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Effects of the endogenous opioid peptide, endomorphin 1, on
supraoptic nucleus oxytocin and vasopressin neurones in vivo and

in vitro
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1 We investigated the actions of the endogenous opioid tetra-peptide endomorphin 1, a selective u-
opioid receptor agonist, on oxytocin and vasopressin cell activity in vivo and in vitro.

2 The activity of antidromically-identified supraoptic nucleus cells were recorded from urethane-
anaesthetized female rats. The firing rates of both oxytocin and vasopressin cells were reduced by
intracerebroventricular endomorphin 1 (5—100 pmol); this inhibition was prevented by intravenous
naloxone (5 mg kg™!).

3 A second group of rats was infused intracerebroventricularly with endomorphin 1
(27 pmol min—") over 5 days. The firing rates of oxytocin and vasopressin cells in endomorphin 1
pre-treated rats were similar to those of endomorphin 1 naive rats, indicating tolerance to the
inhibitory effects of endomorphin 1. Intravenous naloxone induced similar modest and transient
increases in the firing rate of oxytocin cells in endomorphin 1 pre-treated rats and endomorphin 1
naive rats, indicating that endomorphin 1, unlike the u-opioid alkaloid agonist, morphine, does not
induce p-opioid dependence in these cells.

4 In vitro, whole-cell current clamp recordings were made from supraoptic nucleus cells in
superfused coronal hypothalamic slices from young female rats. Endomorphin 1 (100 nM) inhibited
the firing rate of oxytocin cells but had no significant effect on vasopressin cells at up to 10 um.
Inhibition of oxytocin cells was reversed by naloxone, and remained when synaptic transmission was
blocked by superfusion with low Ca**/Co**-containing medium.

5 Thus, endomorphin 1 directly inhibits oxytocin cells but inhibits vasopressin cells by indirect
actions. Chronic endomorphin 1 administration induces p-opioid tolerance in oxytocin and

vasopressin cells but not p-opioid dependence in oxytocin cells.
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Introduction

Magnocellular neurosecretory cells of the hypothalamic
supraoptic nucleus (SON) and paraventricular nucleus project
to the posterior pituitary where they secrete oxytocin or
vasopressin directly into the systemic circulation (Hatton,
1990). Opioid receptor mechanisms participate in the regula-
tion of the electrical activity of oxytocin and vasopressin
neurones (Russell et al., 1995; Brown et al., 2000a). In vivo
studies suggest that oxytocin cells are inhibited by u- and x-
opioid agonists while vasopressin cells are inhibited only by -
opioid agonists (Pumford et al., 1993a), but in vitro electro-
physiological studies have shown that both p- and x-opioids
inhibit SON cells (Wakerley et al., 1983; Inenaga et al., 1990;
1994). However, oxytocin and vasopressin cells were not
distinguished in these investigations.

*Author for correspondence; E-mail: J.A.Russell@ed.ac.uk

Oxytocin cells develop tolerance and dependence when
chronically exposed to morphine, a p-opioid alkaloid.
Tolerance is seen as a decreased sensitivity to the inhibitory
actions of morphine while dependence is unmasked as a
rebound hyper-excitation following withdrawal of morphine.
In late pregnancy, the activity of oxytocin neurones is
restrained by tonic activation of u-receptors (Douglas et al.,
1995) and it has been proposed that release of this
endogenous opioid restraint may contribute to the increased
activity of oxytocin cells at parturition (Russell ez al., 1995).

Although the products of the three opioid peptide genes
(pro-dynorphin, pro-enkephalin A and pro-opiomelanocor-
tin) are well described, until recently no endogenous opioids
have been characterized that exhibit high selectivity for the u-
receptor over - and x-receptors. Two novel endogenous
tetra-peptides have now been identified that have high affinity
and selectivity for the u-receptor, endomorphin 1 and
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endomorphin 2 (Zadina et al., 1997). The affinity of the
endomorphins for the p-receptor is almost equal to that of
the most potent synthetic u-receptor agonist, D-Ala(2)-N-
MePhe(4)-Gly(5)-ollenkephalin (DAMGO), and they exhibit
a greater selectivity for the p-receptor over J- and k-opioid
receptors compared to DAMGO. Behavioural studies have
shown antinociceptive effects of endomorphins in mice
(Zadina et al., 1997; Stone et al., 1997). Endomorphin 1 is
found in various regions of the rat brain, including the
hypothalamus (Martin-Schild et al., 1999).

