradrenaline occurred, in contrast to the solely
motor action of these amines in vitro. This was noted by

Ahlquist (1948) who indicated that the effects of the amines on
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the uterine vasculature were most likely to be responsible for
these differences between in vivo and in vitro myometrial
responses., The fact that, after adminlistration of phentolamine,
both the motor and the secondary inhibltory actions of
adrenaline on the uterus were antagonised, suggests that the
secondary inhibitory component occurred indirectly as a result
of stimulation of a-receptors. Thus a uterine
vasoconstriction could have been caused either by direct
stimulation of a-receptors in the vasculature or by pressure
exerted externally upon the blood vessels by the contracting
uterine muscle., The resulting decrease in blood flow in the
uterus may have caused a temporary ischaemla and thus
produced the secondary inhibltory action observed after the
injection of adrenaline. This was not so for noradrenaline
and Ne-ethylnoradrenaline, where the secondary inhibitory
component persisted after a-receptor blockade and was blocked
subsequently by propranolol. This indicates the greater
abllity of noradrenaline and N-ethylnoradrenaline to stimulate
myometrial B-inhibitory receptors as compared with adrenaline.

Isoprenaline caused an excitatory effect on the 1solated
uterus, an effect noted by Luduena (1962). The concentration
required to produce this effect was approximately 10,000 times
that necessary to produce a submaximal inhibitory action. In
the work reported here, it was shown that the repeated

injection of doses of this order, l1.e. 1 = 10 mg, also caused
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excitatory effects on the uterus in vivo. This reversal,
from the usually observed inhibitory action with low doses,
occurred in parallel with a reversal of its depressor action
on the arterial blood pressure. The pressor response to
repeated large doses of lsoprenaline was reported by
Butterworth (1963a, b) using the cat. The uterine excitatory
responses and pressor effects caused by all the amlnes,
including isoprenaline, were antagonised by tolazoline and
phentolamine, indicating that they were mediated by a~receptors.
This was supported also by the order of potency of the amlnes
in producing a contraction of the uterus in the presence of
propranolol, l.e. adrenaline > noradrenallne >
N-ethylnoradrenaline > a-ethylnoradrenaline > isoprenallne.

The effects on the uterus of hypogastric nerve stimulation
resembled closely the effects of adrenaline and noradrenaline
in vivo, causing biphasic responses of excltatlon followed by
inhibition. The secondary inhibitory component of this
response to nerve stimulation was not observed after treatment
with a-blocking agents, indicating that 1t was medlated
indirectly by a-receptors rather than directly by B-receptors
as was found with adrenaline (p. 190). The excitatory response

to nerve stimulation was reduced but could never be abollshed
by the doses of oa=blocking agents employed. Therefore 1t was
not possible to determine whether a reversal to a solely

B=inhibltory effect could be achieved as with noradrenaline.
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Other workers found that, after a complete blockade of
a-receptors, nerve stimulation resulted 1in uterine inhibition
(Mann, 1950; Miller and Marshall, 1965), a response which
was elicited via B-receptors (Miller and Marshall, 1965) .

Although isoprenaline was the only amine which inhibited
the uterus of the adult rabbit, the other amines were able to
induce such an effect after treatment with phentolamine and
the following order of inhibitory potency was produced:
isoprenaline > N-ethylnoradrenallne > a-ethylnoradrenaline >
noradrenaline > adrenaline. This order, together with the
observation that the inhibitory responses were antagonised
by propranolol, indicated the presence of @-receptors.

The excitatory potency of adrenaline on the uterus of the
rabbit was greater than that of noradrenaline. This effect
was not confined to the uterus because adrenalline also
produced a greater pressor action than noradrenaline in rabbits,
as indicated by Ahlquist (1948). Further, noradrenaline
possessed the greater depressor actlon after o-blockade by
phentolamine. It 1s also pertinent that noradrenaline was
found to be the more potent in activating the uterine
B-receptors, as indicated by lts greater inhibitory potency
on uteri of immature animals, or on uteri of adult animals
after o~-receptor blockade., This explains the observations
that, while hypogastric nerve stimulation (Sauer et al., 1935)

and noradrenaline (Euler, 1946) sometimes caused relaxation
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of the uterus from a pregnant animal, adrenaline falled to
produce such an effect. It also accounts for the observation
that after the intravenous administration of dibenamine to the
adult rabbit, the effects of noradrenaline and of hypogastrlc
nerve stimulation were reversed to produce uterine relaxatlon,
while the response to adrenaline was still a contraction (Mann,
1950).

The responses of the uterus of the rabbit to the
sympathomimetic amines were found to vary according to the
physiological state of the uterus. In the adult rabbit no
appreciable variation in responses to the amines occurred
between different animals. The actlions of amines on the uterus
of the immature rabbit however, differed from those of the
adult. The predomlnant actions of adrenaline and noradrenaline
were inhibitory and although in some experiments the two amines
were able to exert motor effects these were weak and followed
always by an inhibltory phase. The inhibitory actlion of
noradrenaline was greater than that of adrenaline and the
inhibitory component of a biphasic response to noradrenaline
was always greater than the inhibitory component of a response
to a concentration of adrenaline which produced a comparable
excltatory effect. The reduced excltatory activity of the

amines was evident also In that isoprenaline was unable, even

in high concentrations, to exert excitatory effects. This

change in activity was most clearly evident with



- 194 -
N-ethylnoradrenaline which exerted solely motor effects on the
uterus of the adult rabbit, while on the immature uterus
similar concentrations produced solely inhibition. The order
of the amines, when arranged in a serles according to their
relative inhibitory potencles, was opposite to the order
obtained for excitatory activity via oa-receptors in the uterus
of the adult animal. This, together with the fact that
propranolol antagonised the inhibitory actions, indicated that
the catecholamines acted predominantly at p-receptors in the
uterus of the lmmature rabblt in contrast to thelr predominant
action at a-excitatory receptors in the adult. The treatment
with propranolol caused the inhibitory or biphasic actions of
the amines to be converted into motor effects and the order
of excltatory activity of the amines was then similar to the
order obtalned using the uteri of the adult. Further, the
inhibitory actions of the amines on the uterus of the adult
after treatment with phentolamine closely resembled the results
obtalned using the untreated immature uterus. In both instances
noradrenaline possessed a greater B-inhibitory action than
adrenaline. These results are in contrast to those of lMann
(1950) who found that the responses of the immature uterus
to adrenaline and to noradrenaline in vitro were not different
from those recorded in adult animals. Balassa (1940) however,
reported that, while adrenaline contracted the uteri of

mature rabbits in vivo, it produced no effect on the uteri of
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immature animals with doses of 10 - 50 ug/kg. It 1s most
likely that these discrepancies have arisen over the term
®immature® rabbit. The animals used by Balassa were
800 - 1,000 g in weight, and therefore were probably under six
weeks o0ld even if they were of a small variety (Hammond and
Marshall, 1925), i.e. similar to the animals used in thls work.
Those used by Mann were “under six months old®. The smaller
stralns of rabbits are capable of mating at four months
(Hammond and Marshall, 1925), when presumably the hormonal
status governing the uterus is comparable to that of the
fully grown animal. It was found in this work that the uteri
from Yolder immature® rabbits responded similarly to uterl from
adult animals.

That the hormonal status of the anlmal 1is important in
determining the nature of the responses to the catecholamines
in this specles was indicated by the fact that the responses
of uteri from immature rabbits closely resembled those from
ovarlectomised adult animals. The excitatory activities
of the amines were reduced using these preparations when
compared with their actions on uterli from normal adult animals.
Further, treatment of the ilmmature and the ovariectomised,
adult animals with ocestradiol caused the uteri from these groups
to respond similarly to the uteri from normal adult rabbits.

Treatment of uteri from immature or ovariectomised, adult

rabbits with propranolol during the course of the experiment
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caused an effect similar to that produced by oestrogen
administration, and treatment of uteri from adult animals with
phentolamine caused responses simllar to those recorded in
immature and in ovariectomised anlmals. The administration of
oestrogen followed by progesterone did not produce appreclably
different results from treatment with oestrogen alone.
However, injection of progesterone alone depressed the activity
of the catecholamines in exerting either excitatory or
inhibitory effects; 1t did not qualitatively alter the nature
of these effects. Miller and Marshall (1965), using an
isolated hypogastric nerve-uterus preparation, reached simllar
conclusions concerning the influence of oestrogen on the
responses of the uterus of the immature rabblt to
catecholamines. Also these workers indicated that progesterone,
instead of having merely a depressant effect on the uterine
responses, actually had the opposite effect to oestradiol
in that it enhanced activity at the f-receptors and thus
accentuated or revealed the inhibitory responses to
catecholamines, Similarly, Willems and Schaepdryver (1966)
found that the motor effect of adrenaline in vivo on the
uterus of the oestrogen-treated rabbit was reversed to
inhibition on the uteril of rabbits which had receilved prior
treatment with Gestanon (17a~-allyl,f-hydroxy-estr-l4-ene), a
strongly progestational agent. It is pertinent to thls work
that Lish et al. (1960) reported that isoprenaline was able to
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induce contractions of isolated, oestrogen-dominated uterine
preparatlions with concentrations of the order of 10-5. These
were considerably lower than the concentrations reported by
others (Furchgott, 1959; ILuduena, 1962) on preparations from
rabbits which had not received oestradiol.

