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SUMMARY

1. The present study investigated the mechanisms by which endogenous opioids
regulate oxytocin secretion at the level of the posterior pituitary gland. Effects of the
selective K-agonist U50,488 on oxytocin secretion were studied in urethane-
anaesthetized lactating rats. Oxytocin secretion in response to electrical stimulation
(0 5 mA, matched biphasic 1 ms pulses, 50 Hz, 60-180 pulses) of the neuro-
hypophysial stalk was bioassayed on-line by measuring increases in intramammary
pressure, calibrated with exogenous oxytocin. Intravenous (i.v.) U50,488 inhibited
electrically stimulated oxytocin secretion, without affecting mammary gland
sensitivity to oxytocin. The inhibition was dose related, with an ID50 of 441 (+ 194,
- 136) ,ug/kg and was naloxone reversible. Antagonism of endogenous fl-adreno-
ceptor activation by propranolol (1 mg/kg) reduced the potency of U50,488. The
selective ,u-agonist morphine (up to 5 mg/kg), had no effect on electrically stimulated
oxytocin secretion, but depressed the mammary response to oxytocin.

2. In lactating rats given intracerebroventricular (I.c.v.) morphine infusion for
5 days to induce tolerance and dependence, i.v. U50,488 still inhibited electrically
stimulated oxytocin secretion, but the ID50 was reduced to 170 (+ 78, -54) #g/kg;
thus at the posterior pituitary the sensitivity of K-receptors is enhanced rather than
reduced in morphine-tolerant rats, indicating the absence of cross-tolerance. In these
rats, naloxone produced a large, sustained, fluctuating increase in intramammary
pressure indicating morphine-withdrawal excitation of oxytocin secretion; i.v.
U50,488 diminished this response, confirmed by radioimmunoassay, demonstrating
the independence of #u- and K-receptors regulating oxytocin secretion.

3. In pregnant rats, i.c.v. infusion of morphine from day 17-18 of pregnancy
delayed the start of parturition by 4 h, but did not significantly affect the progress
of parturition once established, indicating tolerance to the inhibitory actions of
morphine on oxytocin secretion in parturition, and lack of cross-tolerance to
endogenous opioids restraining oxytocin in parturition.

4. Neurointermediate lobes from control and i.c.v. morphine-infused virgin rats
were impaled on electrodes and perifused in vitro. Vasopressin and oxytocin release
from the glands was measured by radioimmunoassay. Each gland was exposed to
two periods of electrical stimulation (13 Hz, for 3 min). Naloxone (5 x 10-6 M) was
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added before the second stimulation; half the lobes from each I.c.v. treatment were
exposed to 5 x 10- M morphine throughout. Oxytocin secretion in response to the
first stimulation was similar in the four groups, indicating no acute effect of
morphine, and no cross-tolerance from morphine to endogenous opioids released by
electrical stimulation. In the presence of naloxone, stimulated oxytocin secretion was
potentiated in all four treatment groups, again indicating lack of cross-tolerance to
the endogenous opioids that restrain oxytocin secretion. Naloxone was more effective
in potentiating oxytocin release from neurointermediate lobes of morphine-infused
rats, consistent with increased endogenous K-opioid actions. For vasopressin, no
significant actions of either morphine treatments or ofendogenous neurohypophysial
opioids were seen.

5. Thus two distinct opioid mechanisms regulate oxytocin secretion. Both ,u- and
K-agonists act centrally to inhibit the activity of oxytocin neurones but only K-
agonists (and not /t-agonists) act at the secretory terminals. A decrease in the
sensitivity to the central effects of ,t-agonists can occur without affecting the
terminal effects of K-agonists.

INTRODUCTION

Endogenous opioids restrain oxytocin secretion by an action on the terminals of
oxytocin neurones in the posterior pituitary gland (Bicknell & Leng, 1982; Bicknell
& Zhao, 1989). The three families of endogenous opioids act with different affinities
at three principal types of opioid receptor (Kosterlitz, 1985). The posterior pituitary
contains K-opioid receptors but lacks classical ,- and &-opioid receptors (Herkenham,
Rice, Jacobson & Rothman, 1986; Sumner, Coombes, Pumford & Russell, 1990). In
vitro, agonists selective for the K-receptor inhibit electrically stimulated oxytocin
release whereas other opioids have little effect (Zhao, Chapman & Bicknell, 1988b).
However, the first and highly influential report of opioid actions at the posterior
pituitary implied that morphine, a ,u-agonist, acts at this site in lactating rats to
suppress suckling-induced oxytocin release (Clarke, Wood, Merrick & Lincoln, 1979).
In vivo, both ,t- and K-agonists inhibit oxytocin secretion (Grell, Christensen &
Fjalland, 1988; Evans, Olley, Rice & Abrahams, 1989b; Russell et al. 1989a) but
both can inhibit the firing of oxytocin neurones (Leng, Pumford & Russell, 1990;
Pumford, Leng & Russell, 1991), so we have now re-examined, in lactating rats,
whether the posterior pituitary is a site of action of ,u-selective opioids, as previously
reported (Clarke et al. 1979; Clarke & Patrick, 1983). Oxytocin secretion following
electrical stimulation of the neurohypophysial stalk was monitored by measuring
intramammary pressure, and we studied the effects of i.v. morphine or U50,488,
selective ,u- and K-opioid agonists respectively (Magnan, Paterson, Tavani &
Kosterlitz, 1982; Kosterlitz, 1985; Clark & Pasternak, 1988). Inhibition of the milk-
ejection reflex by U50,488 is reversed by the fl-adrenoceptor antagonist propranolol,
which may nullify adrenomedullary activation by the K-agonist (Clarke & Wright,
1987), while conversely in vitro, f-receptors in the posterior pituitary mediate
stimulatory effects of noradrenaline on oxytocin release (Zhao, Chapman, Brown &
Bicknell, 1988c; Bicknell & Zhao, 1989), so we studied interactions of propranolol
with U50,488 on electrically stimulated oxytocin release in vivo to try to clarify sites
of propranolol interactions with the K-agonist.
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During chronic i.c.v. morphine infusion oxytocin release in lactating rats is at first
suppressed, but within 4 days near normal activity of the magnocellular oxytocin
system is restored, indicating tolerance (Bicknell, Leng, Lincoln & Russell, 1988a;
Rayner, Robinson & Russell, 1988). Dependence also develops in this system since
naloxone provokes a withdrawal excitation of oxytocin secretion (Bicknell et al.
1988a; Rayner et al. 1988). We have now investigated whether cross-tolerance
develops in the neurohypophysis to the endogenous opioids released at this site, by
examining the effects of naloxone in vitro, and the effects of K-agonists in vivo on
electrically stimulated oxytocin release. These experiments have also allowed us to
seek acute effects of morphine in vitro and to test whether dependence develops in the
posterior pituitary.
Given acutely, morphine interrupts parturition by inhibiting oxytocin secretion