In vitro, oxytocin and vasopressin SON cells can be
distinguished with intracellular or patch clamp electrodes by
their electrophysiological properties (Stern & Armstrong,
1995). We have therefore tested the action of endomorphin 1,
as a highly selective p-opioid peptide agonist, on the electrical
activity of identified oxytocin and vasopressin SON cells in
vitro, and we compared the effects of the x-opioid agonist
U50,488H on vasopressin cells. We have also determined the
acute effects of endomorphin 1 on oxytocin and vasopressin
cells in vivo and whether chronic central administration of
endomorphin 1 is able to induce p-opioid dependence in
oxytocin neurones.

Methods
Animal preparation for in vivo studies

Virgin female Sprague-Dawley rats (232—319 g) were anaes-
thetized with urethane (ethyl carbamate, 1.25 g kg=' i.p.),
and implanted with a jugular venous cannula for drug
injection. A double-barrelled 28 gauge guide cannula was
placed stereotaxically into the left lateral cerebral ventricle
(0.6 mm caudal and 1.6 mm lateral to bregma and 4.1 mm
below the surface of the skull). The double-barrelled cannula
allowed increasing doses of endomorphin 1 to be adminis-
tered from separate syringes without removal and replace-
ment of intracerebroventricular (i.c.v.) infusion cannulae to
avoid interference with electrophysiological recording of the
firing rate of SON cells. The ventral surface of the brain was
then exposed transpharyngeally (Leng, 1981) for extracellular
recording of the activity of SON cells with a glass
microelectrode filled with 0.9% NaCl (resistance 20—
40 MQ), identified by antidromic stimulation via an electrode
placed on the neurohypophysial stalk (Lincoln & Wakerley,
1974).

Extracellular recordings were made from single cells.
Oxytocin cells were characterized by their continuous firing
pattern and by an excitatory response to intravenous (i.v.)
cholecystokinin-8-sulphate (CCK; 20 ug kg='1i.v.) (Renaud et
al., 1987). Vasopressin cells were distinguished by their phasic
firing pattern or, where necessary, by their lack of an excitatory
response to systemic CCK. Discriminated spikes were recorded
and their firing rates measured using conventional software
(Spike2™, Cambridge Electronic Design, U.K.).

Endomorphin 1 (in increasing doses of 5—100 pmol in 5—
10 pl) was injected via the i.c.v. cannula, with at least 15 min
between injections. Naloxone was administered (5 mg kg,
i.v.), followed by a repeat injection of endomorphin 1 at least
5 min later. To test whether endomorphin 1 could inhibit
strongly excited activity of oxytocin and vasopressin cells,
some rats were given an i.p. injection of hypertonic saline

(1.5M, 4mlkg™") on completion of the transpharyngeal
surgery to produce a sustained hyperosmotic stimulation.

Chronic endomorphin 1 infusion

Rats were prepared for chronic i.c.v. endomorphin 1 infusion
using a modification of a procedure to induce morphine
dependence previously described (Rayner er al., 1988).
Briefly, virgin female Sprague-Dawley rats (233-364 g,
n=10) were anaesthetized with 5% halothane in a mixture
of O, and N>O (both flow rates at ca. 500 ml min—"). A 21
gauge stainless steel cannula was implanted into the right
lateral cerebral ventricle (3.0 mm caudal, 2.0 mm lateral to
bregma and 4.5 mm below the surface of the skull). These co-
ordinates allowed the chronic infusion cannula to be placed
in the right lateral cerebral ventricle without obstruction by
the pedestal of the double-barrelled acute i.c.v. guide
cannulae. The cannula was attached via polythene tubing to
a sub-cutaneous (s.c.) Alzet model 2001 mini-osmotic pump
(Charles River U.K. Ltd., U.K.) for chronic endomorphin 1
infusion. The pump and tubing contained endomorphin 1
dissolved in sterile saline to deliver 1 ug h=' (27 pmol min—")
at 1 ul h="' over 5 days. Following surgery, the animals were
housed individually with free access to food and water. Five
days later, the rats were anaesthetized with urethane and
prepared for electrophysiological recording from identified
SON cells as described above.

In vitro electrophysiology

Female Sprague-Dawley rats (ca. 100—200 g) were decapi-
tated under halothane anaesthesia and the brain was quickly
removed and placed in ice-cold oxygenated artificial cere-
brospinal fluid (aCSF; composition (in mM): NaCl 124, KCl
5, KH,PO, 1.2, MgSO, 1.3, CaCl, 2.4, NaHCO; 26, D-
Glucose 10; saturated with 95% O, and 5% CO,). The brain
was trimmed and hypothalamic slices (350 um thickness)
were cut coronally with a Vibraslice (Campden Instruments).
The slices were trimmed with a scalpel blade to isolate the
hypothalamus containing the SON, and they were pre-
incubated in aCSF (room temperature) for more than 1 h
before recording. Then, the slices were transferred to an
interface-type chamber that was continuously perfused with
oxygenated aCSF (flow rate, 1.5 ml min—', 35°C) throughout
the experiment. In some experiments, low Ca?"/Co*"-
containing medium (0.5 mMm CaCl,, 0.5 mM CoCl,) was used
to block synaptic activity (Jahnsen, 1980).