Thus the results obtalned in thls study indicate that
oestradlol lncreases the excltatory activity of
sympathomimetlic amines on the uterus of the rabbit. The
mechanlisms through which this enhancement of activity 1ls
brought about have not been elucldated, but the similarity
between the effects of the amines after oestradlol treatment
and after blockade with propranolol suggests that the
oestrogen may exert 1ts effect as a consequence of a changed
activity and/or avallabllity of the a- and B-adrenergilc

receptors in the uterus.
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SUMMARY

1.

3.

The presence of a-excitatory and B-inhibitory
adrenergic receptors has been demonstrated in the uterus
of the adult rabbit and the ovarlectomised adult rabblt,
both in vivo and in vitro, and in the uterus of the

immature rabbit in vitro.

Adrenaline, noradrenaline and Neethylnoradrenaline
produced qualitatively similar effects on the uterus of
the adult animal. Noradrenaline possessed a stronger
potency than adrenaline at uterine f-receptors and a
weaker potency at a-receptors. Of the three amines,
N-ethylnoradrenaline possessed the greatest activity at

B-receptors and the least activity at a-receptors,

Isoprenaline was able to exclite a-receptors in the

uterus of the adult rabbit in both in vivo and in vitro

preparations. This action was enhanced by blockade of
B-receptors with either propranolol or large doses of
isoprenaline. Doses which produced uterine contractions
also were able to induce stimulation of the a-receptors
in the arterial vasculature, thus initiating pressor

Tresponses,
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Stimulation of the hypogastric nerve in vivo 1in the
adult animal produced a biphasic response of excltation
followed by inhibition, an effect whlch paralleled the
actions of adrenaline and noradrenaline. Both
components of these biphasic responses to the amines were
blocked by phentolamine, but the effect produced by nerve

stimulation was much less readlly antagonlsed.

The responses of the uteri to the catecholamines
varied according to the sexual states of the rabbits.
Isoprenaline did not produce motor actions in vitro on the
uteri from untreated ilmmature rabbits or ovarlectomlsed
adult animals. Adrenaline, noradrenallne and
N-ethylnoradrenaline produced inhlbltory effects 1in these
preparations, although adrenaline sometimes produced an
initial contractlon. These effects were simllar to those
produced by catecholamlnes on the uterl from normal adult

rabbits after a partial blockade of adrenergic a-receptors.

Treatment of 1lmmature and of ovarlectomised adult
rabbits with oestradilol caused the responses of the uterl
from these animals to be converted into responses similar
to those observed uslng the uteri from intact adult
rabbits. These responses to the catecholamines after

oestradlol treatment were simllar to the responses observed
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after a partlal blockade of adrenerglc B-receptors in the
immature and ovarlectomlsed groups. Treatment with both
oestradiol and progesterone did not produce significantly
different results. Progesterone treatment alone did not
qualitatively alter the responses to the catecholamlnes

but lowered the sensitivity of the uterl to thelr effects.
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TABLES 12 - 19

FIGURES 24 - 45

Where the abbreviations and symbols used are not
explained at the foot of the Table or Figure, an explanation
1s glven in the Appendlix on page 278.

In Tables 12 - 16 each line shows the results from a
single experiment.

Mean values are included at the foot of each set of

flgures.
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TABLE 12
ADULT RABBITS

Ratio of the dose of sympathomimetic amine to the equlactlve
dose of l-noradrenaline.

in vivo experiments

Excitatory response

*Dose (ng) Ratio sympathomimetic amine/l-Nor
1-Nor 1-Adr | l-a-EtNor | 1-N-EtNor | d1-Iso
5 1.0 500
5 1.0 800
2 0.5 1,000
1 0.5 6
b 0.5 4

10 0.25 0.5
2 0.5
2 2.0

10 1.0

10 1.0
5 1.0
2 1.0
5 05
L, 8 =1 0.8 0.5 5 26

#Dose by retrograde injection into the femoral
artery to cause a Just submaximal contraction
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TABLE 13
ADULT RABBITS

Ratio of the concentration of sympathomimetic amine to the
equlactive concentration of l-noradrenaline,

in vitro experiments

Excitatory response

*Concl 1-Nor Ratio sympathomimetic amine/l-Nor
x 1077 1-Adr | 1-N-EtNor | 1-a-EtNor | d1-Iso
0.2 0.1 14,000
2.0 0.2 4,000
4.0 0.05 250
0.8 2,000
0.8 1,400

12,0 200
2.0 900
0.4 0.25 5 50
0.8 0.15 17 360
1.0 0.10 8
0.2 0.2 10
0.25 0.3 5
2.0 0.1
0.6 0.07
1.9 =1 0.15 9 205 1,820

*Concentration to cause a jJjust submaximal contraction.
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TABLE 14

IMMATURE RABBITS + HORMONE TREATMENT

Ratio of the concentration of sympathomimetic amine to the

equiactive concentration of l-noradrenallne.

in vitro experiments

% Conc® 1-Nor Ratio sympathomimetic amine/l-Nor
§ x 107 1-Adr l-N-EtNor l-o-EtNor dl-Iso
é *E #I | E I E I E I E I
- 2.0 | = 2 - | 0.7 0.002
8.0 LI’.O 0.5 2 - O.3 - 0002
40,0 H0.0 .0 | 5 - |0.0005
u|20.0 | 4.0 (0.2 | 5 0.05
Lnd 0.8 - 25 001
- 1.0 | = 2.5 0.0025
200.0 | 4.0 p.02] =
12,0 | 4.0 [0.33 -
7« 5=1 6.9 0.5 0.03
0.04| - lo.2 | = 4x10~2
0| 2.0 - jo.b - 8,000 uxlo'g
oh | - 0.8 - | 8 - |1,000|4x10~7!8,000] 4x10"
0.8=1 0.38 8 1,000 8,000
3.0 - 1.0 - |10 2x10~7| = 5| - 2xlo‘g
Pl 25.0 - .2 - '3 |sx10°7| - lsxi0=?| - |1ixio~
1}4"0:1 006 6.5 - -
ol .5 | - l.3] -] 1.9/2x0-°| 80| - 267 | 4x10=9
+ L 1.7 |04 j0.12] - | 2.6] 0.25 120! 50 11,180}0.025
P| 3.1=1 0.13 2.3 100 724

Concentration to cause:

*E
#I

a just submaximal contraction or
a 50% reduction in height of spontaneous or

acetylcholine-induced uterine contractilons.

amine

used but no action observed.
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TABLE 15

OVARIECTOMISED RABBITS + HORMONE TREATMENT

Ratio of the dose of sympathomimetic amine to the

equlactive dose of l-noradrenaline.

in vivo experiments

ormone DoieN(ug) Ratlo sympathomimetic a?ize/lgNor
- Or - we [\{um —. - p
treatment — 1-Adr L1-N-Etior EtNor d3-Iso
*E *1 E I E I E I|E I
5 2 0.5 1.0 - 0.25 0.1
5 2 Ol 1.0 - -
- - ZOug -
Untreated
5= 0.)4'5
2= 1.0 0025 0.1l
Oestrogen | 4 - 0.13] - |10 - - | -
Pro-
Oestrogen
+ Pro- L - 0.5 - | 25 20ug - | lug
gesterone
Dose by retrograde injection into the femoral artery to cause:
*¥E = a just submaximal contraction or
#I = a 50% reduction in height of spontaneous or
acetylcholine-induced uterine contractions.
- = amine used but no action observed.
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TABLE 16

OVARIECTOMISED RABBITS + HORMONE TREATMENT

Ratio of the concentration of sympathomimetic amine to
the equiactive concentration of l-noradrenaline.