(Russell et al. 1989 a), whereas naloxone increases oxytocin secretion and accelerates
parturition, thus indicating endogenous opioid restraint (Bicknell et al. 1988b). We
have investigated whether morphine tolerance extends to parturition and whether
parturition is faster in morphine-tolerant rats, which would indicate cross-tolerance
to the endogenous opioid restraining oxytocin secretion in parturition. Some of the
results in this paper have previously been briefly presented (Bicknell, Chapman,
Leng & Russell, 1985; Coombes & Russell, 1988; Coombes & Russell, 1991).

METHODS

Animals
Albino rats were kept at an ambient temperature of 21-23 °C, with lights on for 13 h, off for 11 h

for pregnant or lactating rats or on for 12 h, off for 12 h, and fed pelleted food and water ad libitum.
Sprague-Dawley rats in their first lactation, weighing ca 400 g, were used in terminal experiments
under urethane anaesthesia on days 7-14 postpartum, with litters adjusted to ten pups on day 2
postpartum, or were implanted with an i.c.v. infusion system on days 2-3 postpartum prior to the
terminal experiment 5 days later; litter size was adjusted to ten pups at the time of i.c.v.
cannulation. In the study on pregnant rats, virgin Sprague-Dawley females were caged singly with
a male and separated on the day of finding a vaginal plug (day 1 ofpregnancy), and implanted with
an i.c.v. infusion system on days 17-18, and observed throughout parturition.

Recovery procedures
Intracerebroventricular infusion. Under ether anaesthesia (Sprague-Dawley rats), or pento-

barbitone anaesthesia (Wistar rats, Sagatal, May & Baker, UK, 36 mg/kg i.P.), a stainless-steel
cannula, connected via a coil of polythene tubing to a subcutaneous osmotic minipump (Alzet 2001,
1 gl/h), was inserted into the right cerebral ventricle as previously described (Rayner, Robinson &
Russell, 1988). The i.c.v. infusion system was filled with either: (a) sterile pyrogen-free distilled
water (vehicle) to provide control rats, or (b) 20 pl vehicle followed by 20 #1 morphine solution
(25 Fg/Fl) then morphine solution (50 #tg/#ul) in the minipump (virgin Wistar rats), or (c) 40 pl
morphine solution (10 ,g/,ul), a further 40 4t1 morphine solution (20 ,ug/,l), then morphine solution
(50 ,ag/#l) in the minipump (pregnant or lactating rats). Air bubbles of 1 ,ul were introduced to
separate the solutions in the tubing.

Monitoring of rats receiving I.c.V. infusion
Lactating rats. After implantation of the i.c.v. cannula, litter weight gain and indices of maternal

behaviour were recorded each day (Rayner et al. 1988) and only rats still lactating were used in the
terminal experiment.
Pregnant rats. These rats were weighed daily and observed continually from the early morning

of day 22 of gestation during the lights-on phase to record the time of birth of the first and
subsequent pups in each litter (Russell et al. 1989a).
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Virgin rats: I.C.V. morphine infusion. These rats were weighed daily and rectal temperature was
recorded to confirm, from the temperature rise, the effectiveness of the i.c.v. morphine infusion
(Rayner et al. 1988).

Non-recovery experiments
Lactating rats. After overnight separation from all but one pup in each litter, the dams (either

untreated or given i.c.v. infusion) were anaesthetized with urethane (ethyl carbamate, 25% w/v,
1X25 g/kg, i.P.) and cannulae (polythene, o.d. 0X8 mm) filled with sterile 0 9% saline were inserted
into three abdominal milk ducts to record intramammary pressure via transducers and a chart
recorder (Rayner et al. 1988); cannulae filled with heparinized sterile 0-9% saline were inserted into
a femoral vein and a jugular vein for injection of calibration doses of oxytocin and drugs (see below)
respectively. The trachea was cannulated. Body temperature was regulated via a thermostatically
controlled electric blanket (Rayner et al. 1988). With the rat's head held in a stereotaxic frame, the
pituitary stalk was exposed by a ventral surgical approach (Leng, 1980). A concentric bipolar
stimulating electrode (SNEX-50 mm, Clarke-Electromedical), was lowered onto the exposed
pituitary stalk 1 h after completion of surgery. Matched biphasic square-wave pulses (0 5 mA peak-
to-peak, 1 ms duration, 50 Hz) were delivered in trains of 60-240 pulses, adjusted to initially
produce a mammary gland response per train equivalent to ca 0-8 mU oxytocin; trains were at least
3 min apart.

Autobioassay of oxytocin secretion
The amount of oxytocin released following each stimulus was estimated by measuring the

resulting rise in intramammary pressure and by extrapolation from a dose-response curve for
oxytocin constructed from the responses to bolus i.v. injections delivered from a repeating 1 ml
glass microsyringe (Hamilton PB600 dispenser); doses of 041, 0-25, 0 5, 0'75 and 1 0 mU
(Syntocinon, Sandoz Products Ltd, UK, 5 mU/ml 0 9% saline) were injected in random order
3 min apart before or after each stimulus, and after each drug injection to compensate for effects
of drug on mammary gland sensitivity to oxytocin. The stimulus was tested twice just before and
after i.v. drug injection, with at least 3 min between tests. The percentage change in oxytocin
release for a fixed stimulus was calculated for each drug treatment, and means were calculated at
each dose for each treatment group.