Whole-cell current clamp recordings were made from SON
cells using glass microelectrodes, resistances 5—15 MQ, filled
with the following solution, (mM): potassium gluconate 130,
KC110, HEPES 10, MgCl, 2, K,ATP 2, pH 7.3 (adjusted using
KOH). Current clamp recordings of membrane potential were
made with a conventional microelectrode amplifier (Axoclamp-
2B, Axon Instruments Inc., U.S.A.), and data were recorded on
tape and digitized using pClamp6 software (Axon Instruments
Inc., U.S.A.). Tight 2—-5 GQ) seals were formed on SON cells
by applying gentle suction to the recording pipette while
observing the potential response to a hyperpolarizing current
pulse (200 ms, 1 mV). Whole-cell recording was obtained by
applying a short pulse of negative pressure. Once stable
recording conditions were achieved, electrophysiological
identification of SON cells was performed as described
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previously (Doi et al., 1998a). SON cells were identified
electrophysiologically as either vasopressin or oxytocin cells
on the basis of their responses to long-duration (1.2 s), small
amplitude (100—300 pA) hyperpolarizing current pulses ap-
plied with the membrane potential held 10 mV depolarized
above resting membrane potential (Stern & Armstrong, 1995).
Oxytocin cells were characterized by a membrane potential sag
during the hyperpolarizing pulse, and a burst of action
potentials on termination of the pulse; vasopressin cells were
identified by the lack of these features. In some SON cells we
further verified the identification of the cells at the end of the
experiments with the same method in the presence of
tetrodotoxin (TTX; 0.5 uM) to eliminate action potentials; the
membrane potential sag and depolarizing after-potential were
clearer to observe in these conditions. Changes in input
resistance following drug application were not measured
because of the disturbance by this procedure of the firing rate.

Opioid drugs (endomorphin 1, the opioid antagonist
naloxone, or the k-opioid agonist, U50,488H) were added
to the superfusate, and applied for 2 min.

Drugs

Endomorphin 1 (Tyr-Pro-Trp-Phe-NH,) (Peninsula Labora-
tories (U.K.) or Tocris Cookson Ltd. (U.K.)) was dissolved
in distilled water and aliquots stored frozen. The aliquots
were diluted with aCSF to the appropriate concentration
immediately before use. Naloxone hydrochloride and TTX
were from Sigma (U.K.), and US50,488H (trans-(+)-3,4-
dichloro- N-methyl-N-(2-[1-pyrrolidinyl]cyclohexyl)-benzenea-
cetamide methanesulphonate) from Tocris Cookson Ltd.

Data analysis

In vivo, the firing rate (spikes s=') of each neurone was
measured in 10 s bins. The mean firing rate was calculated for
the 5 min before and after each injection. In vitro, the activity
of SON cells was assessed by measurement of firing rate and
membrane potential. Firing rate was analysed in 10 s bins.
Changes in the firing rate (action potentials or spikes s~') were
compared between firing rate (averaged over 1 min) under
basal (pre-drug) conditions and 1 min after application of a
drug. For individual cells, sustained changes in firing rate of
more than 20% were considered significant. Data are
expressed as means+s.e.mean. Statistical analyses were
performed using SigmaStat®™ (Jandel Scientific, Germany).

Results
In vivo studies

Effects of i.c.v. endomorphin 1 administration on the firing
rates of oxytocin and vasopressin cells The spontaneous
firing rates of 60 antidromically-identified magnocellular
neurosecretory cells recorded from 11 female Sprague-Dawley
rats was 2.8 4+0.3 spikes s~'. Seventeen cells were identified as
oxytocin cells (2.84+0.5 spikes s~! spontaneous firing rate)
from their excitatory response to 20 ug kg=', i.v. CCK
(1.54+0.4 spikes s~' increase over 5 min) and 25 as
vasopressin cells (3.8 +0.5 spikes s~! spontaneous firing rate)
from their phasic firing pattern or, where necessary, by their

