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EFFECTS OF CHOLINOCEPTOR
ANTAGONISTS ON THE SUCKLING-INDUCED AND
EXPERIMENTALLY EVOKED RELEASE OF OXYTOCIN
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1 In the anaesthetized lactating rat, the suckling of the young causes the regular release (about
every 7 min) of brief pulses of oxytocin (0.5 to 1.0 mu), which each produce a single transient
increase in intramammary pressure.

2 The effects of several cholinoceptor antagonists were studied in relation to this natural reflex,
and also the release of oxytocin evoked by the intraventricular injection of cholinomimetics.

3 Reflex milk ejection was blocked by the nicotinic antagonists mecamylamine and hexamethonium,
and the inhibition was dose-dependent (ED50 of 1 mg/kg i.v. and 5 mg/kg i.v., respectively). Despite
the use of high doses, the muscarinic antagonists atropine (200 mg/kg), hyoscine (90 mg/kg) and

benzhexol (30 mg/kg) all failed to prevent the reflex release of oxytocin.

4 Acetylcholine (20 to 100 gig), bethanechol (0.2 to 4.0 gg) and carbachol (0.01 to 0.2 gig) injected
into the cerebral ventricals stimulated a sustained release of oxytocin, which produced multiple
increases in intramammary pressure. Nicotine (200 gg) was relatively ineffective by this route.

5 The release of oxytocin by intraventricular bethanechol or carbachol was abolished by atropine
(0.1 to 1.0 mg/kg) but not by mecamylamine (5 mg/kg) or hexamethonium (5 mg/kg).

6 None of the antagonists used significantly affected either the release of oxytocin following electri-
cal stimulation of the neurohypophysis or the mammary sensitivity to endogenous or exogenous

oxytocin.

7 The results suggest that the neural pathway controlling the reflex release of oxytocin during
suckling in the rat contains a cholinergic component, which acts through nicotinic receptors. A
second cholinergic pathway, of the muscarinic type, may also exist. The role of these two pathways
is discussed.

Introduction

Oxytocin, the main functions of which are to promote
the contractions of the uterus during labour and of
the myoepithelial cells in the mammary gland during
milk ejection, is produced in the 'magnocellular neur-
ones' of the paraventricular and supraoptic nuclei of
the hypothalamus and, after axonal transport to ter-
minals in the neurohypophysis, the hormone is
released by a process dependent on action potentials.
Elevated levels of spike activity have been observed
in these neurones during the physiological release of
oxytocin, elicited by the sucking of the nipples by
the young (Wakerley & Lincoln, 1973; Lincoln &
Wakerley, 1974; 1975), and the time and frequency
characteristics of this neural activity have been found
to correspond closely to those parameters which are
optimal for the electrical stimulation of oxytocin

release (Cross & Harris, 1952; Harris, Manabe & Ruf,
1969; Lincoln, Clarke, Mason & Dreifuss, 1977).

Acetylcholine, applied either systemically in the in-
tact animal (Abrahams & Pickford, 1954) or topically
to the isolated hypothalamus (Bridges, Hillhouse &
Jones, 1976), causes the release of oxytocin. Cholino-
mimetics such as nicotine injected systemically (Bisset
& Walker, 1957) and carbachol injected into the cere-
bral ventricles (Kuhn & McCann, 1970) are similarly
effective. Moreover, acetylcholine excites the majority
of magnocellular neurones when applied iontophore-
tically (Moss, Urban & Cross, 1972; Dreifuss & Kelly,
1972). However, such collective evidence provides no
proof that acetylcholine operates as a neurotrans-
mitter in the natural reflex release of oxytocin. A
more positive approach, and the one adopted in the
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Figure 1 Statistical analysis used to assess the
inhibition of the milk-ejection reflex by cholinocep-
tor antagonists. The intervals between the individual
milk ejections are plotted sequentially, before (e)
and after (A) the injection of an antagonist, in this
example mecamylamine, (1 mg/kg, i.v.). The lower
horizontal line corresponds to the mean interval
between milk ejections during the pre-treatment
period. The upper dashed line represents a 99%
probability estimate (P=0.01) based on the equa-

tion:

k = s.d. x t x /[(~n+ 1J~/n]*
where s.d. is the standard deviation of the milk-ejec-
tion interval in the preinjection period, n, number
of control intervals, t, t-value for n-1 degrees of
freedom at P = 0.01 and * = Bessel's correction for
small size of preinjection sample.

