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SUMMARY

1. The effects of acute i.v. administration of morphine on putative oxytocin
neurones of the supraoptic nucleus were studied in urethane-anaesthetized female
rats which had been exposed to i.c.v. infusion of morphine (up to 50 ag h-') or
vehicle for 5 days.

2. In vehicle-infused rats, i.v. morphine inhibited the spontaneous activity of six
out of seven putative oxytocin neurones. Increasing doses of morphine were given,
from 1 ,ag kg-' to 5 mg kg-'. The median cumulative threshold dose to produce
significant inhibition was 20 ,ug kg-' (seven cells in six rats); six out of seven cells
were inhibited at 161 1ag kg-1. The highest doses tested inhibited by - 90%
(excluding one unaffected cell). Inhibition was fully reversed by i.v. naloxone
without overshoot, indicating a lack of acute dependence.

3. Injection of morphine i.c.V. inhibited firing at doses that were ineffective by i.v.
injection and the effects of i.c.V. morphine were reversed by i.v. naloxone.

4. Acute morphine (500 jug kg-' i.v.) reduced the plasma concentration of
oxytocin, measured after 15 min by specific radioimmunoassay, by 34% (n = 14).

5. In lactating rats i.c.V. injection of morphine (1-2 ,ug) inhibited the activity of
supraoptic neurones identified as oxytocinergic by their responses to suckling.

6. In seventeen rats infused with i.c.V. morphine the initial firing rate of twenty-
eight spontaneously active, non-phasic neurones was significantly less, by 24 %, than
thirty-four similar cells in control rats, indicating incomplete tolerance to I.C.V.
morphine. Morphine (up to 161 ,ug kg-' given i.v.) inhibited none of nine active non-
phasic neurones (P < 0'01 compared to control rats), but at higher doses inhibited
four of nine cells; the overall median threshold cumulative dose (1660 jag kg-') was
significantly greater than in vehicle-infused controls, indicating tolerance to i.v.
morphine. In contrast with control rats, some cells (5/9) were modestly excited by
low doses of morphine. Naloxone (5 mg kg-' i.v.) produced withdrawal excitation:
the firing rate of putative oxytocin neurones increased to - 260% of the pre-i.v.
morphine value, indicating dependence in mechanisms regulating the firing rate of
these neurones.

t To whom correspondence should be sent.
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7. In morphine-infused rats, the basal firing rate of nineteen phasically active,
putative vasopressin supraoptic neurones was not different in nineteen phasic cells in
controls (6-4 + 0-7 vs. 4 2 + 0 6 Hz).

8. Thus morphine potently inhibits the firing of magnocellular oxytocin neurones
in the female rat, inhibiting oxytocin secretion. Morphine tolerance and dependence
develop during i.c.V. infusion of morphine for 5 days. Similar tolerance to and
dependence upon endogenous opioids during pregnancy may be important in the
preparation of oxytocin neurones for parturition.

INTRODUCTION

Given acutely by peripheral or intracerebroventricular (i.c.V.) injection morphine
inhibits oxytocin secretion in the rat (Evans & Olley, 1988; Grell, Christensen &
Fjalland, 1988; Russell, Gosden, Humphreys, Cutting, Fitzsimons, Johnston,
Liddle, Scott & Stirland, 1989). The effects of opiates are powerful: 2-4 ,ag of ic.v.
morphine will inhibit the milk ejection reflex and 18 ,ug slows established parturition
for several hours, in both cases by inhibiting oxytocin secretion (Clarke, Wood,
Merrick & Lincoln, 1979; Russell et al. 1989). Given peripherally, ,a-type opioid
agonists inhibit the milk ejection reflex with a potency order similar to their
analgesic actions (Clarke & Wright, 1984).

In urethane-anaesthetized lactating rats, oxytocin neurones respond to suckling
by firing high-frequency bursts of action potentials at intervals of several minutes,
each burst signalling the secretion of a bolus of oxytocin (Lincoln & Wakerley, 1974).
Between bursts, and in non-suckled rats, oxytocin neurones fire continuously,
distinct from the phasic firing pattern of vasopressin-secreting neurones (Poulain &
Wakerley, 1982). It has been reported previously that acute i.c.v. injection of
morphine affects neither the background firing rate nor the milk-ejection bursts of
oxytocin neurones in suckled lactating rats, although the milk ejection reflex is
inhibited (Clarke et al. 1979), suggesting that morphine acts at the level of the
neurohypophysis to inhibit oxytocin secretion. However, while agonists selective for
K-receptors act at the level of the neurohypophysis to inhibit electrically stimulated
oxytocin secretion, we have not found morphine to act at this site (Coombes &
Russell, 1988), and ,t-agonists other than morphine are also inactive at the
neurohypophysis in vitro (Zhao, Chapman & Bicknell, 1988).