lack of an excitatory response to systemic CCK (0.8+0.3
spikes s=! decrease over 5 min; n=17). The remaining 18
cells could not be classified as either oxytocin or vasopressin
cells as they were either silent (n=35) or recordings from these
cells were lost prior to systemic CCK injection (n=13).
Nine oxytocin cells (3.7+0.5 spikes s~' spontaneous firing
rate) tested with acute i.c.v. endomorphin 1 administration
(5—100 pmol) exhibited a rapid, short-lasting (ca. 3—5 min)
dose-dependent inhibition (Figure 1A, C1). Similarly, seven
vasopressin cells (5.3+1.2 spikes s™' spontaneous firing rate)
were also inhibited by 5-100 pmol endomorphin 1 i.c.v.
(Figure 1B, C2). Two-way repeated measures (RM) analysis
of variance (ANOVA) of the basal and post-endomorphin 1
firing rates over 5 min (Figure 1C) revealed significant effects
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Figure 1 Effects of i.c.v. endomorphin 1 on the activity of oxytocin
and vasopressin cells in urethane-anaesthetized rats. (A) The firing
rate (averaged in 10 s bins) of a SON oxytocin cell (excited after
20 ug kg~' CCK 1iv.; not shown) recorded from a urethane-
anaesthetized rat. This cell was inhibited by endomorphin 1 (5, 10,
50 and 100 pmol, i.c.v.; EM1). (B) The firing rate (averaged in 10 s
bins) of a SON vasopressin cell recorded from a urethane-
anaesthetized rat. Again, this cell was inhibited by endomorphin 1
(5, 10, 50 and 100 pmol, i.c.v.). (C) The panels show the firing rate
(+s.e.mean, averaged over 5 min) of SON oxytocin (Cl; n=9) and
vasopressin  (C2; n=7) cells recorded from rats injected with
endomorphin 1 (5, 10, 50 and 100 pmol, i.c.v.). Two-way RM
ANOVA revealed significant effects of endomorphin 1 (P<0.0001),
significant differences between the responses of oxytocin and
vasopressin cells (P=0.005) and a significant interaction between
the dose of endomorphin 1 and cell type (P=0.01). *P<0.05 versus
control and 7P <0.05 versus the equivalent endomorphin 1 dose in
oxytocin cells; Student-Newman-Keuls post-hoc tests.
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of endomorphin 1 (P<0.0001), significant differences between
the responses of oxytocin and vasopressin cells (P=0.005)
and a significant interaction between the dose of endomor-
phin 1 and cell type (P=0.01). Thus, oxytocin cells were
more strongly inhibited by endomorphin 1 than vasopressin
cells and both oxytocin and vasopressin cells showed dose-
dependent inhibition.

Effects of i.c.v. endomorphin 1 administration on the firing
rates of oxytocin and vasopressin cells in hypertonic saline-
stimulated rats  As expected, the firing rates of oxytocin cells
(6.340.8 spikes s=!, n=6) and vasopressin cells (6.6+0.5
spikes s=!', n=6) were greater than in rats not given
hypertonic saline (2.2 and 1.7 fold, respectively, see above).
Endomorphin 1 (5, 10 or 50 pmol i.c.v.) clearly inhibited five
of six osmotically stimulated oxytocin cells (n=2, 2, 1; by
between 0.9 and 3.3 spikes s~'; one cell was unaffected by the
lowest dose; overall group effect, P=0.01, paired z-test) but
only two of six vasopressin cells were inhibited, each by the
S pmol dose (n=4, 1, 1; with no overall group effect,
P=0.43, paired t-test).

Effects of i.v. naloxone on i.c.v. endomorphin 1 actions Since
the effects of i.c.v. endomorphin 1 on the firing rates of
oxytocin and of vasopressin cells were indistinguishable
between hypertonic saline and non-hypertonic saline treated
rats (P=0.51 and P=0.22 for oxytocin and vasopressin cells
respectively, z-tests), the results from these sets of rats were
pooled for analysis of the effects of endomorphin 1 before
and after naloxone administration. Injection of naloxone
(5 mg kg~ ', i.v.) did not alter the firing rate of 11 oxytocin
(0.440.3 spikes s™' increase from 4.040.7 spikess~!;
P=0.23, paired #-test; Figure 2A,C1) and six vasopressin
cells (0.140.3 spikes s~' increase from 3.841.3 spikes s™';
P=0.84, paired r-test; Figure 2C2).