Drugs
Morphine sulphate (BP) was diluted in sterile pyrogen-free distilled water for i.c.V. infusion.

Morphine sulphate, U50,488 (trans-( ± )-3,4-dichloro-N-methyl-N-(2-[1-pyrrolidinyl]cyclohexyl)-
benzeneacetamide methanesulphonate; Sigma, UK), naloxone HCl (Sigma, UK) and propranolol
(Inderal, ICI, UK 1 mg/ml) were diluted in 0 9% saline for i.v. injection (0'5 ml/kg).

In vitro experiments
Around 09.00 h on day 6 of i.c.v. morphine infusion, virgin rats were decapitated and the

pituitary glands rapidly removed; the neurointermediate lobes were separated and impaled on
electrodes and placed singly in perifusion chambers through which a modified Krebs solution was
pumped at 150 ,ul/min (Bicknell & Leng, 1982). After a stabilization period of 60 min, perifusates
were collected every 3 min for radioimmunoassay of oxytocin and vasopressin content. After
15 min each neurointermediate lobe was stimulated (S1) for 3 min (13 Hz, 5 mA matched biphasic
square-wave, 2 ms pulse width), then 30 min after the start of Sl, the stimulus was applied again
(S2) for 3 min but in the presence of naloxone (5 x 10-6 M) added to the perifusate 15 min after the
start of Si. The amount of oxytocin or vasopressin released in each 3 min collection was expressed
as a percentage of the total released during all twenty 3 min intervals in the whole experiment;
hormone release was also summed during each 15 min poststimulation period and the summed
release in the respective preceding equivalent basal period (B1 or B2) was subtracted to give
stimulated release. The stimulated release ratio with and without naloxone was calculated (S2/S1).

There were four experimental groups, consisting of: neurointermediate lobes from i.c.v. vehicle-
or morphine-infused rats with no additions to the perifusate, other than naloxone as above; or with
morphine (5 x 10-5 M) in the perifusate throughout (this concentration of morphine was previously
found in the neurointermediate lobe in vivo following i.c.v. [3H]morphine infusion (Rayner et al.
1988)).
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Radioimmunoa88ay
Heparinized blood samples (0 3 ml) for oxytocin measurement were centrifuged, and plasma

frozen and stored at -20 °C prior to assay in unextracted samples (Higuchi, Honda, Fukuoka,
Negoro & Wakabayashi, 1985). Oxytocin and vasopressin content in the in vitro perifusates were
measured as described previously (Sheldrick & Flint, 1981; Bicknell & Leng, 1982).

Statistical analy8is
Parametric or non-parametric analyses were used as appropriate. In the experiments on

lactating rats, the effects of different drug treatments on electrically stimulated oxytocin release
from the posterior pituitary were compared by estimating the ID60 ± confidence limits for each
treatment (ID60 is the dose required to inhibit oxytocin release by 50 %). The raw data of log dose
against response were used to obtain a linear regression line, from which the ID60 was calculated:

50-a
X50 = b (a = y intercept, b = gradient).b

The confidence limits were calculated as follows:

Var (a) Var (b) 2 Cov (a, b)
(50-a)2 b2 b(50-a)

where Var (a) = variance a, Var (b) = variance b and Cov (a, b) = covariance (a, b).

RESULTS

Opioids and oxytocin secretion in lactating rats
Effects of morphine

Stimulation of the neural stalk with 60-120 pulses reproducibly evoked increases
in intramammary pressure similar to those produced by i.v. injection of 0.5-1'0 mU
oxytocin (Fig. 1). Morphine administration resulted consistently in a reduction in the
magnitude of the intramammary pressure rise following stimulation (Fig. 1A).
However, morphine decreased the sensitivity of the mammary gland to oxytocin
(Figs 1A and 2A), and this was reversed by i.v. naloxone (1 mg/kg). When this
action of morphine on the mammary gland sensitivity to oxytocin was taken into
account by using the postmorphine dose-response curve for oxytocin and
intramammary pressure (Fig. 2A), it was evident that morphine given to eleven rats
at doses between 0.1 and 5 mg/kg i.v., had no detectable effect on electrically
stimulated oxytocin secretion (Fig. 3).

Effects of U50,488
U50,488 administration markedly reduced the increase in intramammary pressure

following neural stalk stimulation (Fig. IB), but U50,488 had little effect on the
sensitivity of the mammary gland to injected oxytocin (Figs lB and 2B).
Consequently, measured from changes in intramammary pressure, oxytocin secretion
following electrical stimulation of the neurohypophysial stalk in each of nine rats was
inhibited by i.v. U50,488 in a dose-related manner between 0 I and 5 mg/kg (Fig. 3).
At the highest dose tested, stimulated oxytocin secretion was almost completely
suppressed (Fig. 3); linear regression analysis allowed estimation of the ID50 dose as
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Fig. 1. Effects of I.V. morphine or U50,488 on oxytocin secretion evoked by electrical
stimulation of the neurohypophysial stalk in lactating rats. Typical intramammary
pressure recordings, urethane-anaesthetized rats. Increases in intramammary pressure
after stalk stimulation at 50Hz (90 or 120 pulses, 0~5mA peak-to-peak, 1 is; open
arrows), were compared with responses to bolus I.V. injection of 0*25, 05, 0175 or 1 mU
oxytocin (broad filled arrows) from which dose-response curves were constructed, and the
amounts of oxytocin released by stimulation estimated. Effects of I.V. morphine or
U50,488 were tested on the response to a stimulus train that evoked the release of ca
0-8 mU oxytocin and on the responses to exogenous oxytocin. A, effects of I.V. morphine,
500 ,ug/kg (narrow filled arrow). Morphine slightly reduced the mammary gland response
to electrical stimulation of the neural stalk, but also reduced responses to exogenous
oxytocin. The response to 90 pulses was equivalent to between 0 5 and 0 75 mU oxytocin
before and after morphine, so stimulated oxytocin secretion was not inhibited. B, effects
of I.V. U50,488 (500 jug/kg, narrow filled arrows). U50,488 slightly reduced the responses
to exogenous oxytocin but abolished the response to 75 pulse stimulation of the neural
stalk and substantially reduced the response to 90 pulses. The response to 90 pulses was
equivalent to 1 mU oxytocin before U50,488 but only to les than 05 mU after U50,488,
sO stimulated oxytocin secretion was inhibited.
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441 + 194, - 136 gg/kg. Naloxone (1 mg/kg) given after the last, highest dose of
U50,488 fully reversed the inhibitory effect of the agonist (Fig. 3).