Chronic morphine treatment typically leads to two related phenomena: tolerance
and dependence. Tolerance is the loss of the initial effect of the opiate or a
requirement for a larger dose to produce the same effect (Jaffe, 1985). Dependence
reflects adaptation of the system affected so that on opiate withdrawal, frequently
induced experimentally by naloxone, there is not only reversal of the initial opiate
effect but also 'overshoot'; thus, if the initial opiate action is inhibitory, then
naloxone produces withdrawal excitation. Dependence develops in the mechanisms
that regulate the electrical activity of oxytocin neurones since naloxone-induced
withdrawal from chronic morphine treatment results in a large increase in their firing
rate, and in consequence a large increase in oxytocin secretion (Bicknell, Leng,
Lincoln & Russell, 1988a). The development of tolerance during chronic i.c.v.
infusion of morphine has been presumed from the resumption of the milk ejection
reflex, and from normal circulating oxytocin levels in lactating rats (Bicknell et al.
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1988a; Rayner, Robinson & Russell, 1988). However, it was apparent in our
previous study that tolerance to morphine was not absolute, since i.v. injection of
morphine (5 mg kg-') could still inhibit the milk ejection reflex (Rayner et al. 1988).
In the present study we have sought to confirm and quantify tolerance to i.v.
morphine in virgin female rats treated chronically with I.C.V. morphine by comparing
the potency of morphine in these rats and in morphine-naive controls. Some of the
results in the present paper have previously been published in abstract form (Leng,
Pumford & Russell, 1990).

METHODS

Electrophysiological studies in vehicle- and morphine-infused rats
Virgin female Sprague-Dawley rats (body weight 270 g), kept in our standard conditions,

were anaesthetized with ether and a stainless-steel cannula was inserted into a lateral cerebral
ventricle and connected via polythene tubing to a subcutaneously implanted osmotic minipump
(Alzet 2001) to deliver vehicle (sterile, pyrogen-free distilled water, 1 ,ul h-') or morphine sulphate
(10 ,ag h-' for 40 h, 20,ag h-' for 40 h, finally 50,ag h-' for 40 h) (see Rayner et al. (1988) for full
details). On the sixth day of infusion, the rats were anaesthetized with urethane (ethyl carbamate,
1 25 g kg-1 i.p.), a tracheal cannula was inserted, and a jugular vein was cannulated. The right
supraoptic nucleus and the neurohypophysial stalk were exposed by ventral surgery. A bipolar
stimulating electrode (Rhodes Medical Instruments, SNE- 100) was placed on the neurohypophysial
stalk, and extracellular recordings were made with a glass micropipette (20-40 MQ, filled with
09% saline) from supraoptic neurones antidromically identified by stimulating the neuro-
hypophysial stalk (Bicknell et al. 1988a). Antidromically identified neurones that showed
alternating periods of activity at > 3 Hz and quiescence for > 5 s were classified as phasically firing
and thus as vasopressin neurones (Poulain & Wakerley, 1982). For active non-phasic neurones, the
firing rate was recorded for at least 10 min, then morphine sulphate was given i.v. (as solution in
500 ,al kg-' 0 9% NaCl) in increasing doses at 10 min intervals (1, 10, 50, 100, 500 and 1000 ,tg kg-',
and 5 mg kg-'). If, after a dose of morphine, a unit failed to fire spontaneously for at least 10 min
or the upper limit of the test dose range was reached, then naloxone was administered (up to
5 mg kg-' i.v.). The mean firing rate for the 10 min following each injection was calculated and a
significant effect was defined as separation of the 95% confidence bands for the post-drug mean
from those for the control period mean. If a cell was lost, data from another cell from the same rat
were included only if the next two doses of morphine were ineffective, indicating that the threshold
dose had not been reached (one of seven cells in vehicle-infused and three of nine cells in ic.v.
morphine-infused rats).
To study actions of acute i.c.v. morphine, virgin female XVistar rats (body weight - 300 g) were

anaesthetized with urethane (1 25 g kg-' i.p.). A guide cannula was inserted into the right lateral
cerebral ventricle (Rayner et al. 1988) and oxytocin neurones were recorded as above. An injection
cannula, connected via a polythene tube to a microsyringe filled with morphine sulphate in 0 9%
saline (0-1-0 5 ,ug ul-1), was inserted via the guide cannula. After recording the activity of a neurone
for 10 min, morphine was injected I.c.v. in doses ranging from 0-1 to 1-0 jtg in a volume of 1 lal. For
some neurones, excitation by i.v. cholecystokinin (CCK 8S (26-33), Peninsula Laboratories,
20 jug kg-') and absence of inhibition by i.v. phenylephrine (i,-phenylephrine HCl, Sigma; 10 ,ag in
0-1 ml 09 0%) NaCl) were used to confirm their identity, since CCK excites oxytocin neurones and
not vasopressin neurones and phenylephrine inhibits vasopressin neurones but not oxytocin
neurones (Harris, 1979; Renaud, Tang, McCann, Stricker & Verbalis, 1987).