Five of the oxytocin cells from naloxone-treated rats were
tested with i.c.v. endomorphin 1 (5—100 pmol) 15 min before
and at least 5 min after naloxone (5 mg kg~', i.v.). The dose
of endomorphin 1 used in each rat was the same before and
after naloxone injection and was the minimum that caused a
clear inhibition (>1 spike s™') of the firing rates of each of
the oxytocin cells before naloxone administration. The
change in firing rate of oxytocin cells following the post-
naloxone injection of endomorphin 1 (0.04+0.4 spikes s~!
decrease) was significantly less than the reduction following
the pre-naloxone injection of endomorphin 1 (2.5+0.5
spikes s=! decrease; P=0.009, paired #-test; n=35; Figure
2D). Vasopressin cells were less strongly inhibited by
endomorphin 1 than oxytocin cells. Four vasopressin cells
were inhibited by i.c.v. endomorphin 1 (by 1.34+0.8
spikes s7'), and after naloxone, endomorphin 1 had no effect
on these individual cells (mean decrease 0.440.2 spikes s ).
However, for a single vasopressin cell in a hypertonic-saline
treated rat, i.c.v. injection of 500 pmol endomorphin 1
profoundly reduced the activity (by 3.5 spikes s~!) before
naloxone, but was much less effective after naloxone (0.5
spikes s~' reduction; Figure 2B). Antagonism of the effects of
endomorphin 1 by naloxone confirmed an action mediated by
opioid receptors.

Effects of chronic i.c.v. endomorphin 1 administration on the
spontaneous activity of oxytocin and vasopressin cells The
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Figure 2 Effects of i.v. naloxone on endomorphin 1 inhibition of

oxytocin and vasopressin cell activity in urethane-anaesthetized rats.
(A) The firing rate (averaged in 10 s bins) of a SON oxytocin cell
(excited after 20 ug kg=' CCK i.v.; not shown) recorded from a
urethane-anaesthetized rat. This cell was inhibited by endomorphin 1
(100 pmol, i.c.v.; EMI). Administration of naloxone (NLX,
Smgkg~!, i.v.) caused little change in the firing rate of the cell
(typical of 11 cells) but markedly reduced its responsiveness to a
second injection of the same dose of endomorphin 1 (typical of five
cells). (B) The firing rate (averaged in 10s bins) of a SON
vasopressin cell (inhibited after 20 ug kg~! CCK i.v.; not shown)
recorded as in (A) (but in a rat given i.p. 1.5 M NaCl on completion
of surgery). This cell was inhibited by endomorphin 1 (500 pmol,
icv.) but naloxone (NLX, 5mgkg~! 1iv.) both reversed the
continuing inhibition following the endomorphin 1 injection, and
markedly reduced the inhibition from a second injection of the same
dose of endomorphin 1. (C) The mean firing rate (+s.e.mean) of
SON oxytocin (Cl; n=11) and vasopressin (C2; n=06) cells 5 min
before and after naloxone injection (NLX, 5 mg kg™, i.v.). There
was no significant effect of naloxone on the firing rates of oxytocin or
vasopressin cells (P=0.23 and 0.84, respectively, paired t-tests). (D)
The mean firing rate (+s.e.mean) of SON oxytocin cells 5 min before
(Pre-EM1) and after (post-EM1) endomorphin 1 injection (5, 10, 50
or 100 pmol, i.c.v.; n=15) 15 min before (left hand panel) and at least
5 min after (right hand panel) naloxone (5 mg kg™', i.v.). One-way
RM ANOVA revealed a significant effect of EM1 (P=0.008).
**P<0.01 versus preEM1/preNLX and P <0.01 versus postEM1/
preNLX; Student-Newman-Keuls post-hoc tests.

spontaneous firing rate of 40 magnocellular cells recorded
from 10 rats receiving chronic i.c.v. endomorphin 1
(27 pmol min~' over 5 days) was 3.3+0.4 spikes s~'. The
spontaneous firing rate of 14 cells categorized as oxytocin
cells by their excitation following iv. CCK (1.34+0.3
spikes s~' increase in firing rate over 5 min; similar to that
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seen in endomorphin 1 naive rats; P=0.72, Student’s z-test)
was 2.740.6 spikes s~!' (Figure 3B1). The spontaneous firing
rate of 15 cells that were categorized as vasopressin cells due
to their phasic firing pattern or, where necessary, by their
lack of excitation by i.v. CCK (1.14+0.6 spikes s~ decrease
in firing rate over 5 min) was 3.9+0.6 spikes s~' (Figure
3B2). These spontaneous activities were similar to those of
cells recorded from endomorphin 1 naive rats (P=0.89 and
P=0.93 for oxytocin and vasopressin cells, respectively;
Student’s #-tests). Eleven cells could not be identified as
either oxytocin or vasopressin cells as they were silent (n=4)
or the recordings were lost prior to i.v. CCK administration
(n="7). The proportions of oxytocin, vasopressin and non-
categorized cells recorded were similar in endomorphin 1
naive and endomorphin 1 pre-treated rats (P=0.78, Chi-
square test). These results indicate that oxytocin and
vasopressin cells develop tolerance to chronic i.c.v. endomor-
phin 1.