Milk ejection was judged to have been signifi-
cantly inhibited if any milk ejection interval within
30 min of drug treatment exceeded the value calcu-
lated above. The duration of the longest interval after
drug treatment divided by the mean interval before
treatment is referred to as 'the milk-ejection ratio'.

were the authors able to control or quantify the milk-
ejection reflex that they were attempting to study.
Results from iontophoretic studies are similarly con-
fusing. Dreifuss & Kelly (1972) classified the exci-
tation of the magnocellular neurones by iontophoreti-
cally applied acetylcholine as a nicotinic-type re-
sponse, whilst Moss, et al. (1972) recognized both
nicotinic- and muscarinic-type responses.
The problem of the cholinergic involvement in the

milk-ejection reflex has been studied in the present
experiments by the administration of cholinoceptor
antagonists to lactating rats, anaesthetized and suck-
ling a litter of hungry pups. In such anaesthetized
rats reflex milk ejection occurs every 5 to 15 min,
in response to the 'continuous' sucking of the nipples
by the young, and by the measurements of the intra-
mammary pressure from one of the unsucked nipples
it is possible to obtain a semiquantitative measure
of the amount of oxytocin released at every milk ejec-
tion (Lincoln, Hill & Wakerley, 1973). A similar, if
not identical, pattern of milk ejection is found in the
conscious animal.

Methods

All experiments were performed on lactating Wistar
rats weighing 250 to 400 grams. Environmental condi-
tions within the animal quarters were controlled for
temperature (22°C) and photoperiod (14 h light: 10
h darkness), and food and water were provided ad
libitum.
One evening, between Day 7-11 of lactation, the

young were removed from their mothers and placed
in adjacent cages. The following morning, between
09 h 00 min and 10 h 00 min, the mothers were anaes-
thetized with an intraperitoneal injection of ethyl car-
bamate at 1.25 g/kg (as a 25% w/v solution). A
saphenous vein and two teat ducts were then cannu-
lated for the administration of drugs and the measure-
ment of intramammary pressure, respectively, and the
hungry young were given a trial suckling of 10 min
duration (Lincoln et al., 1973).

Measurement of milk ejection

present studies, has been to challenge the milk-ejec-
tion reflex with 'selective' cholinoceptor antagonists.
Grosvenor & Turner (1957) found that atropine, a

muscarinic-type antagonist, blocked oxytocin release
when given as a large intravenous dose, as measured
indirectly through the amount of milk obtained by
the nursing young. Moos & Richard (1975) extended
this approach and found that milk ejection was abol-
ished by the intraventricular injection of both muscar-

inic- and nicotinic-type antagonists. In neither study

Three hours after anaesthesia, the young were applied
to the uncannulated nipples (usually 10) for a second
time, and left to feed for 3 h or more. Milk ejection
commenced within 30 min in most animals and there-
after continued for the duration of the nursing period.
Each milk ejection was characterized by an abrupt
rise in intramammary pressure, and an associated
vigorous increase in the sucking activity of the young

(Lincoln et al., 1973).
After at least six milk ejections had been observed,

at intervals of 3-15 min, the drugs that were to be
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tested were administered. Milk ejection was con-
sidered to have been inhibited if any of the intervals
between milk ejections in the next 30 min period were
significantly longer than the intervals observed in the
pretreatment period (Figure 1). To quantify the degree
of inhibition observed, the duration of the longest
milk-ejection interval following drug treatment was
divided by the mean interval before treatment ('milk-
ejection ratio').
The sensitivity of the mammary glands to oxytocin

was determined at various intervals before and after
drug treatment by the intravenous injection of a syn-
thetic hormone preparation.

Intraventricular injections

For experiments involving the injection of drugs into
the lateral cerebral ventricles, the animals were sub-
jected to a number of additional procedures. One
common carotid artery was cannulated for the
measurement of arterial blood pressure. The rats were
then mounted in a stereotaxic frame, and small holes
were drilled through the frontal bone of the skull at

co-ordinates which permitted a 27 gauge needle, on
the end of a 10 gl syringe, to be lowered into one

or other of the lateral cerebral ventricles. Drugs were

injected intraventricularly using volumes no greater
than 2 pl. In the early experiments, the correct posi-
tioning of the microsyringe was checked at the end
of each experiment by the injection of 1 iil of cobal-
tous chloride (2 M solution). One minute later the
animal was killed by an overdose of a barbiturate
preparation, the brain was removed, rinsed in 0.9%
w/v NaCl solution (saline) and then immersed for 15
min in ammonium sulphide (0.1% w/v). This precipi-
tated the cobalt as cobalt sulphide, a black precipi-
tate, which was visible throughout the ventricular sys-
tem of the brain.