Electrophysiological studies on lactating rats
Wistar dams, separated from all but one pup overnight on day 8 post-partum, were anaesthetized

with urethane (1 1 g kg-' i.P.). An inguinal mammary gland was cannulated to record
intramammary pressure (see Rayner et al. 1988), a femoral vein and jugular vein were cannulated
to inject oxytocin (Syntocinon, Sandoz Pharmaceuticals, 10 mU ml-' 0 9% saline), and naloxone,
respectively. Two 21 g cannulae (as used for chronic i.c.v. infusion) were inserted through the
dorsal surface of the skull 1-6 mm lateral and 0-6 mm caudal, and 2-0 mm lateral and 3-0 mm caudal
to bregma respectively, so their tips lay in the lateral ventricle. Each cannula was connected to a
microsyringe via polythene tubing filled with morphine sulphate (I jag,ul-' 09 0/o) NaCl) for the
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rostral cannula, or oxytocin (1 mU ,ul-1) for the caudal cannula. A stimulating electrode (Rhodes
Mledical, SNEX 100) was placed stereotaxically uipon the neurohypophysial stalk and a
rmicroelectrode lowered stereotaxicallv to record the electrical activitv of antidromicallv, identified
supraoptic neurones (see Dyball & Leng, 1986). Oxytocin neurones were identified by their firing
a high-frequency burst of action potentials about 12 s before each milk ejection, evident as a sharp
rise in intramammary pressure (Lincoln & Wakerley. 1974). Propranolol was injected (250 ,tg kg-',
iv., in 09% saline) to facilitate the milk ejection reflex (Juss & Wakerley, 1981), and eight to 10
pups were applied to the nipples to suckle. If milk ejections did not begin within 15 min, 1 mU
oxyvtocin (2 ng) was injected i.C.v. (in 1 ,ul) to induce the reflex (Freund-Mercier & Richard, 1984).
Blood .sampling for radioimrmunoassay of oxytociln in peripheral plasma
To measure effects of i.v. morphine on oxytocin secretion, twenty-eight untreated virgin female

Sprague-Dawley rats (body weight - 250 g) were anaesthetized with urethane (1-25 g kg-' i.P.). A
femoral artery and vein were caninulated for blood sampling and replacement, and a jugular vein
for dIrug injection. Two hours after surgery a 0 3 ml blood sample was withdrawn and replaced with
0(9%/O saline; a second sample was withdrawn 10 min later and replaced with the cells from the
l)revious sample resuspended in 0-9% saline; 5 min later either morphine (500 lug kg-', 1 mg ml-'
in 0 9 % saline) or an equivalent volume of vehicle was injected. Further blood samples were taken,
and replaced with resuspended blood cells, 5 and 15 min after the i.v. injection. Plasma samples
were separated aind stored at -20 C, prior to radioimmunoassay for oxytocin in a single assay
following a method described previously (Higuchi, Honda, Fukuoka, Negoro & Wakabayashi,
1985; Leng, Mansfield, Bicknell, Blackburn, Brown, Chapman, Dyer, Hollingsworth, Shibuki.
Yates & Way. 1988). The detection limit was 4 4 pg ml-'.

RESULTS

Electrophysiological properties of supraoptic neurones in vehicle- and morphine-
infused rats

Control period recordings were obtained from fifty-nine cells in seventeen vehicle-
infused rats and from seventy-two cells in seventeen morphine-infused rats. In
morphine-infused rats, the proportions of the different types of neurone (phasic,
continuous, silent) were not significantly different from those in the control group
(Table 1). The mean basal firing rate of active non-phasic cells recorded before any
i.v. injection of morphine was 4-55 + 061 Hz (n = 30 cells in fourteen rats) in the
vehicle-infused rats, and 3 47 + 072 Hz in the morphine-infused rats (n = 28 cells in
seventeen rats), P < 0-05, Wilcoxon test for independent samples. This difference
was a result of reduced firing rate of active cells firing at < 2 Hz (Table 1). Compiling
the activity of continuous, slow irregular and silent neurones (in correct proportion),
the mean firing rate of putative oxytocin neurones in the morphine-infused rats was
2 49 + 0-54 Hz (n = 39) and in the vehicle-infused rats was 4 02 + 0 59 Hz (n = 34),
P < 001 (Wilcoxon test for independent samples).

For active non-phasic neurones there were no significant differences in the
antidromic activation latency or threshold between the vehicle- and morphine-
infused rats (Table 1). For phasic neurones, basal firing rate was greater in the icy.v.
morphine group (by 52 %; Table 1), and their antidromic activation latency was less
(Table 1). but antidromic activation threshold was similar in vehicle- and morphine-
infused rats.