in vitro experiments

% Conc? 1-Nor Ratio sympathomimetic amine/l-Nor
§ x 1077 1-Adr | 1-N-EtNor |l-a-EtNor d1-Iso
£ #B »I |E | I | E I E| I E I
.O 002 0005 - 14’ 0.0l 200 3 - 000005
0.1 - 0.10 3 0.0002
4,0 0.8 0.25| = Vi 0.005|200] 2.5 - |0.001
4.0 0425
Uigk,0 .0 0.50| = 0.01
0.0 [0.08 |lo.05] - 0,02
0.0 [0.04 |lo.0L| 5 0.005
0.0L 10 0.1
14 ,0=1 0.19 5.5 200 -
Oou’?——' 7.5 OoOL” 2.8 0.02
4.0 | - 0.2 | - | 3 - |150] - _| 800 2110'3
0]0.2 - Ot | = 200/ 4x10=°| 4,800 | 4x10~
2,1=1 0.3 3. 175 2,800| ,
Ph.0 | - 0.67| - | 1.3] - - - - 8x10'g
p 4.0 | - 0.33| -~ | &.1|4x10"7| - |4x107°| - |4xlo~
214’.0::1 005 2.7 - -
ol 0.2k | - 0.67] - |10 - |m7lex10-7|1,667|8x10~8
9l0.32 |- 0.5 | - |10 - |250|4x10~7|2,500|8x10~2
P 1.6 0.5 12.5 250 2,500
0.72=1 0.56 10.8 306 2,222

Concentration to cause:

*1

#E = a just submaximal contraction or
= a 50% reduction in height of spontaneous or

acetylcholine-induced uterine contractions.
- = amine used but no action observed.
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TABLE 17

RESPONSE OF THE UTERUS TO SYMPATHOMIMETIC AMINES

CORRELATION OF THE SEXUAL STATE OF THE RABBIT WITH THE

Concentration (x 10'8) to cause
excitation (E) or inhibition (I)
Sexual state
l-Adr 1-Nor 1-N-EtNor dl-Iso

E I E I E I E I
Adult 1.3 - 12 - 73 i 24,000{1.0
Ovariect. +
oestrogen + 3.7 = 6.7 - | 74| - 15,000{4.4
progesterone
Immature +
oestrogen + 4,0l = 32 4.0l 72| 1.5 |24,000{0.25
progesterone
Qvarlect., +
oestrogen b - 17 - 66 - 35,000{3.0
Immature +
OeS‘bI‘Ogen 1-2 - 5'6 - 12 — 18.000 1.2
Ovarlect, +
progesterone 120 - 270 - |870{h0 = 6.0
Immature +
progesterone 40 -| 120 ~ |500]30 = 1.5
Qvarlect.
untreated 12 |11} 150 4.,71650 0,087 - [0.038
Immature
untreated 112 671,400 40 - (17 - 0.40
#Total
= number of sexual states 1n which amlne caused an E or I

effect.

11

experiments.

1-Adr caused an inhibiltory effect in two of seven

experiments.,

1-N-EtNor caused an inhibitory effect in one of five
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TABLE 18

RELATIONSHIP BETWEEN THE AGE OF IMMATURE RABBITS AND THE

NATURE OF THE UTERINE RESPONSE TO SYMPATHOMIMETIC AMINES

in vitro experiments

Whole
Cong%tion Age ngggt Sterus Uterine response to
rabblt (weeks) | " (kg) w?ig?t 1-Adr | 1~Nor | 1-N~EtNor
mg
6 0.84 108 - -
6 0.68 114 - -
7 0.62 154 *T I
Immature 8 1.08 9L EL EL
New
Zealand 8 1,68 134 EI EI
Vhite 9 1.31 96 EI EX
11 1.25 234 I I
11 1.85 834 EX EL
12 1.75 750 E E
4 0.57 57 - - -
L 0.65 72 - - -
5 0,83 90 L I I I
Immature 5 0.70 97 I I I
Dutch 6 0.78 106 | I, EI I I
6 0.85 72 I I I
7 0.69 110 E I, E I
8 0.94 208 E B BEI
L 9 1.23 247 B E E
Immature
5 0.60 630
Dutch + to to to E E E
oestrogen 8 1.30 | 2,014
(4 expts) ' Il
Adult at at at
Dutch least least | least E E E
(14 expts) 20 2.00 5,000
*B excitatory response; I = inhibiltory response;

EL =

L -

biphasic response of excitatlon followed by inhibition.
= amine used but no action observed.
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TABLE 19

EFFECTS OF PHENTOLAMINE ON THE INHIBITORY ACTIVITY OF

SYMPATHOMIMETIC AMINES ON THE UTERUS OF THE RABBIT 1IN

DIFFERENT SEXUAL STATES.

in vitro experiments

|| Ratio of the concentration
Phentol- | geyxual #*#*Conce |l of sympathomimetic amine/
aming state 1-Nor 1l-Nor
10” x 1077
l-Adr | 1-N-EtNor | dl-Iso
adult *E *E #E b x 1077
Before immature 4,o 1.7 0.4 0.01
ovariect, 0.05 6.7 0.3 0.03
adult 8.0 2,0 0.25 0.05
After Immature 2.0 L.o 0.2 0.02
ovariect. 0.08 5.0 0.03 0.0005
*E = amine produced excitatory action only.

3

concentration to cause a 50% reduction in height

of spontaneous or acetylcholine-induced uterine
contractions.






































































- 232 -

THE RESPONSES OF THE HUMAN UTERUS

TO SYMPATHOMIMETIC AMINES

SECTION ITX
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HISTORICAL

RESPONSES TO SYMPATHOMIMETIC AMINES

Kehrer (1907) and R#lbsamen and Kligermann (1912) found
that small concentrations of adrenal gland extracts caused
powerful contractlons of 1isolated strips of human uterus taken
at Caesarean section. In 1914 Gunn suspended uterine strips,
and in one instance the complete uterus and Falloplan tubes
from a non-pregnant woman, in a Ringer solution and found that
an adrenal extract caused a contraction of the tissue. He
suggested that the sympathetic fibres to the uterus exerted
an excltatory role. Subsequent studles using the isolated
tissue showed that adrenaline invariably produced motor
effects, whether the uterus was from a preghant or from a
non-pregnant woman (Adalr and Haugen, 1939; Garrett, 1955a;
Quadros and Sinha, 1960; Lehrer, 1965; Stander and Barden,
1966; Wansbrough, Nakanishi and Wood, 1967).

In contrast, the results obtalned from in vivo studles
were not consistent, even though the recording methods used
by the different investigators were similar. Basically, the
methods entalled the insertion of a balloon into the uterus
to record intrauterine pressure. Most studles were carried
out on pregnant women near term, under which conditions
adrenaline caused motor effects (Brown and Wilder, 1943),

inhibltory effects (Bourne and Burn, 1927; Kaiser, 1951;
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of activity, depending upon the route of administration and

Cibils, Pose and Zuspan, 1962a; Stander, 1966), or both types

upon the dose administered (Woodbury and Abreu, 1944; Kalser

and Harris, 1950). In vivo studies of the responses of uteri of
non-pregnant women showed that adrenaline produced excitatory
effects in the pre-ovulatory phase of the menstrual cycle and
inhibitory effects in the post-ovulatory phase (Garrett, 1955b).
Wansbrough et al. (1967) however, found that adrenaline caused
inhibitory effects throughout the cycle.

A number of authors attempted to explain these

discrepancies between the in vivo and the in vitro results.

Garrett (1959) noticed that the small, frequent spontaneous
contractions recorded from the uterl of non-pregnant women,
A-waves (Moir, 1944), were similar in nature and origin to the
Alvarez-waves (Alvarez and Caldeyro Barcila, 1950) observed when
uterine recordings were taken from pregnant patients.
Similarly Moir®s B-waves, the large slow contractions seen in

the secretory phase of the menstrual cycle, were very similar ‘
to the Braxton Hicks major contractions of late pregnancy.
Both these larger waves involved coordinated contractions over i
the whole uterus. Garrett considered that uterine contractilit‘
conslsted of two elements which he termed A-type and B-type
contractions, He noticed that adrenaline enhanced the A-type

contractions but inhibited the B-type contractions. Thus

earlier workers had recorded both types of action from the intac
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uterus depending upon the nature of the uterine contractions
and the sensitivity of the recording apparatus in detecting
A-type contractions. The contractlions of 1solated myometrial
strips were of the A-type and were myogenlc in origin
(Garrett, 1955a). Thus the excitatory action of adrenaline on
isolated myometrial strips corresponded with its action on the
A-type contractions of the intact organ. The B-type waves,
which were & coordinated movement involving the whole uterus,
could not occur in the isolated strips of tissue.