Effects of propranolol on actions of U50,488
U50,488 may activate adreno-medullary secretion, and possibly affect oxytocin

secretion indirectly; so propranolol (1 mg/kg) was injected into six rats 20 min prior

10- A 12

E
10o
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6-~~~~~~~~~~~~

(0~~~~~~~~~~~6
E4
E4
(a
E

2O 2-

0 0
0 0.25 0-50 0-75 1.0 0 0.25 0.50 0.75 1.0

Oxytocin (mU) Oxytocin (mU)
Fig. 2. Measurement of the effects of i.v. morphine or U50,488 on oxytocin secretion
evoked by neurohypophysial stalk stimulation. Typical intramammary pressure
dose-response curves from individual rats for effects of exogenous oxytocin before and
after opioid, with superimposition of typical responses to stalk stimulation (50 Hz, 0 5 mA
peak-to-peak, 1 ms pulses). A, response to exogenous oxytocin before i.v. opioid; *,
response to exogenous oxytocin after i.v. opioid; *, response to the same electrical
stimulus applied to the neural stalk before and after i.v. opioid. A, effects of i.v. morphine
(500 jt&g/kg). Morphine depressed intramammary pressure responses especially to the
lower doses of oxytocin. Although the intramammary pressure response to 90 pulse stalk
stimulation was reduced, because of the right-shift in the dose-response curves the
estimated amount ofoxytocin release was not altered (see Fig. 3). B, effects of i.v. U50,488
(500 ,tg/kg). U50,488 depressed the intramammary pressure response to 60 pulse stalk
stimulation with little effect on responses to exogenous oxytocin, so U50,488 substantially
reduced the stimulated secretion of oxytocin.

to U50,488 administration to block fl-adrenoceptors. Propranolol alone increased
mammary gland sensitivity to exogenous oxytocin (Fig. 4A). None the less, following
propranolol pretreatment, the lowest dose of U50,488 used (100 jug/kg) slightly
increased the amount of oxytocin released by stalk stimulation (Fig. 3) and this was
significantly different from the small inhibitory effect of U50,488 alone at this dose
(Fig. 3). With further increase in dose, U50,488 was inhibitory, and linear regression
analysis showed a dose-related effect, with ID50 of 1583 (+603, -437) jg/kg,
significantly greater than U50,488 alone (P < 005, by separation of confidence
limits).
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Naloxone (1 mg/kg i.v.) reversed the inhibitory effect of U50,488 after propranolol
pretreatment, without enhancing the response to stimulation above the initial value
(Fig. 3).

Effects of U50,488 in morphine-tolerant/dependent rats

U50,488 inhibited electrically stimulated oxytocin secretion in a dose-related
manner (Fig. 5), without affecting the sensitivity of the mammary gland to

140 -
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*t
60-

c

0
0~~~~~~~

X 40*
0

20*

0
100 500 1000 2500 5000 1 mg/kg

Drug dose (1ig/kg) naloxone i.v.

Fig. 3. Effects of i.v. morphine or U50,488 without and with propranolol pretreatment on
electrically stimulated oxytocin secretion in lactating rats measured as shown in Figs 1
and 2. Values are estimates of electrically stimulated oxytocin secretion calculated as
mean percentage+S.E.M. of release before increasing i.v. doses of either morphine or
U50,488; in each rat the number of stimulus pulses was the same throughout and was that
which initially released ca 0-8 mU oxytocin. Hatched bars, i.v. morphine, n = 11; filled
bars, i.v. U50,488, n = 9; open bars, i.v. propranolol (1 mg/kg) before testing with
U50,488, n = 6. Naloxone (1 mg/kg i.v.) was given before the last stimulus. Morphine had
no effect. U50,488 inhibited oxytocin secretion in a dose-related manner. ID50 was 441
(+ 194, - 136) ,ug/kg. Naloxone reversed the effect of U50,488. Propranolol significantly
reduced the inhibitory action of U50,488. The ID50 in the propranolol-treated group was
1583 (+603, -437) ,ug/kg, P < 005 vs. ID50 for U50,488 alone. tP < 005 vs. U50,488
alone at this dose (unpaired t test); *P < 0 05 > 0 01 vs. pre-U50,488 (paired t test).

exogenous oxytocin (Fig. 4B). Linear regression analysis showed that the
dose-response relationship was shifted significantly to the left compared with that in
control rats (Fig. 5); in the morphine-infused rats the ID50 for U50,488 was 170
(+ 78, -54) jig/kg, significantly less than in control rats, where the ID50 for U50,488
was 441 (+ 194, - 136) jtg/kg (P < 0 05, by separation of confidence limits).
Thus sensitivity to U50,488 was enhanced rather than reduced in morphine-

infused rats. In these rats, after a sequence of i.v. injections of U50,488, naloxone
(1-5 mg/kg) produced a rapid, large increase in intramammary pressure (peak
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77 +06 mmHg, n = 5, Fig. 6A), sustained for at least 20 min. This morphine-
withdrawal response reflects activation of oxytocin secretion, and was not seen after
naloxone in morphine-naive rats acutely given U50,488 or, as previously found,
morphine (Rayner et al. 1988). In three rats we induced this withdrawal response

A B 12

12 10

X

E lo 8

0 8

6A

EU 4

E

E2

C

0 0
0 0.25 0.50 0.75 1.0 0 0.25 0.50 0.75 1.0

Oxytocin (mU) Oxytocin (mU)

Fig. 4. Measurement of the effects of i.v. propranolol in control rats and U50,488 in
morphine-dependent rats on oxytocin secretion evoked by neurohypophysial stalk
stimulation. Typical intramammary pressure dose-response curves as in Fig. 2. A: [, *,
responses to exogenous oxytocin before and after i.v. propranolol (1 mg/kg), respectively;
0, 90 pulse stimulation of neurohypophysial stalk showing essentially no change in
response despite increased mammary gland sensitivity after propranolol. B: 0, 0,
responses to exogenous oxytocin before and after i.v. U50,488 (500 #sg/kg) in a morphine-
dependent rat, respectively; [, 120 pulse stimulation of neurohypophysial stalk showing
decreased response after U50,488 (see Fig. 2B).