Actions of i.l . morphine in vehicle-infused rats
Morphine injections at low doses were followed by significant sustained inhibition

of six out of seven continuously active neurones (from seven different rats). The
median cumulative threshold dose to produce significant inhibition was 20 ,ug kg-';
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Dose of morphine sulphate

100 500 pg kg-1

Naloxone
hydrochloride

5 mg kg-1 5 mg kg-1

Time (min)

Fig. 1. Extracellular recording of the firing rate of a continuously active putative oxytocin
neurone in the supraoptic nucleus of a morphine-naive urethane-anaesthetized virgin
female rat. The rat had received i.c.V. vehicle infusion for 5 days. The neurone was

antidromically identified by electrical stimulation of the neurohypophysial stalk. Firing
rate was measured in 30 s bins. Sensitivity to morphine was tested by giving increasing
i.v. doses of morphine sulphate. The lowest dose (10 jug kg-'), decreased the firing rate of
the neurone, but only for 2 min; a further dose of 50 jag kg-' markedly depressed firing
rate for 6 min; further increase in dose prolonged the maximal inhibitory effect. The
cumulated effects of the i.v. morphine were fully reversed by naloxone (5 mg kg-' i.v.),
which promptly restored the firing rate to the pre-morphine value.

5.0

4.0

I 3.0.
ax

'~2.0-

10*0

Dose of morphine sulphate

1 10 50
l l I

II Naloxone
I hydrochloride
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I +

0 10 20 30 40
Time (min)

Fig. 2. Extracellular recording of the firing rate of a putative oxytocin neurone in the
supraoptic nucleus of a morphine-naive urethane-anaesthetized virgin female rat. Details
as in Fig. 1. Although this neurone was transiently excited immediately after two of the
morphine injections (50 and 100 jag kg-') it was then strongly inhibited. The threshold
cumulative inhibitory dose was 61 jag kg-', and it was silenced only after a further
100 ,ug kg-'; essentially complete inhibition was then sustained for at least 12 min. A low
dose of naloxone (10 jag kg-' i.v.) fully reversed the inhibition by morphine, without
overshoot.
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Fig. 3. Summary of effects of i.v. morphine on putative oxytocin neurones in the
supraoptic nucleus of morphine-naive urethane-anaesthetized virgin female rats. The rats
had received i.c.V. vehicle infusion for 5 days. Increasing doses of morphine were given
i.v., 10 min apart. Each histogram represents one neurone, each from one rat.
Mean + S.E.M. firing rate during each 10 min was calculated from 30 s bins and expressed
as percentage of the initial firing rate. Significant changes (separation of 95% confidence
bands) are indicated by asterisks, and significant drug effects were inferred from dose-
related responses. Naloxone, (Nal, dose in micrograms) reversibility was tested at the end
of the series of morphine injections. All neurones except one (G) were significantly
inhibited by 161 ug kg-1 morphine, or less. Initial firing rates were: A, 930 Hz; B,
4 40 Hz; C, 2-34 Hz; D 2-21 Hz; E, 3.79 Hz; F, 4-55 Hz; G, 14-04 Hz. Neurone G may have
been a fast-firing vasopressin or oxytocin neurone.
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the six responding cells were all markedly inhibited by a cumulative dose of
161 jg kg-' (Fig. 3; Table 2); the initial mean firing rate of the non-responding
neurone was 14-04 Hz (fast enough possibly to be an excited vasopressin neurone).
The effect of i.v. morphine was usually evident within 30 s (Fig. 1); with the highest
doses used firing rate was reduced by a mean of 91-6+ 3-3% over the 10 min following

TABLE 2. Responses of non-phasic active supraoptic neurones to i.v. morphine and naloxone in
i.c.V. vehicle- or i.c.v. morphine-infused rats

Chronic treatment group i.c.V. vehicle i.c.v. morphine
(n = 6) (n= 8)

Initial firing rate (Hz) 4-43+1-06a 3-2+1-18
(n= 6) (n =9)

Effects of i.v. morphine:
Proportion of neurones inhibited 6/7 4/9b
Median threshold inhibitory dose (sag kg-') (range) 20a(1-162) 1660**(661-

> 6661)c
Maximum inhibition of firing rate (%) 91-6+3-3d 54-2+ 10-8e*

(n= 6) (n= 5)
Effects of i.v. naloxone (5 mg kg-'):

Post-naloxone firing rate (% of basal) 97 7 +12x4 260-4 + 31-3t
(n = 4) (n = 4)

Supraoptic neurones were antidromically identified and firing rate was measured in 30 s bins over
10 min periods; phasically active neurones were excluded. Increasing i.v. doses of morphine were
given at 10 min intervals, followed finally by i.v. naloxone. Data for cells shown in Figs 3 and 7.

a Excluding one non-responding cell firing at 14-04 Hz.
b Unaffected cells were tested with 161 (one cell), 661 (two cells), 6661 (one cell) and 9100 jug kg-'