Nine of the 14 oxytocin cells recorded from endomor-
phin 1 pre-treated rats were challenged with naloxone
(5 mg kg™, i.v.). The firing rate of these cells was 2.24+0.5
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Figure 3 Effects of chronic i.c.v. endomorphin 1 on the activity of
oxytocin and vasopressin cells in urethane-anaesthetized rats. (A) The
firing rate (averaged in 10 s bins) of a SON oxytocin cell (excited
after 20 ug kg™' CCK i.v.; not shown) recorded from a urethane-
anaesthetized rat infused with i.c.v. endomorphin 1 for 5 days. This
cell was inhibited by acute injection of endomorphin 1 (100 pmol,
i.c.v.), but to a lesser extent than in endomorphin 1 naive cells
(Figure 2A,D). Similarly to its effects on endomorphin 1 naive cells,
naloxone (5 mg kg™, i.v.) caused only a small increase (relative to
pre-EM1) in the firing rate of the cell, and markedly reduced its
responsiveness to a second injection of the same dose of
endomorphin 1. (B) The spontaneous firing rates (+s.e.mean) of
SON oxytocin (Bl) and vasopressin (B2) cells recorded from
urethane-anaesthetized endomorphin 1 naive (oxytocin: n=17;
vasopressin: n=25) and endomorphin 1 pre-treated (EM1; oxytocin:
n=14; vasopressin: n=15) rats. There were no significant differences
in the initial firing rates of oxytocin cells, or of vasopressin cells,
between endomorphin 1 naive and endomorphin 1 pre-treated rats,
indicating that both cell types were tolerant to the inhibitory effects
of i.c.v. endomorphin 1. (C) The mean firing rate of SON oxytocin
cells recorded from endomorphin 1 pre-treated rats (n=9) 5 min
before and after naloxone injection (NLX, 5 mg kg™, i.v.), showing
a small increase in firing rate after naloxone (*P <0.05; paired 7-test).

and 2.840.6 spikes s=' before and after naloxone admin-
istration, respectively (P=0.03, paired r-test). Two-way
RM ANOVA of the effects of naloxone on endomorphin
1 naive and chronic endomorphin 1 pre-treated oxytocin
cells revealed a significant effect of naloxone (P=0.02) but
no effect of endomorphin 1 pre-treatment (P=0.11) nor
any interaction between the effects of naloxone and
endomorphin 1 pre-treatment (P=0.52; Figure 3A,C).
Thus, there was no evidence for naloxone-precipitated
withdrawal excitation of oxytocin cells in rats given i.c.v.
endomorphin.

Since we have previously shown that vasopressin cells do
not develop p-opioid dependence in response to chronic i.c.v.
morphine administration (Russell er al., 1995; Brown et al.,
2000a), we did not systematically test the effects of naloxone
on vasopressin cells recorded from endomorphin 1 pre-
treated rats.

In vitro studies

Stable whole-cell recordings were made from 24 SON cells
in total. These cells all had a membrane potential more
negative than —45mV and mean input resistance was
171.3+8.9 MQ (range: 110-253 MQ). Using the electro-
physiological criteria described in the Methods, before the
application of peptides, we identified 11 of 24 as vasopressin
cells and 13 of 24 as oxytocin cells. The mean resting
membrane potential of oxytocin cells was —51.7+1.5 mV
and that of vasopressin cells was —53.5+1.8 mV. The mean
spontaneous (basal) firing rate of oxytocin cells was 4.9 +0.7
spikes s™' and that of vasopressin cells was 6.240.6
spikes s

Effects of endomorphin 1 on SON cells In oxytocin cells,
endomorphin 1 caused a clear inhibition of spontaneous
firing (Figures 4A and 5A). Figure 5B summarizes the
changes in firing rate of five oxytocin cells when 100 nm
endomorphin 1 was applied for 2 min. The inhibitory effect
of endomorphin 1 appeared from about 10 nM (n=35) and
peaked between 100 nM and 1 uM (n=5). In six of 13
oxytocin cells, the inhibition of firing rate was accompanied
by a small (~5 mV) hyperpolarization (Figure 4B). Firing
activity of these cells recovered from endomorphin 1
inhibition in less than 30 min after returning to superfusion
with aCSF. In 10 of 11 vasopressin cells, 10 uM endomorphin
1 did not inhibit spontaneous firing; the firing rate of the 11th
cell was reduced by only 25%. Overall, there was no
significant effect of 10 uM endomorphin 1 on the spontaneous
firing rate of vasopressin cells (Figure 5C).