with 1 mg/kg naloxone (Fig. 6B); the mean peak response was 8'8 + 0-3 mmHg, and
the mean time to peak was 6 1 + 0-4 min, similar to the morphine-tolerant rats given
5 mg/kg naloxone. At the peak, U50,488 was injected, and this quickly reduced
intramammary pressure, with a mean+ S.E.M. time to half-peak of 18 + 0-7 min
(n = 3). Intramammary pressure in these rats reached a nadir just above baseline
about 5 min after U50,488. In these rats, a further and larger injection of naloxone
(5 mg/kg) rapidly increased intramammary pressure again to a value similar to that
in tolerant rats at an equivalent time after a single naloxone injection (Fig. 6B).

In two rats blood samples were withdrawn for oxytocin radioimmunoassay just
before the first injection of naloxone (1 mg/kg), 5 min after naloxone, 8 min after
injection of U50,488 and 5 min after the second naloxone injection (5 mg/kg). In the
first rat given U50,488 (5 mg/kg) these values were 52, 126, 100 and 219 pg/ml, and
in the second rat given 10 mg/kg these values were 34, 227, 78 and 298 pg/ml,
consistent with inhibition by U50,488 of naloxone-induced withdrawal stimulation
of oxytocin secretion indicated by the intramammary pressure records (Fig. 6B).

13 PHY 469
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In three morphine-tolerant/dependent rats an electrolytic lesion of the neural
stalk was made (1P5 mA D.C., 10 s, Nichrome electrode; Russell, Pumford & Bicknell,
1992) proximal to the stimulating electrode about 5 min before the stimulation
protocol. In these rats electrical stimulation evoked oxytocin secretion normally, but
i.v. naloxone failed to produce a withdrawal response (Fig. 7).

120

100

X 80
.E

I-11
0)
co

Om 60

0cJ

X 400

20

0
10 50 100 500 1000

U50,488 (,ag/kg)
Fig. 5. Inhibitory effects of i.v. U50,488 on electrically stimulated oxytocin secretion in
lactating rats given i.c.v. morphine or vehicle infusion for 5 days. Oxytocin secretion was
measured as shown in Fig. 4. Values are mean + S.E.M. percentage estimates of
electrically stimulated oxytocin secretion after increasing doses of i.v. U50,488, as in Fig.
3. Filled columns: morphine-naive, n = 9; striped columns: i.c.v. morphine, n = 6. ID50
for U50,488 was 170 (+ 78, -54),cg/kg in i.c.v. morphine-infused rats (P < 0-05 vs.
morphine-naive animals, by calculation of confidence limits). tP < 0-05 Vs. morphine-
naive at this dose (unpaired t test); *P < 0-01 vs. preU50,488 (paired t test).

Pregnant rats
Daily weight gain of the pregnant rats was not different between the i.c.v. vehicle

and i.c.v. morphine groups, e.g. on day 2 following surgery mean weight gain+ S.E.M.
was 16-0 + 1-2 and 14-4 + 2-7 g respectively (n = 9 and 8); in both groups weight gain
fell at the end of pregnancy, on day 5 of i.c.v. infusion to 5 0 + 2-8 and - 3 0+ 4-8 g
respectively.

Parturition began in the light phase ofday 22 in 1/9 i.c.v. vehicle-infused rats, and
in 0/8 i.c.v. morphine rats, during the lights-out phase of days 22-23 in one rat from
each group, and during the light phase of day 23 in the remainder, except for one
i.c.v. morphine-infused rat that began delivery after lights-out on day 23. The
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6 5 mg/kg
naloxone I.V.

5 min

10 mg/kg
U50,488

I.V.

1 2 3 4

Fig. 6. Effects of i.v. U50,488 on naloxone-induced excitation of oxytocin secretion in
lactating rats given i.c.v. infusion of morphine for 5 days. Typical intramammary
pressure recordings from urethane-anaesthetized rats, showing segments of recording
after determination of effects of U50,488 on electrically stimulated oxytocin secretion. A,
effects of naloxone (5 mg/kg I.v.) alone. Naloxone rapidly produced a large increase in
intramammary pressure, peaking within 5 min, and slowly but steadily declining. This
typical withdrawal response reflects a large sustained increase in oxytocin secretion (e.g.
see Rayner et al. 1988; Bicknell et al. 1988a). B, effects of U50,488 on responses to
naloxone. Naloxone (1 mg/kg i.v.; broad open arrow), produced a large increase in
intramammary pressure peaking within 5 min; i.v. injection ofU50,488 (10 mg/kg; broad
filled arrow) was followed by a rapid fall in intramammary pressure to baseline, indicating
suppression of oxytocin secretion; i.v. injection of a higher dose of naloxone (5 mg/kg),
produced a large increase in intramammary pressure. Similar results were obtained in a

further two rats tested. Narrow filled arrows indicate when femoral arterial blood samples
were taken, and the plasma oxytocin concentrations measured by radioimmunoassay are

shown in the lower panel (filled columns); the changes in radioimmunoassayed plasma
oxytocin concentration confirm the changes inferred from the intramammary pressure
record.
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median time of parturition onset was ca 12.00 h on day 23 in the control rats and ca
16.00 h on day 23 in the i.c.v. morphine-infused rats (P < 0-02, two-sample sign test).
The progress of parturition, once initiated, between the groups was similar. The

mean cumulative interval between pups was not significantly different (Fig. 8) in the

Stalk
lesion

E E [
m0 Time~~pulses

0.25 0.50 90 0.50 120 0.25 0.50 90
Oxytocin (mU) I.V. Stimulus

pulses
5 mg/kg

naloxone I.V.