(one cell).
c For the inhibited cells, the threshold inhibitory doses were 661 (one cell), 1661 (one cell), 6600

(one cell) and 6661 ,g kg-' (one cell).
d Maximum doses used were 161 (three cells), 661 (one cell) and 6661 ,ug kg-' (two cells).
e Maximum dose used was 6661 jug kg-' in all five cells.
Values given are means+ S.E.M. n is the number of rats. Statistical comparisons: *, P < 0-02,

** P < 0-01 vS. i.c.v. vehicle group (Wilcoxon); t P < 0 01 vs. i.c.v. vehicle group (Student's t test)
and vs. basal value (paired t test).

injection (n = 6 cells). The effects of morphine were fully reversed by i.v. naloxone
(5 mg kg-') (Figs 1, 2 and 3; Table 2). Overall there was no evidence of enhanced
excitation on antagonism of morphine with naloxone.

Actions of acute i.c.v. morphine
Given the potency of i.v. morphine in suppressing oxytocin neurone activity,

previous reports of the ineffectiveness of i.c.v. morphine on spontaneous activity
appeared paradoxical (see Introduction). We therefore reinvestigated the effects of
i.c.v. morphine in virgin animals.

In each of five experiments on virgin female rats, the spontaneous activity of a
continuously active, putative oxytocin neurone in the supraoptic nucleus was
significantly inhibited, to less than 50% of the initial firing rate, following i.c.v.
injection of 0.1-0 5 ,ug morphine. The effects were in each case completely reversed
by i.v. injection of 100-250 4ug kg-' naloxone (Fig. 4). In three lactating rats, six
supraoptic neurones, identified as oxytocin neurones by their bursting behaviour
associated with reflex milk ejection, were recorded during i.c.v. injections of 1-2 jug
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morphine. The spontaneous activity of each cell was significantly reduced for at least
5 min following the injection, and for five of the six cells the spontaneous activity was
eliminated. In three out of six cells, bursting activity in response to suckling
persisted despite inhibition of their continuous activity by morphine, although the

MorphineNaloxoneMorphine Naloxone
CCK (lOOng) (500 ng) PlO

6 7

C)
c

0 o- I^
0 15 30 45 60 75

Time (min)

Fig. 4. Firing rate of a continuously active, putative oxytocin neurone in the supraoptic
nucleus, recorded extracellularly, in a urethane-anaesthetized virgin female rat. Firing
rate was averaged in 30 s bins. This neurone, firing initially at 1-36+ 0-15 Hz, was
identified as oxytocinergic by its excitatory response to i.v. injection of cholecystokinin
(CCK, 20 jug kg-') and by its lack of response to i.v. phenylephrine (P1O, 10 jug), injected
at the end of the experiment. Morphine sulphate solution was injected via an implanted
cannula into a lateral cerebral ventricle. Morphine (100 ng) almost completely inhibited
firing of the neurone; the inhibition was fully reversed, without overshoot, by injection
of naloxone (100 jag kg-', I.v.). Further slow i.c.v. injection of 500 ng morphine decreased
firing rate stepwise to the same level as before; the effects of the cumulative dose of ic.v.
morphine were completely and rapidly reversed by naloxone (100 jug kg-', i.v.).

number of spikes per burst was markedly reduced in one cell (Fig. 5). Naloxone
administered i.v. at doses of 250-1000 jtg kg-' restored firing rate to normal in each
of four cells thus tested.

Effects of I.V. morphine on supraoptic neurones in morphine-infused rats

Only four out of nine non-phasic neurones were significantly inhibited by i.v.
morphine (Figs 6 and 7; Table 2). The overall median threshold inhibitory dose was
1660 jug kg-' (n = 9 cells), significantly greater (P = 0-01, Wilcoxon) than in vehicle-
infused rats; the proportions of continuous cells in the two groups inhibited by
< 161 ,tg kg-' morphine were significantly different (6/7 vs. 0/9, p < 0-01). At the
highest i.v. morphine doses used, mean firing rate was reduced by only 54-2 + 10-8%,
significantly less than the maximal inhibition in vehicle-infused rats (Table 2).
At low doses of i.v. morphine, five continuous neurones in morphine-infused rats
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were excited (maximally to 128-6 + 8-9% of initial firing rate at 11, 61, 161, 500 and
661 jug kg-1 n = 5), but at higher doses of i.v. morphine these neurones, where tested
(3/3), were also inhibited (Figs 6 and 7).
Naloxone (5 mg kg-1 i.v.) produced withdrawal excitation (Figs 6 and 7):

* * *

E E 0 t tu,< Morphine

I~~~~ II1l 1io

Naloxone
1 min

Fig. 5. Action potentials of an oxytocin neurone in the supraoptic nucleus of a urethane-
anaesthetized lactating rat. Simultaneous extracellular recording of action potentials (top
record) and intramammary pressure (middle record) during suckling by eight to ten pups.
The neurone was antidromically identified by electrical stimulation of the neuro-
hypophysial stalk. Prior to the segments of recording shown, oxytocin (2 ng) was
injected into a lateral cerebral ventricle to promote the milk ejection reflex. The upper
left-hand part of the record shows two high-frequency burst discharges of the neurone, -