Effects of naloxone on the inhibition of oxytocin cells by
endomorphin 1 To test for mediation by opioid receptors,
the effects of the opioid antagonist naloxone on the
inhibitory action of endomorphin 1 on oxytocin cells was
investigated. Ten uM naloxone was applied 1 min after
endomorphin 1 application was stopped, long before any
spontaneous recovery of firing was seen in other experiments
(Figure 4). This concentration of naloxone is sufficient to
antagonize opioid agonists, without affecting the spontaneous
firing of SON cells (Doi et al., 1998a; data not shown).
Naloxone rapidly reversed the inhibition of firing by
endomorphin 1 (n=6; Figures 4B and 6A).
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B) EM1 (1 pM) 2 min

NALOXONE (10 uM)

Figure 4 Effects of endomorphin 1 on spontaneous spiking activity of SON oxytocin cells in vitro. Typical original chart records of
action potentials recorded with whole cell current-clamp in hypothalamic slices; SON oxytocin cells were identified by their response
to a hyperpolarizing pulse as described in the Methods. (A): After stable basal activity was recorded for several minutes,
endomorphin 1 (EM1, 100 nm) was added to the superfusate for 2 min. Firing was progressively inhibited, beginning during the
endomorphin 1 application, and continuing for at least 5 min after the end of the application. (B): A greater concentration of
endomorphin 1 (1 uM) was applied to this cell for 2 min, rapidly causing a small hyperpolarization with near complete inhibition of
firing. Application of naloxone (10 uM) 1 min after the end of the endomorphin 1 application caused a rapid reversal of the
hyperpolarization and increase in firing rate. This is in contrast to the prolonged inhibition after the end of endomorphin 1
application at a 10 fold lower concentration, without naloxone, seen in (A).

Effects of endomorphin 1 in low Ca’*|Co’*-containing
medium To test the effect of blockade of synaptic transmis-
sion, we investigated the effect of endomorphin 1 in low
Ca?*/Co?"-containing medium on the activity of oxytocin
cells (Figure 6B, n=3). Perfusion with low Ca’** and Co**-
containing medium was started 2 min before endomorphin 1
application. This increased the firing rate, as noted previously
(Doi et al., 1998a). Nevertheless, endomorphin 1 still showed
a clear inhibitory effect on firing rate in this condition, similar
to that in the normal medium.

Sensitivity of vasopressin cells to U50,488H As more than
90% of vasopressin cells did not respond to the p-opioid
agonist, endomorphin 1, we tested the sensitivity of some
vasopressin cells to the x-opioid agonist U50,488H, which is
known to inhibit vasopressin cells in vitro (Doi et al., 1998a.b).
After application of 10 uM endomorphin 1 with no response,
30 um US50,488H was applied for 2 min (n=35) and clearly
inhibited the firing rate of vasopressin cells (Figure 6C),
indicating that the lack of opioid sensitivity of vasopressin
cells was specific to p- and not k-opioid receptors.

Discussion

The present in vivo studies showed a clear inhibition of both
SON oxytocin and vasopressin cells by acute i.c.v. endomor-
phin 1 while the in vitro studies showed a selective inhibition
of the spontaneous firing rate of SON oxytocin cells by
endomorphin 1, with no effect on more than 90% of
vasopressin cells. Since endomorphin 1 is a highly selective
u-opioid agonist (Zadina et al., 1997) and naloxone
antagonized its actions, oxytocin cells (or their nearby inputs)
express functional p-opioid receptors. Vasopressin cells were
much less sensitive than oxytocin cells to inhibition by
endomorphin 1, thus it appears likely that vasopressin cells
(or their nearby inputs) may express functional w-opioid
receptors at much lower levels than oxytocin cells. Alter-
natively, the differences between the effects of endomorphin 1
on the activity of oxytocin and vasopressin cells may result
from coupling of the u-receptor to different intracellular