Recently Stander and Barden (1966) forwarded an

alternative explanation for the different in vivo and in vitro

results obtalned with adrenaline. They found that the
excltatory effect of adrenaline in vitro was not influenced
by propranolol and that no inhibitory activity was revealed
after a-receptor blockade with phentolamine. Isoprenaline
produced only a very weak inhibitory action. From these
results they considered that, in the preparation of uterine
tlssue for in vitro study, the B-receptors were “broken down®
or “inactivated®, a possibility which they thought was due to
the enzymic nature of the receptors. Their in vivo studies
(Barden and Stander, 1968a, b; Stander, 1966, 1967) showed
the existence of B-receptors in the human uterus. Therefore
1t was in the intact uterus only where the inhibitory action of
adrenaline was seen, Wansbrough et al., (1967) proposed that

this discrepancy between in vivo and in vitro responses to
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adrenaline was because in vivo the predominant inhibltory actlon
was observed due to a previous selectlve occupatlon of the
ag-receptors by endogenous noradrenaline, allowlng injected

adrenaline to act mainly on the f-receptors.

In contrast to the dual action of adrenalline, noradrenallne
invariably caused a motor response, regardless of whether the
experiment was performed on i1solated or intact uterl from
elther pregnant or non-pregnant women. This was true even
when adrenaline caused an inhibitory actlon. Kalser (1951)
and Garrett (1954) found that noradrenaline and adrenaline were
equiactive in producing thelr respective effects of
contractlon and relaxation of the intact uterus at term.

Cibils et _al. (1962a, b) however observed that noradrenalilne
was twlce as active in causing excltation as adrenallne was in
producing inhibition. All these workers used similar
intravenous infusion rates for both amines.

Garrett (1955b) studied the in vivo actions of
noradrenaline and of adrenaline in non-pregnant patients and
found the amines to be approximately equlactive 1n producing
uterline contraction and relaxation respectively, whether
adrenaline enhanced the intensity of the A-type waves or
inhibited the B-type waves,

On isolated strips of uterl from non-pregnant women

Garrett (1955a) found that noradrenaline was 2.4 times more
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potent than adrenaline 1in causing a contraction. Sandberg,
Ingelman-Sundberg and Lindgren (1958) however, found them
equipotent, while Lehrer (1965) observed adrenaline to be

the more potent.

The results obtalned using isoprenaline have not been
consistent. Quadros and Sinha (1960) stated that
5

concentrations of the order of 10™ - produced only motor
effects on the excised uterus from non-pregnant patients.
Under similar conditions Lehrer (1965) found that

6 10"5 produced no effect, while

concentrations of 10~
2.5 X 10"'5 produced elther no effect, slight inhibition, or
slight excitation followed by slight inhibition. Stander
(1966) and Stander and Barden (1966) reported that

isoprenaline produced a "transient reduction in maximum

tension®” of the myometrium in both in vivo and in vitro studies
using uterine tissue from patients at term. Mahon, Reild and
Day (1967) also studied the effects of isoprenaline on the
intact uterus at term. Under these conditlions intravenous
infusions inhibited either natural labour or Syntocinon-

induced contractions. Thus as with adrenaline, it appears that

isoprenaline can produce opposite effects on the isolated and

on the intact uterus.
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THE EFFECT OF ADRENERGIC BLOCKING AGENTS

In an examination of catecholamine activity on human
uterine tissue Garrett (1955a) found that the excitatory
effects produced both by adrenaline and by noradrenaline could
be blocked by dihydroergotamine. In a few preparations the
action of adrenaline was reversed. Although Levy and Ahlqulst
(1961) reported that dihydroergotamine possessed a weak
B-=receptor blocking activity they stated that it produced a more
complete blockade at g-receptors. The exlstence of
a-receptors was confirmed by Stander and Barden (1966) using
1solated uterine preparations, and by Althabe, Schwarcz, Sala
and Fisch (1968) who studied uterine activity in vivo
in pregnant women. They found that increased uterine activity
produced by noradrenaline was antagonlsed by phentolamine.
Similar findings were reported by Wansbrough et al. (1968)
on the uterus of both pregnant and non-pregnant women.

Stander and Barden (1966) found that propranolol blocked,
and sometimes reversed, the inhibitory action of isoprenaline
in vitro and concluded that the effect of the amine was
mediated through B-receptors. Similar conclusions were reached
by Mahon et al. (1967), who showed that an intravenous
Injection of propranolol antagonised the uterine inhibition
produced by lsoprenaline in vivo in patients at term.

Further evidence for the existence of B-adrenergic receptors

has been found (Eskes, Stolte, Seelen, lMoed and Vogelsang, 1965;
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Wansbrough, et al., 1968) by observing the actlon of
B-receptor blocking agents on the 1soprenaline derivative
Co25 (p. 281). Similarly, Barden and Stander (1968a) found
that pronethalol and propranolol antagonised the actlon of
isoxsuprine (p. 281) in vivo. However, Stander (1966) found
that MJ-1999 was ineffective as an antagonist of isoxsuprine
in vitro although the action of 1lsoprenaline was antagonlsed
by this agent.

Thus both a-excitatory and B-inhibltory receptors have
been demonstrated in human uterine tissue, in both in vivo and
in vitro studles., It appears however, that the actions of
the catecholamines on the intact organ are not always similar

to thelr actlions on the isolated preparation.
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INTRODUCTION

Since the opportunity arose to make use of specimens of
human uterine tissue taken at operation, it was consldered
worthwhile to examine the activity of sympathomimetic amines,
especlally with regard to a comparison of thelr effects on thls
tissue and on the uterus of the rat and the rabblt.

The activity of a serles of catecholamines has been studled
and the influence of adrenergic blocking agents upon the
responses to the amines has been assessed, in order to determine
more precisely the nature of adrenerglc receptors in human
myometrium. Attention has been paid to the actlon of
isoprenaline as in vitro studles to date have produced
conflicting results.

An attempt has been made to determine the effects of
catecholamines on the uterus from the human foetus since 1t
was consldered that this would afford some comparlson with the
preparations from immature rats and rabblts.

The study has been limited by the number of specimens

available, especially of uterl from the human foetus.
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METHODS

In vitro experiments only have been performed.

1. ADULT HUMAN

Uteri were obtailned at operation from patients undergolng
hysterectomy, usually for fibroids.

Strips of uterine muscle from the outer muscle coat
(stratum supravasculare) of the corpus reglon, 3 - 4 cm in
length; 4 - 5 mm in width; and 1.5 - 2,0 mm in thickness were
set up in a 25 ml. isolated organ bath. The bathing medium
was elther oxygenated Lehrer solution (Appendix, p. 283) or
Krebs solution aerated with 95% oxygen + 5% carbon dioxide.
The bath temperature was malntained at 37 = 38°C. Movements
of the muscle strip were recorded with an isotonlic frontal
writing lever on a smoked drum.

Each preparation was set up as soon as possible after
operation. Alternatively, tlssue speclmens were stored for
up to 48 hours in Lehrer solution at 1 - 400 before being used

in experiments.

2. FOETAL HUMAN
The uterus and cervix were removed from foetuses which
were 16 ~ 22 weeks o0ld (crown-rump length 117 - 190 mm). The

complete uterus was set up in the organ bath in Krebs solution
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aerated with 95% oxygen + 5% carbon dloxide. Since the
preparations were small, measuring from 5 - 16 mm in length,
the responses were maghlfled approxlmately twenty times uslng

an lsotonlec frontal wrlting lever.
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RESULTS
ADULT HUMAN

The results of these studles are described separately
for each specimen of uterine tissue obtained (Table 20, p. 258)
and a subsequent correlation of the results has been

attempted.

1. aet 31, hysterectomy for dysmenorrhoea

A uterine strip was set up after storage for 44 hours,

Adrenaline and noradrenallne, in concentrations from

4 -2 X 10-5. caused contractions of the uterine muscle.

4 x 10°
Adrenaline was approximately twilce as potent as noradrenaline
in produclng these effects. Isoprenaline in concentrations

9

from 4 x 1077 - 4 x 10'“ falled to produce any effects.,

The motor actions of adrenaline and noradrenaline were

unaffected by the addition of 2 x 10"5

propranoclol to the
bathing solution but were abollished by 2 x 10'5 phentolamine.,
Isoprenaline was still without effect after treatment elilther

wlth propranolol or with phentolamine.

2. aet 4L, hysterectomy for fibroids

A uterine strip was set up after storage for 20 hours.
Adrenaline and noradrenaline were approximately equiactive

in causing uterine contractions and submaximal effects were



-~ 244 -
obtained with concentrations of the order of 10-6.
Isoprenaline (1.0 = 4.0 x 10'”) also produced uterine
excltation and possessed about a 25th of the activity of
adrenallne. The three amines were devold of inhilibitory

activity, even after blockade of thelr motor effects wlth

2 x 1070 phentolamine (Fig. 46, p. 259).