0.50 90 0.40 90 0 25 120 90 0.50 120
Fig. 7. In some i.c.V. morphine-infused lactating rats, an electrolytic lesion (1 5 mA, 10 s;
downward open arrow) of the exposed pituitary stalk was made prior to i.v. naloxone
injection. Electrical stimulation (50 Hz, 0 5 mA, 1 ms pulses; open arrows) of the stalk
distal to the lesion still effected oxytocin release, and i.v. injection of naloxone (5 mg/kg)
facilitated stimulated oxytocin release, but there was no detectable increase in
intramammary pressure between stimuli, in contrast to the effects of naloxone in intact
i.c.V. morphine-infused rats (see Fig. 6). Sensitivity to calibration doses of i.v. oxytocin
(filled broad arrows) was not increased after naloxone.

two groups, and there were no significant differences between the means of individual
interbirth intervals between the groups, nor for the interbirth interval cumulative
frequency distribution (Kolmogorov-Smirnov, using 4 min bins); one rat in the i.c.v.
morphine group had a protracted parturition, with long intervals between the first
four and last two pups (38, 52, 51 and 91 min respectively), largely accounting for the
greater variance of mean cumulative time in the i.c.v. morphine group (Fig. 8).
Mean litter size in the two groups was similar (11-4+ 1-1 and 1 8 + 0-8 pups in the

i.c.v. morphine and vehicle groups, respectively), and the immediate postpartum
(< 1 h) pup viability rate was also similar in the two groups (100% in the i.c.v.
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morphine group and 99+ 2% in the i.c.v. vehicle group; on the day following birth,
additional viability was 914+ 46 and 99'2 + 0-8 %, respectively).

Oxytocin and vasopressin release from electrically stimulated neurointermediate lobes
in vitro

Oxytocin release
Without morphine addition in vitro, there was no significant difference between

lobes from control and i.c.v. morphine-infused rats in the amount of oxytocin

9

7-

E5-C

3-

-20 0 20 40 60 80 100 120
Time after second pup (min)

Fig. 8. Effects of i.C.v. morphine in pregnancy on cumulative birth times in parturition.
Morphine or vehicle was infused for the preceding 5 days and continued through
parturition. Values are mean+s5.E.M. times from the birth of the second pup (taken as
reference zero since the first interbirth interval is usually the most variable). 0, i.c.v.
vehicle infusion, n = 6; 0, i.c.v. morphine infusion, n = 6. No significant differences.

released as a result of the first electrical stimulation (S1; Fig. 9; Table 1); continuous
presence of morphine had no effect on oxytocin release during S1 (Fig. 9C; Table 1).
Oxytocin release following S2, in the presence of naloxone, was greater than S1 in all
groups (i.e. S2/S1 ratio was > 1, Fig. 9A and C; Table 1). The S2/S1 oxytocin ratio
was not significantly different for the lobes from I.c.v. morphine-infused rats with or
without morphine in vitro, compared either with each other or with the lobes from
control rats without morphine added in vitro (Fig. 9A and C, Table 1). The S2/S1
oxytocin ratio for lobes from control rats was not affected by addition of morphine
in vitro (Fig. 9A and C; Table 1). This ratio was less for lobes from control rats
with morphine present throughout compared with lobes from morphine-infused rats
kept in morphine (Fig. 9C; Table 1) and the proportion of total oxytocin released
in S2 for the lobes from morphine-infused rats kept in morphine was about 20%
greater than for the lobes from vehicle-infused rats (Fig. 9A and C, P < 0-05,
Duncan's test ANOVA). However, this difference may possibly be accounted for by
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the greater oxytocin release in the second basal period (B2) in the control lobes kept
in morphine (data not shown; P < 0 005 ANOVA, P < 0 05, Duncan's test vs. other
groups), including a greater proportion of total oxytocin released in B2 (but not in B1
or S1) in this group (Fig. 9C).
None the less, the amount of oxytocin released in S2 was not different between

groups and the ratio of the proportion of total oxytocin released in S2 to that in S1
was not different between the groups (ANOVA; data from Fig. 9A and 0).

Vasopressin release

Without morphine addition in vitro, there was no significant difference between
lobes from control and i.c.v. morphine-infused rats, in the release in response to the
first stimulation, S1 (Fig. 9B). The S2/S1 ratios for vasopressin release were not above
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20 40
Time (min)

5 x 10F M naloxone
20I
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Time (min)

Fig. 9. Release of oxytocin and vasopressin from isolated neurointermediate lobes
superfused in vitro. Oxytocin or vasopressin released in each consecutive 3 min sample is
expressed as a percentage of the total released by each lobe in the experiment (60 mins);
values are means+S.E.M. Values for hormone release (ng) are shown in Table 1. There
were two periods of electrical stimulation, with 13 Hz, 5 mA, 2 mS biphasic pulses for
3 min (Sl, S2, filled bars); naloxone (5 x 10-6 M) was added to the superfusate after S1 (open
bar). 0, in vivo i.c.v. vehicle pretreatment; *, in vivo i.c.v. morphine pretreatment,
n = 6 per group. A, oxytocin release, no morphine added in vitro; B, vasopressin release,
no morphine added in vitro; C, oxytocin release, morphine 5 x 10-5 M present throughout;
D, vasopressin release, morphine 5 x 10-5 M present throughout. Stimulated release of
oxytocin, but not vasopressin, was greater in the presence of naloxone (see Table 1). In
the i.c.v. vehicle group with morphine in vitro, basal release of both oxytocin and
vasopressin was increased in the presence of naloxone (*P < 0 05 v8. other groups). The
percentage of vasopressin released during the second stimulation was reduced in this
group (tP < 0 05, ANOVA, Duncan's test). The percentage of oxytocin released after
naloxone was greater in the i.C.v. morphine/morphine in vitro group than in the i.c.v.

vehicle groups (tP < 0"05).
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unity in any group (Fig. 9B and D, Table 1), and there were no significant differences
in this ratio between groups (ANOVA, P = 0-2).