2 min apart (asterisks); the sharp increases in intramammary pressure - 12 s after each
burst indicate secretion of a pulse of oxytocin as a result of synchronous bursting of
magnocellular oxytocin neurones, effecting a reflex milk ejection. Injection into a lateral
cerebral ventricle (i.c.v.) of morphine (2 ,ug in 2 ,u 0 9% NaCl) completely inhibited the
background continuous firing of this neurone; a further sharp increase in intramammary
pressure (right-hand side of record) indicates reflex secretion of a further pulse of
oxytocin. Immediately prior to this increase in intramammary pressure the recorded
neurone fired only a single action potential (asterisk); thus morphine had inhibited the
burst firing of this neurone during suckling, but the burst firing of other oxytocin neurones
must have been relatively unaffected, as found previously (Clarke et al. 1979), to secrete
sufficient oxytocin to effect a reflex milk ejection. The background activity of the recorded
neurone was fully restored by injection of naloxone HCl, (0-5 mg kg-' i.v.).

compared with the pre-I.v. morphine control period, the firing rate was markedly
increased after naloxone, in contrast to the simple return of firing rate after naloxone
to the initial value in the vehicle-infused rats (Table 2).

Radioimmunoassay data: morphine and oxytocin secretion
The averaged basal plasma concentration of oxytocin in urethane-anaesthetized

rats was 11-8 + 2-3 pg ml-' (mean+S.E.M.; n = 14 rats); after i.v. injection of
500 jug kg-1 morphine, the concentration was unchanged at 5 min (10-8 + 2-3 pg ml-'),
but was decreased at 15 min after morphine to 7-8 + 2-0 pg ml-' (P < 0-03, one-tailed
paired t test). The mean change 15 min after morphine was -4-0+ 1-9 pg ml-. In
controls (not given I.v. morphine) concentrations of oxytocin in plasma at times
corresponding to those in the i.v. morphine group did not change; these values were
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17-5+444 15-5+3-9 and 183+48 pg ml-' (n = 14 rats); the mean change 15 min
after i.v. vehicle was + 0-8+ 2-3 pg ml-'.

DISCUSSION

The present results show that i.v. morphine inhibits oxytocin secretion and, at low
doses, inhibits the firing rate of putative oxytocin neurones in the supraoptic nucleus

9*0

8.0

7.0-

6-0
I
O 5-0

Dose morphine sulphate

10 50 100 500 pg kg- 1 5 mg kg-'

IL41l.091

50
Time (min)

Fig. 6. Firing rate of a continuously active, putative oxytocin neurone in the supraoptic
nucleus of a urethane-anaesthetized virgin female rat after I.c.V. morphine infusion for 5
days. Details as in Fig. 1. Firing rate was significantly greater after morphine injection
(50 and 100 ,ug kg-') than in the initial control period. Further doses of i.v. morphine up
to a total cumulative dose of 660 ,ug kg-' did not significantly affect firing rate; after a
further 1 mg kg-' morphine firing rate was inhibited, and after a further 5 mg kg-' the
neurone was almost silenced for a few minutes. Naloxone (5 mg kg-' i.v.) rapidly
produced withdrawal hyperexcitation; firing rate increased to - 350% of the firing rate
before i.v. morphine.