3. aet 48, hysterectomy for fibrolds

A uterine strip was set up after storage for 20 hours.

Adrenallne and noradrenaline were approximately equipotent
in producing contractlions of the uterus with concentrations of
the order of 107°. Isoprenaline also contracted the
preparatlon but possessed approximately a 1,000th of the potency
of adrenaline, Even after these motor responses had been
antagonised with 2 x 1077 phentolamine, no inhibitory effects

were produced by any of the three amines.

b, aet 49, hysterectomy for fibroids

A uterine strip was set up after storage for 18 hours.
A second experiment was carried out using thils tlssue after
storage for 42 hours.

In both experiments adrenaline and noradrenaline, in
concentrations from 2 x 10"7 -1x 10"6, were approxlmately
equlactive in causing uterine excitatilon. Isoprenaline was

devoid of excitatory effects, but concentrations of the order
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of 10~° inhiblted the excitatory actions of adrenaline and
noradrenaline, although no inhibition of spontaneous movements
occurred. After 4 x lO"5 propranolol the inhibitory actlon of
isoprenaline was antagonised, but no reversal of response
occurred with concentrations of up to 4 x 10'4. The motor
actions of adrenaline and noradrenaline were not altered after
propranolol.

No appreciable differences, either qualitatlive or
quantitative, were noticed between the results obtained using

the preparation stored for 18 hours and those from the

preparation stored for 42 hours.

5. aet 46, hysterectomy for fibroids

A uterine strip was set up 2 hours after operatlon. A
further experiment was carried out using a second strip of this
tissue after storage for 21 hours.

In both experiments only exclitatory effects were produced
by adrenaline, noradrenaline and isoprenaline, and the
approximate ratios of equiactive concentrations to cause
excitation were, in terms of noradrenaline = 1.0 (at a

concentration of 0.8 x 10"8

): adrenaline = 1.0;
isoprenaline = 1,000. Difficulty was experienced in the
assessment of blockade with phentolamine, for although the
excltatory actions of the amines were antagonised, the

spontaneous actlivity of the preparation was depressed.
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Propranolol (4 x 10'5) also depressed the uterine spontaneity,
but did not appreciably affect the excitatory activity of the

three aminese.

6. aet 50, hysterectomy for fibroids

A uterine strip was set up 2 hours after operatlon. A
further experiment was carried out using a second strip of
this tissue after storage for 24 hours.

In both experiments only excitatory effects were produced
by the amines (Fig. 47, p. 260), and the approximate ratios of

equlactive concentrations to cause excltation were, 1ln terms of

6);

noradrenaline = 1.0 (at a concentration of 1.0 x 10~
adrenaline = 1.0; N-ethylnoradrenaline = 10;
1soprenaline = 200. Phentolamine (1 x 10'5), when added to
the bathling solution, itself caused a slow but large increase
In the uterine tone so that a precise estimation of the degree
of blockade of the excitatory actions of the amines was not
possible. Dihydroergotamine (2 x 10'5) did not influence the
uterine activity but had little effect however, on the

excltatory actlons of the amines,

7. aet 52, hysterectomy for fibroids

A uterine strip was set up after storage for 18 hours.
Adrenaline and noradrenaline were approximately equiactive

ln producing contractions of the uterus and submaximal effects
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were obtained with concentrations of the order of 10'6.
Isoprenaline also produced uterine excitatlion but its activity
was about a 200th of that of noradrenallne. Phentolamine
(4 x 10-5) antagonised these excitatory actions but also

depressed the uterine spontaneity and the contractlons caused

by acetylcholine.

8. aet 76, hysterectomy for prolapse of uterus

A uterine strip was set up after storage for 18 hours.

A further experiment was carried out using a second strip of
this tissue after storage for 42 hours.

In the first experiment adrenaline, noradrenaline and
isoprenaline caused inhibition of the spontaneous contractions
and a fall in base-line tone (Fig. 48, p. 261), The
approximate ratios of equiactive concentrations to cause
inhibition were, in terms of noradrenaline = 1.0 (at a

6

concentration of 4 x 107 ); adrenaline = 2.5;

isoprenaline = 0.2. After treatment with 4 x 10'5 propranolol
these inhibltory effects were antagonised but in no instance
did any reversal of effect, to produce a contraction of the
uterus, occur with concentrations of adrenaline and
noradrenaline of up to 2 x 10'5. Uterine contractions were
produced however, with acetylcholine (&4 x 10_6). In contrast,

in the second experiment, both adrenaline and noradrenaline

caused excltatory effects in concentrations which in the first
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experiment had produced uterine inhibition. Isoprenaline
however, still caused inhibitory effects using the same
concentration range as in the first experiment. Propranolol
(1 x 10~7) effectively blocked the inhibition caused by
isoprenaline but did not reveal any excitatory effects

(Fig. 49, p. 262) even with concentrations of 1soprenallne as
great as 2 X 10'4. The excitatory actions of adrenaline and

noradrenaline were not appreclably altered by the treatment

with propranolol but were abolished by 4 x 10'5 phentolamine.

The results of these experiments on uterine tissue from
the human adult are summarised in Table 20, p. 258. The mean
values for the approximate ratlos of equlactive concentrations
to cause excitation were, in terms of noradrenaline = 1.0 (at a
concentration of 2.1 x 10_6); adrenaline = 0.8;
N-ethylnoradrenaline = 10; 1soprenaline = 518. Oout of a
total of twelve experiments using uterine tissue from eight
patlients, adrenaline and noradrenaline caused excltatory effects
in eleven experiments, and i1soprenaline in seven experiments.
Adrenaline and noradrenaline produced inhibitory effects in only
one of these twelve experiments, whilile a similar actlon was
produced by lsoprenaline in four experiments on uterine tissue
from two patlents. In no experiment did any amine produce
both excitatory and inhibitory effects. Phentolamine

antagonised the excitatory effects of the catecholamines, but
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concentrations of phentolamine necessary to produce the
blockade caused a depression of the uterine spontanelity and a
depression of the response of the uterus to acetylcholine.
Propranolol antagonised the inhibitory activity of the
catecholamines but did not influence thelr excitatory actlomns.
In no experiment was it possible to expose a secondary
component in an adrenerglc response after the use of either

a=- or B-blocking agents.

FOETAL HUMAN

In only one out of five preparations of foetal uterl was
it possible to record responses to the catecholamlnes. In
this experiment the uterus was larger than the other
preparations, measuring 16 mm in length, including the cervix.
The foetus was approximately 22 weeks old. The preparation was
devold of spontaneous activity.

Adrenaline and noradrenaline were found to contract the
uterus in concentrations similar to those necessary to excilte
the adult preparation and responses were obtalned with

6

b x 10~7 and 4 x 10~° of each amine (Fig. 50a, p. 263).

Isoprenaline in a concentration as low as 2 x 10-8

caused
uterine inhibition. This was observed as an inhibition of the
contractile effect of adrenaline added to the bathing solution
while the isoprenaline was still in the tissue bath (Fig. 50b,

Ps 263). The responses to concentrations of isoprenaline
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greater thanm 2 x 10'? could not be ascertained, and the effect
of o= and B-blocking agents could not be determined, since the
uterus became insensitive to the amines within one hour of

setting up the preparation.
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DISCUSSION

The existence of g-excltatory and B-inhibitory adrenerglc
receptors has been shown in in vitro preparations of strips of
adult human myometrium. The order of the amines when
arranged accprding to thelr relative activities to cause
uterine contraction was adrenaline > noradrenaline >
N-ethylnoradrenaline > isoprenalilne. This order, together
with the observation that uterine excitatlion was antagonlsed by
phentolamine, indicated that the excltatory receptors were of
the a-type. The evidence for the exlstence of B-inhibitory
receptors was that in four preparations out of twelve
1soprenaline caused relaxation of uterine strips and in one
of these experiments adrenaline and noradrenaline also
produced similar but weaker inhibitory actlons. These
responses were antagonised by propranolol. In no experiment
did any amine produce both excltation and inhibition even
at wildely different concentrations.

The number and/or activity of the B-receptors is very
small compared to the g-receptors in in vitro preparations of
human uterine tissue, This 1s indicated by the observatlons
that (1) the predominant response to isoprenaline was a
contraction of the uterus and, even after blockade of the
a=-receptors, no B-receptor activation was noticed; (1i) the

ratio of the excitatory activity of noradrenaline to that of



- 252 =
adrenaline approached a figure of one, a value obtalned in
most tissues only after blockade of B-receptors; (1i1l) the
ratios of the excltatory activitles of noradrenalilne,
N-ethylnoradrenaline and lsoprenaline to adrenallne resembled
closely those ratio values for excltatory activities on the
uterus of the rabbit after pB-receptor blockade with
propranolol.