Drugs

Drugs were usually dissolved in freshly distilled water,
and when necessary made isotonic with added sodium
chloride. The following substances were used: acetyl-
choline chloride (BDH,; :atrQpine methyl nitrate
(Sigma), atropine sulphate (BDH), benzhexol (Artane,
Lederle), bethanechol chloride (Mecothane,
Macarthys), carbamylcholine chloride (carbachol,
BDH), ethyl carbamate (Urethane, BDH), hexameth-
onium bromide (Sigma), (-)-hyoscine hydrobromide
(scopolamine, Sigma), mecamylamine hydrochloride
(Sigma), nicotine hydrogen tartrate (BDH), proprano-
lol hydrochloride (Inderal, ICI), sodium nitrite
(BDH), oxytocin (Syntocinon, Sandoz) and vaso-
pressin (Pitressin, Parke-Davis).
Drug doses are expressed in terms of the salt used.
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Figure 2 Reflex milk ejection in the urethane-
anaesthetized rat during suckling of ten hungry
young. (a) An intramammary pressure recording, to
illustrate the abrupt but transient rises in pressure
which characterize milk ejection in the rat. Note the
uniformity of milk ejections and the regularity with
which they recur. (b) Patterns of milk ejection in
four control rats, two of which were injected at the
arrows with saline(S) (1 ml/kg, i.v.). Each vertical
event bar corresponds to an intramammary pressure
response (i.e. an individual milk ejection), and these
have been plotted against elapsed time. The pups
were placed on the nipples and started sucking at
time 0.

Results

Milk ejection in the anaesthetized rat

Sixty-eight percent of the anaesthetized rats used in
this study, and prepared by the methods described,
ejected milk in response to the sucking activities of
10 pups. Each milk ejection was a stereotyped event,
and was characterized by an abrupt but transient (10
s) rise in intramammary pressure (10 mmHg) (Figure
2a). This rise in pressure was perceived by the young;
they rose to their feet and with limbs outstretched
sucked with considerable vigour. Both the pressure
and behavioural responses were readily elicited by
either electrical stimulation of the neurohypophysis
(5 s at 60 Hz) or a bolus injection of oxytocin (0.5
to 1.0 mu, i.v.).
The delay to the first milk ejection was somewhat

variable (5 to 60 min), but subsequent milk ejections
occurred at regular intervals of about 7 min, though
the milk-ejection interval for individual rats ranged
from about 3 to 14 minutes. This period of regular
milk ejection lasted in most animals for about 2 h,
and thereafter the milk ejection intervals became pro-
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Figure 3 Lack of effect of the muscarinic antag-
onists atropine and hyoscine upon the frequency of
milk ejection. (a) Patterns of milk ejection in 4 rats
during suckling of 10 pups for a period of 2 hours.
Atropine or hyoscine at the doses shown was in-
jected intravenously (at the arrow) between 60-75
min after the onset of suckling (time zero). (b)
Graphs for both atropine (0) and hyoscine (A) in
which the milk-ejection ratio (see legend of Figure
1) at each dose has been plotted against the dose
of antagonist administered. Where error bars are

shown the points represent mean values and the
bars show the standard deviation; the lines are

regression lines.

gressively longer. Thus, a rat which received no drug
treatment displayed 15 to 20 milk ejections during
the 2 h period of regular suckling.

Effect of cholinoceptor antagonists on reflex milk ejec-
tion

As a control to the administration of the various cho-
linoceptor antagonists, 16 rats were given an intra-
venous injection of saline (1 ml/kg). Such treatment
influenced neither the pattern nor the amplitude of
the milk-ejection responses that were subsequently
observed (Figure 2b).