of virgin female rats. The dose required to inhibit firing rate compares satisfactorily
with the peripheral dose in lactating rats required to inhibit the milk ejection reflex
(Clarke & Wright, 1984; Russell & Spears, 1984). Since i.v. morphine, even at high
doses (up to 5 mg kg-'), does not inhibit oxytocin secretion elicited by electrical
stimulation of the neurohypophysial stalk in lactating rats (Coombes & Russell,
1988), the inhibitory effect of i.v. morphine appears to be mainly the result of
inhibition of the firing rate of oxytocin neurones (in contradiction to earlier
suggestions; Clarke et al. 1979). Morphine is highly selective for ,u-type opioid
receptors (Magnan, Paterson, Tavani & Kosterlitz, 1982), and its effectiveness at low
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Fig. 7. Summary of effects of i.v. morphine on putative oxytocin neurones in the
supraoptic nucleus of urethane-anaesthetized virgin female rats after i.c.v. morphine
infusion for 5 days. As in Fig. 3, increasing doses of morphine were given i.v., 10 min
apart. Each histogram represents one neurone, each from one rat. Mean + S.E.M. firing rate
during each 10 min was calculated from 30 s bins and expressed as percentage of the
initial firing rate. Significant changes (separation of 95% confidence bands) are indicated
by asterisks, and significant drug effects inferred from dose-related responses. Naloxone
(Nal, 5 mg kg' i.v.) reversibility was tested at the end of the series of morphine
injections. No neurones were inhibited by 161 #tg kg-' morphine, or less, in contrast with
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concentrations (11-61 ,ug kg-') is consistent with its acting on #u-receptors. Similarly,
naloxone is 10 and 15 times more avid for It-receptors than for K- or d-receptors,
respectively (Kosterlitz, 1985), and its effectiveness in antagonizing, at low
concentrations (e.g. 10 jtg kg-'), inhibition produced by much larger doses of
morphine (Fig. 2) is consistent with its acting to displace morphine from ,t-receptors
(Kosterlitz, 1985). The inhibitory actions of opioids on oxytocin secretion at the level
of the neurohypophysis are mediated via K-receptors (Herkenham, Rice, Jacobson &
Rothman, 1986; Coombes & Russell, 1988; Zhao et al. 1988), and the increase in
oxytocin secretion after naloxone administration to morphine-naive rats shown in
previous studies (Bicknell, Grossmann, Leng & Russell, 1986; Bicknell et al. 1988a)
is explained by antagonism of endogenous opioid action, probably that of
dynorphins, co-released with vasopressin from terminals adjacent to those releasing
oxytocin (Watson, Akil, Fischli, Goldstein, Zimmerman, Nilaver & van Wimersma
Greidanus, 1982; Whitnall, Gainer, Cox & Molineaux, 1983; Summy-Long, Miller,
Rosella-Dampman, Hartman & Emmert, 1984; Zhao et al. 1988). In contrast,
circumstances have not yet been identified in which endogenous opioid pathways
inhibit the firing rate of oxytocin neurones: naloxone alone has no effect on the
electrical activity of supraoptic oxytocin neurones in lactating rats (Bicknell et al.
1988a) or in osmotically stimulated rats (Shibuki, Leng & Way, 1988).
Morphine could act at several sites to influence the firing rate of oxytocin neurones.

The supraoptic nucleus contains ,t-receptors (Sumner, Coombes, Pumford & Russell,
1990), as well as K-receptors (Mansour, Khachaturian, Lewis, Akil & Watson, 1988),
but other possible target sites include the subfornical organ and the region anterior
and ventral to the third ventricle (AV3V area) which contain opioid receptors and
neurones which can be affected by morphine (Buranarugsa & Hubbard, 1979; Sharif
& Hughes, 1989); these regions provide an excitatory input essential for the tonic
activity of supraoptic oxytocin neurones (Russell, Blackburn & Leng, 1988; Leng,
Blackburn, Dyball & Russell, 1989a). Part of the withdrawal excitation of oxytocin
neurones in morphine-infused rats is through a site outside the blood-brain barrier
(Leng, Russell & Grossmann, 1989 b). However, a direct effect of morphine within the
supraoptic nucleus is indicated by inhibition of supraoptic neurones in vitro
(Wakerley, Noble & Clarke, 1983; Pumford, Hunter & Russell, 1987). Morphine
given by acute i.c.v. injection in suckled lactating rats also strongly inhibited the
basal activity of oxytocin neurones. The present results are not consistent with those
in a previous report stating that i.c.v. morphine in doses similar to or larger than
those we used did not affect the firing rate of supraoptic oxytocin neurones (Clarke
et al. 1979).

In chronic morphine-infused rats the initial firing rate of non-phasic neurones was