TABLE 1. Electrically stimulated release of oxytocin and vasopressin in vitro from neuro-
intermediate lobes from control and i.c.v. morphine-infused rats

Release ratio:
Oxytocin release: S2 naloxone: Sl control

Stimulus 1
I.c.v./in vitro treatment group Sl(ng/15 min) Oxytocin Vasopressin
Vehicle/no morphine 3-29 + 068 1P38 + 011 084+006
Morphine/no morphine 3-25+ 075 1P65 +020$ 085 + 008
Vehicle/morphine (5 x 10-5 M) 3-81 + 092 1P25 +009$ 066 + 004
Morphine/morphine (5 x 10-l M) 4-48+0-66 1P69+±008*t 0-91 +0413
Values are means+s..M., n = 6 per group. Statistical comparisons: *P < 005 vs. vehicle/

morphine group, Dunn's test/Kruskal-Wallis; $ S2 > SI, P < 0 05, Wilcoxon.

DISCUSSION

Morphine potently inhibits oxytocin secretion, and strongly depresses the firing of
supraoptic oxytocin neurones (Grell, Christensen & Fjalland, 1988; Evans et al.
1989b; Pumford et al. 1991). It has previously been reported that morphine given by
i.c.v. injection to lactating rats inhibits oxytocin secretion evoked by electrical
stimulation of the neural stalk, indicating an action at the posterior pituitary;
morphine was also reported to act at this site to inhibit oxytocin secretion during
suckling (Clarke et al. 1979). However, in the present studies, we found that
morphine depressed the sensitivity of the mammary gland to oxytocin; taking this
reduced sensitivity into account, we found no effect of morphine on oxytocin
secretion evoked by electrical stimulation of the neural stalk at a frequency similar
to that at which oxytocin neurones fire periodically during suckling (Lincoln &
Wakerley, 1975). These results indicate that such i-receptors as may be present in
the posterior pituitary (Sumner et al. 1990) are not coupled to mechanisms regulating
oxytocin release. The inhibitory effect of morphine on oxytocin secretion would thus
appear to be confined to inhibition of the firing rate of oxytocin neurones (Wakerley,
Noble & Clarke, 1983; Pumford et al. 1991).

In contrast, the selective K-opioid agonist U50,488 potently inhibited oxytocin
secretion evoked by electrical stimulation of the neural stalk; in the present study
the ID50 was 441 ,ug/kg, and nearly full inhibition was seen with doses of 2-5 mg/kg.
The posterior pituitary contains predominantly K-type opioid receptors and U50,488
inhibits both electrically stimulated oxytocin secretion from the posterior pituitary
in vitro (Zhao et al. 1988b), and K+-stimulated oxytocin release from neuro-
secretosomes (Zhao et at. 1988a). Naloxone reversed the inhibitory action of
U50,488 on electrically stimulated oxytocin secretion in vivo, confirming that
U50,488 acts via opioid receptors. Inhibition by U50,488 of oxytocin secretion
stimulated by suckling (Clarke & Wright, 1989), during parturition (Douglas et al.
1990) or by hyperosmotic stimulation (Evans et al. 1989b) is thus likely to involve
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actions at the level of the posterior pituitary as well as inhibition of the firing rate
of oxytocin neurones (Russell, Pumford & Leng, 1989b; Leng et al. 1990).
The ID50 for U50,488 was increased after pretreatment with the fl-adrenergic

antagonist propranolol indicating the involvement of an inhibitory action of
adrenaline on oxytocin secretion (Clarke & Wright, 1987); however, U50,488 could
still fully inhibit oxytocin secretion after fl-adrenergic receptor blockade. Within the
posterior pituitary, fl-adrenergic receptor activation facilitates oxytocin secretion by
an indirect mechanism involving pituicytes (Zhao et al. 1988c; Bicknell & Zhao,
1989); the present results indicate that this mechanism is not important in opposing
the actions of U50,488 on oxytocin secretion.

In lactating rats given i.c.v. morphine infusion for 5 days the milk-ejection reflex
operates normally, and the near-normal oxytocin concentrations in peripheral blood
and near-normal firing rate of supraoptic oxytocin neurones in these and in similarly
treated virgin rats indicates tolerance to morphine (Bicknell et al. 1988a; Rayner et
al. 1988; Leng, Russell & Grossmann, 1989; Russell, 1989). Indeed, the dose of i.v.
morphine required to inhibit the firing rate of supraoptic oxytocin neurones is
greatly increased in rats given i.c.v. morphine infusion (Pumford et al. 1991), whereas
the sensitivity of the firing rate of oxytocin neurones to i.v. U50,488 is not altered
(Leng et al. 1990), indicating lack of cross-tolerance between ,u-type and K-type opioid
receptors. The density of ,u-receptors is reduced in the supraoptic nucleus in
morphine-tolerant rats, but the density of K-receptors is not altered in either the
supraoptic nucleus or posterior pituitary (Sumner et al. 1990). The present results
show that rats made tolerant to morphine do not display cross-tolerance to K-opioids
at the posterior pituitary since the potency of U50,488 on electrically stimulated
oxytocin secretion in vivo was not decreased, but rather was significantly increased.
Previous studies on interactions of U50,488 with analgesic actions of morphine have
indicated increased sensitivity in morphine-tolerant rats (Yamamoto, Ohno & Ueki,
1988), while studies on opioid actions on the hypothalamo-pituitary adrenal axis
have similarly shown lack of cross-tolerance between different opioid receptor types
and their selective ligands (Iyengar, Kim & Wood, 1987).
Thus K-mechanisms can still inhibit oxytocin secretion from the posterior pituitary

while central ,u-receptor mechanisms are desensitized. Further evidence of this was
provided by the studies during morphine withdrawal; naloxone injection in
morphine-tolerant rats produced the expected large increase in oxytocin secretion,
this withdrawal activation of oxytocin secretion indicating morphine-dependence
(Rayner et al. 1988). None the less i.v. U50,488 given in an appropriately large dose
to compete with naloxone at K-receptors (for which naloxone has a relatively low
affinity; Kosterlitz, 1985) was still able to rapidly suppress oxytocin secretion.
Electrophysiological studies show that in these circumstances U50,488 is still
effective in reducing the firing rate of supraoptic oxytocin neurones during morphine-
withdrawal excitation (G. Leng, K. M. Pumford & J. A. Russell). These findings
reinforce the distinctness of the mechanisms involved in #c- and K-opioid control of
oxytocin neurones.
In vitro, neurointermediate lobes from control rats released more oxytocin during