All the antimuscarinic compounds tested failed to
cause any marked inhibition of the suckling-induced
milk-ejection reflex (Figure 3). Atropine was without

effect when given intravenously to 39/43 rats at doses
up to 200 mg/kg; 4 rats exhibited a slight inhibition
that was unrelated to the dose administered. Indeed,
high doses of atropine improved the regularity and
uniformity of the responses in rats that were other-
wise ejecting milk erratically. Hyoscine (2 to 90
mg/kg, i.v.) and benzhexol (10 to 30 mg/kg, i.v.) were
ineffective when given to 11/11 and 7/7 milk-ejecting
rats, respectively.

In contrast, intravenous injections of the nicotinic
antagonists, mecamylamine and hexamethonium,
blocked the suckling-induced milk ejection reflex in
a reversible and dose-dependent manner (63 rats).
Usually, inhibition was immediate and complete,
there was no graded reduction in the size of the intra-
mammary pressure responses. Likewise the recovery
was abrupt, and the first milk ejection after a period
of inhibition was as large (Figure 4a), in terms of
the rise in intramammary pressure, or larger than the
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Figure 4 Effect of mecamylamine on the release
of oxytocin evoked by the suckling stimulus and
by electrical stimulation of the neurohypophysis. (a)
Intramammary pressure record showing reflex milk
ejection being blocked by the intravenous injection
of mecamylamine 2 mg/kg (at arrow). The trace
starts with the occurrence of the fourth intramamm-
ary response and the antagonist was injected after
the sixth response, approximately 75 min after the
onset of suckling. Milk ejection recommenced after
a delay of 37 minutes. (b) Pattern of milk ejection
in 2 rats injected with mecamylamine (2 mg/kg i.v.,
at arrow), after 75 min of suckling. (c) Changes
in intramammary pressure elicited by releasing oxy-
tocin from the neurohypophysis by electrical stimu-
lation. A bipolar concentric electrode was placed
stereotaxically in the neurohypophysis using a dorsal
approach. Stimuli were applied every 3 min (at dots)
and consisted of 5s trains of biphasic square wave
pulses at 150 pA with a pulse width of 1 ms and
frequency of 60 Hz. Mecamylamine (2 mg/kg) was
injected at the black arrow and stimulation was con-
tinued.
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Figure 5 Dose-dependent effects of mecamyl-
amine (0) and hexamethonium (U) upon milk ejec-
tion in rats. (a) Number of animals in which milk
ejection was inhibited, expressed as a percentage
of the total number used at each dose, salotted
against the dose of drug used. The value beside
each point gives the number of rats tested at each
dose level. (b) The mean milk-ejection ratio, plotted
against the dose of drug used. Each point is the
mean value derived from all the rats tested at each
dose (numbers as in a); the standard error of the
mean is denoted by the vertical bar. [The number
of milk-ejection responses predicted in the absence
of the drug but blocked by the presence of the drug
can be obtained from the expression, ('milk-ejection
ratio') -1.]

responses which had been observed before drug treat-

ment. The period of inhibition created by these drugs
was proportional to the logarithm of the dose (Figure
5). The doses required to create a significant inhibi-
tion (P < 0.01) in half the animals tested (ED5o) were

1 mg/kg, intravenously and 5 mg/kg, intravenously
for mecamylamine and hexamethonium, respectively.

Neither mecamylamine nor hexamethonium
reduced the sensitivity of the mammary glands to

oxytocin, and neither influenced the releasability of
oxytocin from the neurohypophysis, for the intra-

mammary pressure responses to exogenous oxytocin
and electrical stimulation of the neurohypophysis
were unchanged by the antagonists (Figure 4c).
Twelve of the 63 rats studied in this section were
given a pretreatment with propranolol (1 mg/kg, i.v.)
to improve the sensitivity of the mammary glands to
oxytocin; such treatment had no effect on the inhibi-
tion created by the nicotinic antagonists. Both meca-
mylamine and hexamethonium produced a large fall
in blood pressure (20 to 40% for up to 1 h), but this
response did not appear to be related to the inhibition
of the milk-ejection reflex. Sodium nitrite (10 mg/kg,
i.v.) produced a similar fall in blood pressure without
inhibiting the milk-ejection reflex. Likewise, high
doses of atropine and propranolol, which fail to in-
hibit milk ejection, frequently lowered blood pressure.