The results obtalned in these experiments support those
of Quadros and Sinha (1960) and Lehrer (1965), who reported
that isoprenaline could induce uterine contractions as do
adrenaline and noradrenaline. However, Stander (1966) and
Stander and Barden (1966) found that isoprenaline produced
only uterine inhibition unless propranolol had first been
used, when the response was reversed to excltation.

Lehrer (1965) found that, as in these studies, the responses
to lsoprenaline were different in apparently similar
preparations. The reasons for these different results are
not clear, but it would appear that they are not related to
the age of the patlient from which the tissue orlginated.

It 1s not known preclsely how many of the uterline speclimens
used in this thesis were removed from patients of a pre-
menopausal age and 1f so at what stage of the menstrual cycle
the hysterectomy was performed. However other workers have
reported that the catecholamines exert similar effects on

l1solated uterl from both pre- and post-menopausal women
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(Garrett, 1955a; Quadros and Sinha, 1960) and during both
the secretory and the proliferative stages of the menstrual
cycle in vitro (Garrett, 1955a; Wansbrough et al., 1967).
It appears that storage of the tissue for a period of up to two
days also does not influence the response of the tlssue to
lsoprenaline. One factor which may be important in
determining the response ls the pathological condition of the
uterus at the time of operation. None of the preparations
could be considered to be physiologlically normal, otherwise
no operation would have been necessary, and it may be as a
result of this, that different responses to the catecholamines
occurred especially if the actlon of the amine was normally
weak and therefore easily altered.

The modifications of the actlivities of the catecholamines
by o~ and B-blocking agents reported in this work are in
agreement with results recently reported (Stander and Barden,
1966; Wansbrough et al., 1967). One of the difficulties
experienced in assessing the activities of the amines at a-
and B-receptors was that the adrenergic blocking agents
themselves caused an alteration in myometrial activity.
Phentolamine, in concentrations greater than 10'5, depressed
the contractility in human as well as in rat and in rabbit
uteri Iin vitro and also non-specifically antagonised the
action of uterine stimulants other than catecholamines.

Similar findings were reported by Stander and Barden (1966) and
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Wansbrough et al. (1967) using in vitro preparations of human
uterus. Propranolol did not greatly affect the
contractility of the human uterus in vitro, but in vivo it
enhanced the spontaneous activity of the uterus (Stander, 1967;
Barden and Stander, 1968b). These results parallel those
reported in this work on studies of the uterus of the rat
(ps. 101) where propranolol exerted a stimulatory action in vivo
but not in vitro.

The great difference between the activities of the
catecholamines on the foetal human uterus and on the
preparation from the adult was the sensitivity of the former
to lsoprenaline in producing inhibition. Only in a few
experiments did isoprenaline inhibit in vitro preparations
from the adult in which concentrations of the order of

10"6 - 1075 were required, while a concentration of 2 x 10

-8
was effective in producing inhibition of the foetal
preparation. It appears therefore that, as in the rabbit, the
foetal or immature uterus 1s more 1likely to be inhibited by
catecholamines than the adult preparation. Thus, the
possibility arises as to whether or not the responses of the
human uterus to catecholamines are regulated by the hormonal
influence governing the uterus. Oestrogens are secreted in
the urine of new-born infants but in considerably smaller

quantities than in the adult human female (Zucconi, Lisbon,

Simonitson, Roth, Hagen and Diczfalusy, 1967). This greater
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inhibitory potency of isoprenaline on the foetal preparation
may be explained if thls lack of oestrogen domination in the
foetal uterus results in a decreased a-actlivity or 1lncreased
B-activity of the uterine adrenergic receptors, as has been

suggested for the uterus of the immature rat and rabbit.
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SUMMARY

1.

2e

The predominant effect of adrenaline, noradrenaline,
N-ethylnoradrenaline and isoprenaline on in vitro
preparations of strips of uterus from the adult human was
a contraction of the myometriume. This action was

elicited via adrenergic a-receptors.

On a few preparations lsoprenaline, and on one
occasion adrenaline and noradrenaline, produced uterline
relaxation. This actlon was eliclited via B-adrenerglc

receptors.

On a preparation of a uterus from a human foetus,
adrenaline and noradrenaline produced excltatory effects
in concentrations similar to those necessary to exclte
preparations from the uterus of the adult. Isoprenaline
falled to produce a contractile effect, but was able to
inhibit myometrial contractile activity in concentrations
considerably lower than those required to exert such an

effect on adult preparations.
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TABLE 20
FIGURES 46 -~ 50

Where the abbrevliations and symbols used are not
explained at the foot of the Table or Figure, an explanation is
given in the Appendix on page 278,



ADULT HUMAN
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TABLE 20

Ratio of the concentration of sympathomimetic amine to the
equiactive concentration of l-noradrenaline.

in vitro experiments

State of Uterus Conc¥ Ratlo sympathﬁgimetic amine/
l.-Nor6 T:%:
Age of | Storage | x 10~ 1-Adr FtNor d1-1so
*#No. | patlent | .time "
(years) | (hours) |+ [#1f| E | I | E |I E I
1 31 ’4"4( ’-lf.O At 0.5 - - -
2 L 20 3e2 | = |[ 10 - 25 -
3 L8 20 2.0 | = || 1.0 - 1,000 -
18 O | = [[1.0]| = - | bx10-5
L Lo
42 0.4 |- lO.5] - - | 8x10°
2 0.8 - 1.0 - 1.000 -
5 k9
21 08| = ||1e0] = 1,000 -
2 lO|= |10 =« |10 ]| = 200 -
6 50
24 1.0 - |l 1.0 - 10| - 200 -
7 52 18 2;0 - 005 - 200 -
8 76 18 - [¥ || - |25 - 0.2
42 8.0 (= || 0s5]| = - | 8x1077
Mean exciltatory >.,1=1 0.8 10 518
ratlios

Concentration to cause:

a Just submaximal contraction or
a Just submaximal inhibition of spontaneous uterine
contractions.

** Number corresponds to numbering of uterine specimens in
Results Section (p. 243).

*E
*I

= amine used but no action observed.
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The work presented on the foregoing pages, employing a
serles of sympathomimetic amines and a number of a- and
B=blocking agents, demonstrates both in vivo and in vitro, the
existence of o= and B- adrenerglc receptors in the smooth
muscle of rabbit and human uteri. ILevy and Tozzi (1963)
reported that only B-receptors exist in the uterus of the rat
in vitro. The results obtailned in this thesis however,
demonstrate, both in vivo and in vitro, not only the presence
of B-receptors but also of a~receptors, as postulated by
Ahlgquist (1948, 1962), In all the three speciles studled the
a~receptors medlated only excitatory effects and the
B-receptors only inhibitory effects. The presence of
a=-inhibitory or B-excitatory receptors was not demonstrated
and the reports by Wigvist (1959) and Rudzik and Miller (1962)
that a-inhibitory receptors exist in the uterus of the rat
could not be substantiated.

In many of the experiments using the uteri of rats in
oestrus or the uteri of rabblts the sympathomimetic amines
exerted biphasic actions of excitation followed by inhibition.
Except for the biphasic response to adrenaline in vivo of the
uterus of the rabbit (pe 190), it was shown by the use of
a- and PB-blocking agents that these biphasic responses
consisted of an initial excitatory action on a-receptors

followed by an inhibitory actlon on B-receptors. The blockade
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of one component usually led to the enhancement of the other
component. It was observed that in any particular uterine
preparation the size of the excitatory component of the
response in relation to the size of the inhibitory component
was not always constant, even to similar doses of the same
amine. It was found that the nature of any biphasic response
depended upon the following factors: (i) the sympathomimetic
amine used; (ii) the dose of the amine; (iii) the species
employed; (iv) the sexual state of the animal; (v) the
spontaneous activity of the uterus, and (vi) whether the

experiment was performed in vivo or in vitro. A change 1n

any one of these factors could lead to an alteration in the
nature of the biphasic response or further, to its conversion
into solely an excitatory or an inhibiltory effect.

Concerning the actions of isoprenaline, this work has
shown that the amine can excite oa-receptors in the myometrium
of the rabbit and the human, where its potency relative to
adrenaline approximated to that described by Butterworth
(1963a, b) for elevation of the blood pressure of the cat.

In this respect it possessed only about one thousandth of the
potency of adrenaline, The low number and/or activity of
a-receptors in the uterus of the rat relative to the number
and/or activity of B-receptors 1s indicated by the fact that
only those amines with a potent action at a-receptors could

produce motor effects in this tissue, and thls explains why
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isoprenaline was unable to do so. The amine was able however,
to excite o-receptors in other tissues in the rat, for 1t
produced a pressor response similar to that described in the
cat. Pressor responses to large doses of 1isoprenalline were
observed also in the rabbit, concomitantly with the motor
effect via a-receptors in the uterus.