control rats (Fig. 3); and five cells (A, B, C, E and G) were excited by low doses of
morphine. Naloxone (5 mg kg-') reversed acute inhibitory effects of morphine but
increased firing rate significantly above the initial value. Initial firing rates were: A,
3-14 Hz; B, 2-30 Hz; C, 3-58 Hz; D, 3-52 Hz; E, 12-14 Hz; F, 1-46 Hz; 0, 085 Hz; H,
0-81 Hz; I, 0-98 Hz. Neurones A-E firing continuously at > 2 Hz are putative oxytocin
neurones; neurone F, although firing at < 2 Hz, is identified as oxytocinergic by its
withdrawal response after naloxone; neurones C-I, firing at < 2 Hz, could be slow-firing
oxytocin or vasopressin neurones.
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lower (for those firing at < 2 Hz) than in vehicle-infused rats. Since the proportion
of phasic (vasopressin) neurones was not altered by chronic i.c.v. morphine, these
changes are consistent with inhibition of oxytocin neurones, and indicate incomplete
tolerance to the i.c.V. infusion of 1 ug morphine each minute, an amount more than
sufficient as a single i.c.V. dose to powerfully inhibit oxytocin neurones in control rats
(Fig. 4). In contrast, phasic neurones fired faster, and had shorter antidromic
latencies in morphine-infused rats than in controls, indicating increased excitability
of these neurones; however, vasopressin secretion is not increased in morphine-
infused rats (Bicknell et al. 1988a). In previous studies on fewer cells we have not
found significant differences in oxytocin neurone firing rates between vehicle- and
morphine-infused rats, and we have found normal, or only slightly depressed, plasma
oxytocin levels in morphine-infused rats (Bicknell et al. 1988a; Sumner et al. 1990).
The normal, or near-normal, secretion of oxytocin in morphine-infused rats is not a
result of increased synthesis or releasability of oxytocin since the oxytocin mRNA
content of these neurones is unaltered (Sumner, Kawata & Russell, 1989), as is their
content of oxytocin in lactating rats (Rayner et al. 1988), and the fraction of stored
oxytocin released from the neurohypophysis in vitro per electrical stimulus pulse is
also unaltered (Bicknell, Chapman, Leng & Russell, 1985; Russell, 1989). To test for
tolerance in the central mechanisms controlling oxytocin cell activity, we compared
the effectiveness of increasing doses of i.v. morphine. In morphine-infused rats there
was a large shift to the right in the dose-response relationship for the action of i.v.
morphine on the firing rate of oxytocin neurones and a significant decrease in the
maximum inhibition obtained with i.v. morphine. Comparable changes have also
been reported for other central neurones in morphine tolerance (e.g. Christie,
Williams & North, 1987). Possible mechanisms for morphine tolerance are: the
neurones or their inputs lose opioid receptors; the affinity of the receptors is altered;
the coupling of receptors to the intracellular effector mechanism is altered; or
endogenous opioid production is decreased or an endogenous antagonist is produced
(Mocchetti & Costa, 1986; Christie et al. 1987; Giagnoni, Casiraghi, Basilico, Pecora,
Mennuni, Parolaro, Colleoni & Gori, 1988; Loh, Tao & Smith, 1988; Takahashi,
Portoghese & Takemori, 1988; Werling, McMahon & Cox, 1989). We have found a
selective decrease in the density of ,t-receptors in the supraoptic nuclei of rats given
i.c.V. morphine for 5 days (Sumner et al. 1990), but whether this decrease is sufficient
to explain the large shift in sensitivity of oxytocin neurones to morphine depends on
the affinity of the opiate receptors and on the initial size of the receptor pool relative
to the number required to be activated for effect (the pool of 'spare' receptors;
Stephenson, 1956). Changes in receptor affinity have not been found in some studies
on other systems (Tempel, Habas, Paredes & Barr, 1988), but a decreased number of
,u-receptors in the high affinity state has been reported (Werling et al. 1989);
increased receptor number has also been found (Brady, Herkenham, Long &
Rothman, 1989). Since sufficiently large doses of i.v. morphine given to morphine-
infused rats were able to inhibit some putative oxytocin neurones, sufficient ,t-
receptors may remain available for activation even in morphine-infused rats and the
available receptors appear to be coupled to the effector systems. In addition, since
withdrawal excitation of oxytocin neurones provoked by low doses of naloxone is
mediated by ,u-receptors (Leng et al. 1989b), there must be sufficient receptors in
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morphine-infused rats to allow this marked excitation to be expressed. However, the
mechanism of withdrawal excitation, and thus dependence, need not otherwise be
closely related to the mechanism of tolerance or to the normal mechanism of acute
inhibition by opioids (Seidl & Schulz, 1983; Johnson & Duggan, 1984). Hyper-
secretion of oxytocin in morphine-infused rats given naloxone confirms that
naloxone-induced withdrawal excitation of oxytocin neurones is not simply the
reversal of acute inhibition by morphine (Bicknell et al. 1986, 1988a). Furthermore,
dependence is not a consequence of acute exposure to morphine since naloxone
simply restored firing rate to pre-morphine values in control rats. The excitatory
effect of i.v. morphine on a few continuous supraoptic neurones, but only in
morphine-infused rats, was unexpected. The excitation could reflect an inhibitory
action of morphine on inhibitory input to these neurones or even a direct excitatory
effect like that recently described for dorsal root ganglion neurones (Crain & Shen,
1990). We have found such an excitatory effect of morphine and of a K-agonist on
oxytocin neurones in other control rats (Leng et al. 1990).
The present study shows the powerful inhibitory effect of relatively low doses of

morphine on the electrical activity of oxytocin neurones of the rat supraoptic
nucleus, and explains the inhibition of oxytocin secretion by morphine. The
sensitivity of these neurones to morphine decreases markedly during chronic
morphine treatment. Whether this plasticity in opioid responsiveness extends to
changes in physiological circumstances remains to be established, but it could be
important in the long-term regulation of the activity of oxytocin neurones. Thus
during sustained endogenous opioid action, oxytocin neurones would be first
inhibited, then become tolerant and resume normal activity, and finally increase
activity on cessation of opioid action. Such a sequence has been postulated to take
place during pregnancy, in preparation for parturition (Bicknell, Leng, Russell,
Dyer, Mansfield & Zhao, 1988b; Leng & Russell, 1989).
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