Release of neurohypophysial hormones by cholinomi-
metics

Acetylcholine was injected into the lateral cerebral
ventricles in 7 rats, and at a dose of 20 to 100 jig
produced a repeatable increase in intramammary
pressure in 5 animals. In contrast, an intravenous
dose of 5 jg produced a similar mammary contrac-
tion, presumably by a direct action on the mammary
gland. Thus, the mammary response to centrally-
administered acetylcholine may have been the result
of an overflow of the drug into the peripheral circula-
tion. However, atropine methyl nitrate (1 mg/kg i.v.),
which antagonizes the direct action of acetylcholine
on the mammary gland but does not gain access to
the central nervous system, only partially reduced the
mammary response to intraventricular acetylcholine,
whilst eliminating the response to systemically-
administered acetylcholine.

Synthetic cholinesterase-resistant cholinomimetics
were administered into the lateral ventricles in place
of acetylcholine. Both carbachol (0.01-0.2 jg) and
bethanechol (0.2-4.0 jg) were most effective, produc-
ing multiple mammary contractions in 47/53 and
13/17 lactating rats, respectively. These responses
were both large and prolonged (Figure 6), and as such
they differed substantially from the mammary con-
tractions evoked during suckling. Intravenously-
administered carbachol (0.6 jig) and bethanechol (6
jg) caused no contraction of the mammary myoepith-
elium, though both produced a marked fall in blood
pressure.
The injection of nicotine into the lateral cerebral

ventricles produced a mammary contraction in only
4/17 rats, and doses up to 200 jig/rat were tested.
In three animals from which the blood pressure was
recorded, intraventricular nicotine caused a rise in
arterial pressure at a dose at which there was no rise
in intramammary pressure. Nicotine was more effec-
tive at releasing neurohypophysial hormones when in-
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Figure 6 Combined blood pressure and mammary

pressure records. Oxytocin (Oxy) injected intra-
venously (open arrows) gave a dose-dependent in-
crease in intramammary pressure but little blood
pressure change. Vasopressin (Vp) produced both
an increase in mammary pressure and a sustained
rise in blood pressure. Intracerebroventricular injec-
tion (black arrow) of carbachol (CCh) produced a

prolonged multiple contraction of the mammary

gland but little alteration in blood pressure. Meca-
mylamine (Mec, 1 mg/kg, i.v.) caused a fall in blood
pressure (ganglion blocking dose) but had no effect
upon the action of carbachol. The release of oxy-

tocin in response to carbachol was prevented by
the intravenous injection of atropine (1 mg/kg),
but mammary gland sensitivity to oxytocin was

unaltered.

jected intravenously and 5/7 rats displayed a mam-

mary contraction to a dose of 0.5-1.0 mg, intra-
venously. In several other animals this dose proved
fatal. In 2 animals the external carotid was cannu-

lated, and in both a rise in blood pressure accom-

panied the mammary contraction induced by intra-
venous nicotine. In 3 rats given nicotine intravenously
the release of oxytocin was blocked by hexameth-
onium (5 mg/kg i.v.).
To determine, albeit very indirectly, the identity of

the hormone released by the intraventricular injection
of cholinomimetics, further experiments were con-

ducted in which both blood pressure and intrammary
pressure were recorded. Both oxytocin and vasopres-

sin will cause a contraction of the mammary gland,
though oxytocin is five-times more effective, whereas

only vasopressin creates a prolonged pressor action

on the vascular system. Of 13 rats which received

carbachol (0.1 to 0.2 gg), only 4 displayed an elevation
in blood pressure, whilst all displayed a prolonged

rise in intramammary pressure. Of 4 rats given beth-
anechol (2 to 4 .g) 3 displayed a substantial rise in
blood pressure. In all these animals oxytocin (0.5 to
1.0 mu, i.v.) caused a large mammary contraction and
a change in blood pressure, if it occurred, was only
transitory. Vasopressin, at a dose which caused a
similar mammary contraction (2 to 5 mu, i.v.), pro-
duced a large and prolonged rise in blood pressure
(Figure 6). In every experiment the change in blood
pressure in response to vasopressin was much larger
than that observed after the intraventricular injection
of carbachol or bethanechol. In contrast, carbachol
(0.6 hg) and bethanechol (6 gg) injected intravenously
caused a pronounced fall in blood pressure. Thus, it
seems that the two cholinomimetics, when injected
into the cerebral ventricles, acted centrally to release
oxytocin, and little, if any, vasopressin.