A comparison of the relative activitles of catecholamines
on the uteri of mammalian species shows that the responses of
the human uterus in vitro resemble most closely those produced
by the rabbit uterus in vitro (compare Tables 13 and 20,
pp. 203 and 258). Only isoprenaline caused inhibitory
effects on the uterus of the rabbit and on that of the human
prior to treatment with o-blocking agents, while the uterus of
the rat in dloestrus was inhibited by all the sympathomimetic
amines employed. Isoprenaline produced motor effects also
on the uterus of the rabbit and on that of the human using
concentrations higher than those required for uterine
inhibition. It may be concluded therefore, that the uterus
of the rabbit would be the preparation of choice for testing
potentially useful adrenergic agents, especially in regard
to the production of substances which cause relaxation of the
human uterus.

In contrast to its activity on adrenergic receptors in
the rat, the a-excitatory activity of adrenaline on the uterus

and on the vasculature of the rabbit was greater than that of
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noradrenaline, Similarly, the B=inhibitory activity of
noradrenaline after a-receptor blockade with phentolamine,
was greater than that of adrenaline on these tlssues. Also
the inhibitory actlivity of noradrenaline was greater on
uteri from immature and from ovariectomised rabblts. Thus
although both rat and rabbit uterl contain a-receptors, these
receptors do not appear to be identical in the two specles
as judged by their sensitivity to a series of sympathomimetic
amines and similarly the B-receptors also may not be identical.
It 1s realised however, that the different activities of
adrenaline and of noradrenaline in the two specles may be
influenced by factors other than the nature of the adrenergic
receptors. There may be differences between the neuronal
uptake, the storage mechanisms and/or the affinities of the
enzymes responsible for catecholamine metabolism in the two
specles, Such factors would influence the amount of amine
avallable to act at the adrenergic receptors. The outstanding
difference between the adrenerglic receptors in the uterus of
the rat and the rabbit however, lies in the relative numbers
and/or activity of each type, as measured by the ability of
the amines to exert an action at one type of receptor with the
other type blocked. For example, in the rat in dloestrus
adrenaline exerted omly a weak action (excitatory) at the
a~receptors in the presence of propranolol, and in the rabblt

only a weak action (inhibitory) at the p=-receptors in the
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presence of phentolamine.

The results presented have shown that although both
a-excitatory and f-inhibitory receptors exlst in the uterus
of the rat, rabbit and human during the different sexual states,
the responses of these uteri to sympathomimetic amines and to
hypogastric nerve stimulation vary according to the sexual
condition of the animal. The actions of the sympathomimetic
amines on the uterl from immature rats and rabbits and on the
uterus from the human foetus differed qualitatively from
thelr actions on the uteri from the adult of that specles.
Further, the effects of the amlnes and of stimulation of the
hypogastric nerve on the uterl of adult rats varied according
to the stage of the oestrous cycle. In the adult rabbit, which
does not exhibit a sexual cycle but remains in an oestrous state
until mated (Parkes, 1956), no appreclable varlation in
responses to the amines occurred between different adult
animals., Thus the differences observed between responses of
the uteri from adult rabbits and from immature rabbits may be
regarded as beilng similar to the contrasting results obtained
between the action of the amines on the uterl of adult rats in
oestrus and on the uteri of immature rats. Responses of the
uteri of a number of other mammalian specles to
sympathomimetic amines also have been reported to vary
according to the sexual state of the animal, These studies

however, have been well documented only using the cat (Imle,
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1906; Kennard, 1937; Van Dyke and Chen, 1939; Graham and
Gurd, 1960; Tsal and Fleming, 1962, 1963).

It has been shown that changes in the uterlne response
to amines, similar to those which occur during these different
sexual states, may be induced by the injection of ovarian
hormones. After treatment with oestradiol, the excltatory
activities of the amines were enhanced so that the responses
of the uterl from animals which had received this treatment
resembled those of uteri from adult animals. Administration
of progesterone with the oestradiol did not modify the effect
produced by the latter hormone. Treatment with progesterone
alone did not alter qualitatively the actions of the amines.
Hence it has been suggested that the responses of the uterus
to adrenerglc stimulil are controlled by the fluctuating levels
of ovarilan hormones which occur during the different sexual
conditions. Thus 1t is possible that if the sympathetic
fibres innervating the uterus of the various mammallan species
exert a physiological role of regulation of the activity of
the uterine muscle, then this function in turn may be
controlled by the ovarian hormones.

Further evidence for the involvement of ovarian hormones
in modifying uterine responses to sympathomimetic amines would
be the detection of changed levels of the hormones in the
circulating blood during the different sexual states when the

alteration in the responses to the amines occur. The
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assumption involved in this type of conclusion is that the
levels of ovarian hormones measured at a given time reflect the
intensity of their action at that moment. In regard to the
well-known action of these hormones in modifying the
endometrium, 1t has been reported in the rat that there is a
delay of about 24 - 26 hours between the secretion of the
oestrogen causing vaginal cornificatlion and the observation
of that response (Zondek and Sklow, 1942; Schwartz, 1964;
Barnea, Gershonowitz and Shelesnyak, 1968). Recently it has
been possible to measure in the rat the minute levels of
oestrogen secreted into the ovarian venous blood (Presl,
Horsky, Herzmann, Mikuldy and Henzl, 1967; Hori, Ide and
Miyake, 1968) and changes in the amounts secreted have shown
that the highest levels of oestrogen are reached some 20 - 25
hours before vaginal cornification occurs. Peak secretion
rates of progesterone occur in proestrus and diloestrus
(Telegdy and Endr8czi, 1963; Hashimoto and Melampy, 1967;
Hashimoto, Hendricks, Anderson and Melampy, 1968). However,
no changes in the effects of the amines occur during diocestrus
subsequent to the peak progesterone secretion at thils time.
Thus 1t appears that the early proestrous rise in oestrogen
seems more likely to be related to the changed effects of the
amines than to the increased secretion of progesterone during

dioestrus.

As yet the mechanlsms through which the ovarian hormones
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act remain to be elucidated, but the similarity of the
responses of the uterus to amines after treatment of animals
with ovarian hormones and after treatment with adrenergic
blocking agents has been noted. The responses of uteri from
rats in oestrus were similar to the responses from rats in
dioestrus and proestrus after treatment with propranolol., The
responses of uteri from oestrogen-treated, immature and from
oestrogen-treated, ovariectomised rats were similar to the
responses from unéreated animals after B-receptor blockade with
propranolol, Similarly, the responses of uterl from lmmature
and from ovariectomised rabbits after oestradiol treatment were
similar to the responses obtained after B-receptor blockade
in the untreated animals. These results ralse the possibllity
that the ovarian hormones may modify the uterine responses by
inducing a change in the activity and/or the avallability of
- and B- adrenergic receptors, so that an increase in the
predominance of one receptor over the other will determine
the nature of the response to the amines. This conclusion has
been reached in regard to responses of the uterus of the fat
(pe 105), rabbit (p. 197), cat (Tsal and Fleming, 1962, 1963)
and guinea-pig (Vander-Pol, 1956; Cieciorowska, 1962;
Dels and Pickford, 1964; Rossignol et al., 1965).

Recently however Billbring, Casteels and Kuriyama (1968)
have postulated that a different mechanism of action may be

involved. These workers have suggested that in the cat
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the changed uterine response to adrenaline which occurs during
pregnancy may be brought about by an increase 1n the
intracellular chloride content of the uterine smooth muscle
cells which occurs during early pregnancy. The 1nfluence of
ovarian hormones on the electrical activity and ionic content
of the myometrium has received considerable attention (Jung,
1956; Goto and Csapo, 1960; Csapo, 1962; Marshall, 1962;
Casteels and Kuriyama, 1965), and Blllbring et al. (1968) have
considered that the ilnecreased chlorlde content in the
myometrial cells which occurs during early pregnancy may be
brought about by the increased progesterone secretion which
occurs at this time. Adrenergic blocklng agents influence
the activities of catecholamines in altering membrane
permeabilities to ions (Jenkinson and Morton, 1967) and this
may explailn the parallelism of action of the effects of
adrenerglic blockade and of ovarian hormones 1n altering
uterine responses to catecholamines.