stimulation in the presence of naloxone, as previously found (Bicknell & Leng, 1982).
The explanation for this effect of naloxone is considered to be that it antagonizes the
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restraining actions upon oxytocin secretion of endogenous opioids released during
electrical stimulation (Gerstberger & Barden, 1986; Bondy, Gainer & Russell, 1988;
Bicknell & Zhao, 1989). Morphine did not reduce electrically stimulated oxytocin
release in vitro, confirming that #-receptors in the posterior pituitary are either not
functionally coupled on oxytocin terminals or are absent (Herkenham et al. 1986;
Zhao et al. 1988b; Sumner et al. 1990). Neurointermediate lobes from i.c.v. morphine-
infused rats, whether or not morphine was present in the perifusion medium, released
oxytocin following the first stimulation in similar amounts to the lobes from control
rats (without morphine), again indicating lack of cross-tolerance from morphine to
the endogenous opioid acting on oxytocin terminals in the posterior pituitary. Lack
of cross-tolerance is also indicated by the potentiation in the presence of naloxone of
electrically stimulated oxytocin release, since tolerance to endogenous opioids would
be expected to lead to a reduced effect of naloxone. Indeed, the effect of naloxone was
greater on lobes from morphine-tolerant/dependent rats. Given our findings that
morphine does not act on the posterior pituitary, this enhanced effect of naloxone
probably reflects increased action of endogenous opioid mechanisms restraining
oxytocin terminals in rats made morphine tolerant. This interpretation is consistent
with the increased sensitivity of oxytocin terminals to inhibition by U50,488 in
morphine-tolerant rats (see above), and suggests that in these rats the sensitivity of
K-receptor mechanisms on oxytocin terminals is increased. This could possibly be
mediated by increased synthesis of prodynorphin peptides during initial morphine
administration (Lightman & Young, 1988) in neighbouring vasopressin neurones
(Whitnall, Gainer, Cox & Molyneaux, 1983) or in the oxytocin neurones themselves
(Meister, Villar, Ceccatelli & Hbkfelt, 1990).
The absence of naloxone-induced hypersecretion of oxytocin in morphine-

dependent rats following acute lesions of the neural stalk supports previous findings
(Sheward, Coombes, Bicknell, Fink & Russell, 1989) and confirms that the posterior
pituitary is not a site of morphine dependence. As reported previously, the greatly
increased oxytocin secretion provoked by naloxone in I.c.v. morphine-infused rats
is explained by withdrawal excitation of the electrical activity of oxytocin neurones,
amplified by the facilitatory effect of antagonizing endogenous opioid actions at the
posterior pituitary (Bicknell et al. 1988a).

In contrast to its actions on oxytocin secretion, naloxone did not facilitate
stimulated vasopressin secretion in any of the groups, confirming previous
observations (Bicknell & Leng, 1982; Bicknell & Zhao, 1989) although minor effects
can be discerned under different stimulation conditions (Zhao et al. 1988 b). The
failure of naloxone to enhance stimulated vasopressin release in any of the morphine-
treated groups indicates lack of morphine actions and in vivo, vasopressin secretion
is minimally affected by naloxone-precipitated morphine withdrawal (Bicknell et al.
1988a; Coombes, Robinson, Antoni & Russell, 1991).
The effects on parturition of i.c.v. morphine infusion for the last few days of

pregnancy were modest, a delay in the onset by ca 4 h being the only detectable effect.
Oxytocin secretion is increased at the end of pregnancy, but this is not the critical
factor in initiating parturition (Higuchi, Tadakoro, Honda & Negoro, 1986; Russell
et al. 1991) although oxytocin secretion is essential for the normal progress of
established parturition. Since we have not measured blood oxytocin levels we cannot
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tell whether oxytocin secretion was normal on the day of expected parturition but
the normal progress of parturition, once established, is consistent with normal
oxytocin secretion. A similar delay in the onset of parturition has been reported in
rats treated systemically for 2-3 days with a ft-/K-agonist, and in these studies no
effects on maternal oxytocin secretion were reported, although fetal pituitary
oxytocin content was increased (Evans, Rice & Olley, 1988; Evans, Olley, Rice &
Abrahams, 1989a). In normal rats, the secretion of oxytocin and the pace of
parturition are both increased by injection of naloxone, indicating that endogenous
opioids restrain oxytocin secretion during parturition (Leng et al. 1988). The present
results, showing that the rate of birth of pups once parturition was established was
no faster than normal, indicate lack of cross-tolerance between morphine and the
endogenous opioid that inhibits oxytocin secretion in parturition. This endogenous
mechanism could be central or in the posterior pituitary.

In conclusion, the study shows that a K-, but not a ,u-opioid agonist, acts at the
posterior pituitary gland to inhibit oxytocin secretion. The probable source of a K-
selective endogenous opioid acting in the posterior pituitary has been considered to
be the terminals of vasopressin neurones which release dynorphins (Anhut & Knepel,
1982; Whitnall, Gainer, Cox & Molineaux, 1983); however, oxytocin neurones also
contain dynorphins (Meister et al. 1990) as well as pro-enkephalin peptides, and the
C-terminally extended Met-enkephalins are active at K-receptors (Adachi, Hisano &
Daikoku, 1985; Castanas et al. 1985; Gaymann & Martin, 1987). It therefore remains
an open question whether oxytocin terminals are subject to auto- or cross-inhibition
by opioids from oxytocin or from vasopressin terminals respectively (Summy-Long,
1989; Leng, Dyball & Way, 1992). Chronic exposure to morphine leads to morphine
tolerance and dependence in relation to the electrical activity of the cell bodies of
oxytocin neurones (Bicknell et al. 1988a; Pumford et al. 1991), and at this site the
sensitivity to K-agonists is not decreased (Leng et al. 1990). In the posterior pituitary
there seems to be up-regulation of K-receptor mechanisms following the depression of
the magnocellular oxytocin system during chronic morphine treatment. Clearly the
magnocellular oxytocin system can show altered sensitivity to ,u-opioids with
undiminished or increased sensitivity to K-opioids. This may be important in
parturition, in relation to which the present results indicate a role for ,t-opioids in its
onset.
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