Effect of antagonists on the intraventricular injection
of cholinomimetics

Atropine (1 mg/kg, i.v.) completely blocked the action
of both carbachol (Figure 6) and bethanechol in all
11 rats examined; in some animals 0.1 mg/kg of atro-
pine was effective. In contrast, mecamylamine and
hexamethonium (5 mg/kg, i.v.) failed to abolish the
carbachol-evoked release of hormone in 8/8 rats.

Sympathetic ganglionic transmission was blocked, as
indicated by the fall in arterial pressure, by both
mecamylamine and hexamethonium at only 1 mg/kg.

Discussion

It has been observed that neurohypophysial hor-
mones are released when acetylcholine or cholinomi-
metics are injected by various routes (Pickford, 1947;
Abrahams & Pickford, 1954; Bisset & Walker, 1957;
Kuhn & McCann, 1970; Milton & Paterson, 1974).
The present experiments, like those of Kuhn &
McCann (1971), indicate that the observed increase
in intramammary pressure which occurs following the
intraventricular injection of cholinomimetics is pri-
marily due to the release of oxytocin. The cholinomi-
metics, carbachol and bethanechol, undoubtedly
acted at a site within the central nervous system, for
very much larger doses were required systemically to
cause a contraction of the mammary myoepithelium.
Although acetylcholine was only effective when high
concentrations were placed in the ventricular system,
and overflow into the systemic blood circulation may
have occurred, a mammary contraction was still in-
duced when peripheral cholinoceptors were blocked.
The thousand-fold increase in sensitivity observed
when acetylcholine was replaced by carbachol prob-
ably reflects the difference in the availability of the
two compounds, acetylcholine being rapidly inacti-
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Figure 7 Summary of the effect of cholinergic antagonists on the release of oxytocin evoked by the
suckling stimulus and by the intraventricular injection of carbachol and bethanechol. A dotted line indicates
the failure to release oxytocin.

vated by enzymatic degradation. Likewise, the pro-
longed availability of carbachol probably accounts for
the prolonged release of oxytocin that was observed.

Whilst carbachol can act at both muscarinic and
nicotinic sites, its stimulatory action on oxytocin
release would appear to have been mediated solely
by muscarinic receptors. Not only was the muscarinic
agent, bethanechol, very effective in the release of oxy-
tocin, but also the muscarinic antagonist atropine
blocked the actions of both carbachol and bethane-
chol. Further it has been shown previously that the
release of oxytocin evoked by the intraventricular in-
jection of carbachol can be blocked by atropine in-
jected intraventricularly (Kuhn & McCann, 1971). In
contrast, nicotine was weak and variable as a stimu-
lant of oxytocin release, and the nicotinic antagonist
mecamylamine was without effect on the carbachol-
evoked release (Figure 7).

It would appear, despite the fact that cholinomime-
tics evoke the release of oxytocin by a muscarinic
action, that a cholinergic nicotinic mechanism is in-
volved in the release of oxytocin in response to the
natural stimulus of suckling. Atropine, and the related
drug hyoscine, both failed to abolish the suckling-
induced milk ejection at high doses (200 mg/kg, i.v.).
Further, benzhexol a cholinoceptor antagonist of the
anti-muscarinic type, which has a preferential action
within the central nervous system (Farquharson &
Johnston, 1959) was also without effect. Various
authors have claimed that atropine blocks the milk-
ejection reflex (Grosvenor & Turner, 1957; Oba, Ota
& Yokoyama, 1971; Moos & Richard, 1975), but in
none of these previous studies were the authors able