A further possible mechanism of action of the ovarlan
hormones is that they may affect the subecellular levels of
noradrenaline and adrenaline in uterine tlssue and thus alter
the actlvity of both endogenous and exogenous sympathomimetilc
amlnes, The experiments performed so far however, have
produced conflicting results. Alterations in amine levels
in the uterus in different sexual states of the animal or

alteratlions induced by hormone treatment have been reported
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in the rat (Rudzik and Miller, 1962a, b; Wurtman, Axelrod
and Potter, 1964; Cha, Lee, Rudzik and Miller, 1965),
rabbit (Cha et al., 1965; Rosengren and Sj8berg, 1968;
sj8berg, 1968) and human (Cha et al., 1965). In contrast,
other workers have reported no such varlatlons in the rat
(0Oskarsson, 1960; Gutman and Weil-Malherbe, 1967), rabbit
(Miller and Marshall, 1965) and human (Gaffney, Burkett and
Woronkow, 1965; Owman, Rosengren and Sjbberg, 1967).

It would bé interesting to ilnvestigate whether the
hormonal state of an animal was declsive not only for changes
in the responses of the uterus to sympathomimetic amlnes but
also whether it exerts an influence on adrenerglic mechanlsms
in other organs. Ahlquist, Taylor, Rawson and Sydow (1954)
noted that in female dogs the pressor response to adrenalilne
was greater than in males., Boxhill and Brown (1955)
showed that, in female dogs in oestrus or in oestrogen-treated,
ovarlectomised dogs, adrenalline produced greater pressor
responses than in males or 1ln metoestrous or ovariectomlsed
females.,

Further studlies on all these possible mechanlsms of action
of ovarian hormones are required before any firm conclusions
can be reached as to how the changed responses of the uterus

to sympathomimetic amines are brought about,
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MATERIALS USED

ACETYLCHOLINE - 100 mg in 0.005 ml acetic acld and
triethylene glycol to 1 ml, wpcecoline® (Labs. Lematte et
Boinot, Paris).
1-ADRENALINE - as acid tartrate, B.P., 1 mg/ml (Gale & Balss).
DICHLOROISOPRENALINE - as hydrochloride (Lilly).
DIHYDROERGOTAMINE -~ 1 mg/ml "DHE -45% (Sandoz).
ETHER - diethyl ether anaesthetlc reagent (B.D.H.).
1-N-ETHYLNORADRENALINE - as hydrochloride (Sterling-Winthrop).
1-0~-ETHYLNORADRENALINE -~ as hydrochloride, "Butanephrine®
(Sterling-Winthrop).
HEPARIN - B.P. (Boots Pure Drug Co.).
d1-ISOPRENALINE - as sulphate, B.P. (B.D.H.).
1-NORADRENALINE - as acld tartrate, 1 mg/ml, "Levophed"
(Bayer).
OESTRADIOL BENZOATE - as injection, B.P., 5 mg/ml in 20%
ethyl oleate and 80% arachis oll (B.D.H.).
178-0ESTRADIOL=3~SODIUM SULPHATE - (Organon).
PENTOBARBITONE SODIUM - B.P., 60 mg/ml, *Nembutal® (Abbott).
PHENTOLAMINE - as mesylate, B.P., 5 mg/ml, "Rogitine® (Ciba).
1-PHENYLEPHRINE -~ as hydrochloride, U.S.P. (Sigma).
PROGESTERONE IN AQUEOUS SOLVENT - 20 mg/ml, "Primolut-Aqueous®
(Schering).
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PROGESTERONE IN OIL - as injection, B.P., 10 mg/ml in ethyl
oleate, "Progestin® (B.D.H.).
PRONETHALOL - as hydrochloride, "Alderlin® (I.C.I.).
PROPRANOLOL - as hydrochloride, 1 mg/ml, "Inderal® (I.C.I.).
SUTURES - sterilised surglcal sutures, B.P., number 2/0, non-
boilable (Allen & Hanburys).
TOLAZOLINE - as hydrochloride in aqueous buffered solutlon,
5 mg/ml, “"Priscol® (Ciba).
URETHANE - ethyl carbamate, 25% w/v aqueous solution (B.D.H.).

Dilutions

Stock solutions of the sympathomimetlc amlnes were
prepared by making dilutions to 1 mg/ml in 0.01 N hydrochloric
acld, These were stored at 4°C and renewed each month.
Further dilutions were made immedliately before use in 0.9%
sodlum chloride solution.

Dilutions of oestradliol and progesterone in oll were
made in arachis oll,

Dilutions of all other substances were made in 0.9%

sodium chlorlde solution immediately before use.
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ABBREVIATIONS USED:
a) THROUGHOUT THE THESIS

s} = dextro mg = milligramme

Fig. = Figure ' min = minute

g = gramme ml. = millilitre

1.a. = intra-arterial msec¢ = millisecond

1.v. = intravenous P = page; PPe = pages
kg = kilogramme sec = second

1 = laevo Bg = mlcrogramme

1. = litre \'4 = Vvolt

b) IN THE TABLES

l-Adr = l-adrenaline

l-a=-EtNor = l=a-ethylnoradrenaline

1-N~EtNor = leN-ethylnoradrenaline

dl-Iso = dl-isoprenaline
l-Nor = l-noradrenaline
1-Fhe = l=-phenylephrine
0 = oestrogen

ovariect. = ovariectomlsed
P = progesterone

U = untreated
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c) IN THE FIGURES

A

Ac

B.P. mm Hg
Bu

DCI

EtN

1.a.

l.v,

Pe

U.P., mm Hg

l=-adrenallne

acetylchollne

blood pressure in millimetres of mercury
l-a=-ethylnoradrenaline

directlon of contractlon of uterlne muscle
dichlorolsoprenaline
l=N-ethylnoradrenaline

hypogastrlc nerve stimulatlon
dl-isoprenalilne

Intra-arterial

Intravenous

l-noradrenaline

l-phenylephrine

pronethalol

propranolol

directlon of relaxation of uterlne muscle

uterine pressure in millimetres of mercury
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CHEMICAL FORMULAE OF S~RECEPTOR AGONISTS AND ANTAGONISTS

The formulae shown overleaf are based upon the

phemylethylamine or phenylpropylamine skeleton.



Noradrenaline
Adrenaline

Nee thylnoradrenaline
a=-cthylnoradrenaline
Isoprenallne
Phenylephrine
Dichloroisoprenaline
INPEA

H 13/57

MJ 1999

OH
OH
OH
OH
OH

OH
OH
OH
OH
OH
OH
Cl

CHB

H H H H

| J | |

C C C N

! B o R*
OH H H
OH H CH3
OH H  CpHs
OH Co H5 H
OH H  CH(CH3)p
OH H CH3
OH H  CH(CH3)p
OH H  CH(CH3),
OH H  CH(CH3)p
OH H  CH(CH3),



Pronethalol
Propranolol
T«Cel.50172

Ko 592 )
I.C.I.45?63)

H 56/28

N~lsopropyl-
methoxamine (IMA)

Dimethyllisopropyl=
methoxamine

Butoxamine

a-methyldichloro-
isoprenaline

Isoxsuprine

C.25

N
|

3 5

2 l
I

g naphthyl 3|
l
< naphthyl S :

NH
l
COCHj

CH3

C1

OH

OH

CH

OCH3

OCH3
C1

CH=CH2
OCHB

CH3

OCH3

OH

OH

OH

OH

OH

OH

OH

OH
OH

OH

OH

CH3

CH3
CH3

CH3

RY

GH(CH3)2
CH(CH3)2
CH(CH3)2

CH(CHj) 5

CH(CH3)

CH(CHB)Z

- I8¢ =

CH(CH3)2

C(CH3)3
CH(CH3)2

CH.CHy
Hp CHp CoHg
CH(CH3),



DIAGRAM OF APPARATUS FOR RECORDING UTERINE
PRESSURE IN YIYQ IN THE RAT AND RABSIT

"Fixit" lever

Aorta

% R. ovarian artery t
Lower ic artery je——Hypogastric nerve
R. uterine horn
Body wall
N S,

R. ovary

hY

Rack & pinion

—== Ligatures

! reservelr
to saline ° e_\/)

VUterine ls

L. uterine arlery X\
[ Condon
——>> trom uterus to manometer  E——
L. femoral vein
L. femoral artery




PHYSIOLOGICAL SALT SOLUTIONS

Composition in g/litre

Tyrode Krebs=- de Jalon | Lehrer
Henselelt

(1910) (1932) (1945) (1965)
NaCl 8.00 6.87 9.00 9.00
KC1 0.20 0.40 0.42 0.40
MgCl, 0.10 - - -
MgS0y,s 7H50 - 0.30 - -
CaCl, 0.20 0.28 0.06 0.24
NaH, POy, 0.05 0.14 - -
NaHCO3 1.00 2,10 0.50 0.40
Glucose 1.00 2,00 0.50 0.10
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