to control the suckling stimulus or measure effectively
the release of oxytocin. Atropine is known to have
a depressant action on some central neurones (Curtis
& Phillis, 1960; Clarke & Davies, 1973), and thus
the inhibition observed in some previous studies on
conscious animals may have related to an indirect
action, perhaps removing the desire of the mothers
to nurse their young. The inhibition observed with
the nicotinic antagonists mecamylamine and hexa-
methonium provides strong support for the opposing
view, that the milk-ejection reflex involves a choliner-
gic nicotinic relay. These drugs would appear to have
had a specific action which was within the central
nervous system, for the inhibition created was dose-
related and neither drug appeared to influence the
release of oxytocin on electrical stimulation of the
neurohypophysis or the response of the mammary
gland to injections of oxytocin. Similarly, Moos &
Richard (1975) showed that intraventricular hexa-
methonium, in the conscious rat, blocked milk ejec-
tion (as measured by the weight gain of the young).
Mecamylamine was, as expected, the more effective
drug for being a secondary amine and lipid soluble
it readily gains access to the brain (Harington, Kin-
caid-Smith & Milne, 1958), whereas the access of the
more highly ionized drug hexamethonium (Dollery,
1964) would be more restricted. We see no evidence
to implicate the fall in blood pressure produced by
these nicotinic antagonists with the inhibition of the
milk-ejection reflex, for no inhibition was observed
with a variety of other vasodepressor substances.
Likewise, the response appears to be independent of
the central fl-adrenoceptor mechanism which has
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been shown to inhibit oxytocin release, as pretreat-
ment with propranolol was ineffective (Tribollet,
Clarke, Dreifuss & Lincoln, 1978).

Nicotinic synapses are also involved in the release
of the other neurohypophysial hormone, vasopressin.
Nicotine stimulates the release of vasopressin (Burn,
Truelove & Burn, 1945; Bisset & Walker, 1957; Mil-
ton & Patterson, 1974), and the release of the hor-
mone in response to cholinomimetics (Bridges &
Thorn, 1970; Milton & Patterson, 1974), and injec-
tions of hypertonic saline (Bridges & Thorn, 1970)
is blocked by nicotinic antagonists. Similarly, hexa-
methonium blocks acetylcholine-evoked release of
vasopressin from cultured supraoptic neurones
(Sladek & Knigge, 1977). It is surprising, in view of
the apparent involvement of a nicotinic synapse in
the milk-ejection reflex, that nicotine injected into the
cerebral ventricles was relatively ineffective in the
release of oxytocin and that the action of the intra-
ventricular carbachol was entirely muscarinic. Cer-
tainly, one would expect substances injected into the
lateral ventricles to reach the paraventricular nuclei,
and probably the supraoptic nuclei of the hypo-
thalamus. Evidence from iontophoretic experiments
performed on the supraoptic nucleus of the rat indi-
cate the presence there of excitatory nicotinic recep-
tors (Dreifuss & Kelly, 1972), whilst within the para-
ventricular nucleus of the rabbit, both nicotinic and
muscarinic receptors have been found which are exci-
tatory (Moss et al., 1972). Unfortunately no distinc-
tion was made in these studies between oxytocin and
vasopressin containing neurones. More recently, it
has been suggested that an area on the ventral surface
of the medulla may be far more sensitive than the
hypothalamus to nicotine-evoked release of vaso-

pressin (Bisset, Feldberg, Guertzenstein & Rocha e

Silva, 1975; Castro de Souza & Rocha e Silva, 1977).

Thus, it is quite possible that the 'nicotinic' synapses
involved in the milk-ejection reflex are also remote
from the hypothalamus. However, if a remote site is
involved it is unlikely to be on the ventral surface
of the medulla, at least in the cat, for selective release
of vasopressin alone follows stimulation of that area
(Bisset et al., 1975). An alternative explanation is that
'nicotinic' synapses have no direct role in the reflex
release of oxytocin. They could function external to
the reflex pathway and simply interact with the path-
way in a permissive role, either by disinhibition or
facilitation. Thus, nicotinic antagonists would block
the reflex, whilst stimulation with nicotine would not
necessarily release oxytocin. In all these consider-
ations, however, it should be remembered that nico-
tine is a poor agonist for characterizing nicotinic
receptors (see Brimblecombe, 1974).
The presence of muscarinic receptors, which stimu-

late oxytocin release but which are not involved in
reflex milk ejection, poses the question of what func-
tional role, if any, they serve. Cholinergic mechanisms
might be involved in the release of oxytocin in re-
sponse to exteroceptive cues, such as the crying of
the baby or the clatter of the milking machine. Pre-
sumably such stimuli are mediated via the cerebral
cortex, and it is noteworthy that cholinergic mechan-
isms in the cerebral cortex are exclusively muscarinic
(Krnjevic' & Phillis, 1963). Indeed, release of oxytocin
in response to the intraventricular injection of carba-
chol and bethanechol may have involved an action
on some part of the higher nervous system. Further
studies are in progress to investigate this 'muscarinic-
phenomenon'.

This work was supported in part by the Medical Research
Council.
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