mechanisms in each cell type. Endomorphin 1 effectively
inhibited oxytocin cells in a low Ca®>"/Co?*-containing
medium which blocks synaptic transmission (Jahnsen,
1980), indicating that endomorphin 1 acts (at least in part)
directly on oxytocin cells. Although previous studies with
morphine also indicate a direct action on oxytocin cells, the
expression of p-receptors on oxytocin cells is weak (Sumner
et al., 1990). Nevertheless, there are changes in u-selective
opioid binding in the SON that are correlated with exposure
to morphine; during chronic i.c.v. morphine infusion, u-
receptor binding is selectively reduced (Sumner et al., 1990).
In the present in vitro experiments, vasopressin cells not
inhibited by the p-agonist, endomorphin 1, were inhibited by
the k-agonist, U50,488H, showing that endomorphin 1 does
not act on x-receptors at doses of up to 10 uM. It can be
inferred that the inhibition of oxytocin cells by endomorphin 1
was not mediated by w-receptors. Hyperpolarization was
evident in about half of the oxytocin cells during endomorphin
1 superfusion, indicating that the direct action of endomorphin
1 is likely to involve activation of a K* conductance(s). In other
cells such conductances are linked to p-receptors via pertussis
toxin-sensitive Gi/o proteins (Chen & Yu, 1994) and pertussis
toxin pre-treatment in vivo attenuates morphine actions on
oxytocin cells (Pumford et al., 1993b; Brown et al., 2000b).
Although i.c.v. endomorphin 1 inhibited SON vasopressin
cells, in vitro endomorphin 1 was ineffective, so it evidently
does not act directly on these cells, nor does it act on any
local inputs to vasopressin cells contained within the slice
preparation. A major input to the magnocellular neurones is
from structures in the lamina terminalis, mediating hyper-
osmotic stimulation (McKinley et al., 1996), in addition to
direct action of hyperosmolarity on the magnocellular
neurones (Oliet & Bourque, 1993). These structures contain
opioid receptors (Mansour et al., 1988), and are a possible
site of action of i.c.v. endomorphin 1 to explain its inhibitory
actions on vasopressin cells. It is unlikely that this is the
major site of action in relation to oxytocin neurones as there
is no evidence for selective distribution of inputs from lamina
terminalis structures to oxytocin and vasopressin cells, and
i.c.v. endomorphin 1 inhibited oxytocin cells more effectively
than vasopressin cells, even when this rostral input was
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Figure 5 Effects of endomorphin 1 on SON cells in vitro. (A) The
firing rate (in 10 s bins) of a SON oxytocin cell (measured with whole
cell current-clamp recording in vitro in hypothalamic slices; oxytocin
and vasopressin cells were distinguished by their different responses
to hyperpolarizing pulses as described in Methods). This cell shows a
dose-dependent inhibition of the firing rate by endomorphin 1 (EM1)
(typical of three experiments). (B) The mean firing rate (+s.e.mean in
10 s bins) of five oxytocin cells recorded as in (A). For each cell, the
firing rate was inhibited by over 50% by 100 nMm endomorphin 1. (C)
The mean firing rate of 11 vasopressin cells recorded as in (A); there
was no significant effect of 10 um endomorphin 1 on the firing rate of
this group of cells (10 cells were unaffected by endomorphin 1, while
the firing rate of just one cell was reduced, by 25%).

strongly excited by the osmotic stimulus. Taking into account
the in vitro experiments and previous studies with systemic
morphine (Ludwig et al., 1997), an action of endomorphin 1
directly on oxytocin cells is probable. However, an action of
i.c.v. endomorphin 1 on brainstem inputs to oxytocin
neurones is also likely. Nucleus tractus solitarius (NTS) cells
(including A2 noradrenergic cells) project selectively to SON
oxytocin cells (Cunningham & Sawchenko, 1991). The release
of noradrenaline within the SON, following stimulation of
the A2 neurones by systemic CCK, is inhibited by morphine
acting presynaptically within the SON (Onaka et al,
1995a,b). In addition there are immunocytochemically-
identified endomorphin 1 terminals in the NTS (Martin-
Schild et al., 1999). However, systemic morphine, sufficient to
interrupt parturition by inhibiting oxytocin secretion, does
not prevent the activation of NTS cells in parturition
(Luckman & Antonijevic, 1993), although it clearly prevents
activation of oxytocin cells (Russell ez al., 1989; 1991). Thus,
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Figure 6 Endomorphin 1 inhibits oxytocin, but not vasopressin,
cells in vitro. (A) The mean firing rate of six oxytocin cells averaged
over 1 min before (Control), the second minute during 100 nM—
10 um endomorphin 1 (EMI) superfusion and during the second
minute of subsequent 10 uM naloxone (NLX) superfusion. Naloxone
reversed endomorphin 1 inhibition of oxytocin cell activity (see
Figure 4). (B) The mean firing rate of three oxytocin cells before
(Control) synaptic blockade using low Ca?*/Co>"-containing
medium (Low Ca) and during 1-3 uM endomorphin 1 superfusion
in low Ca®*/Co*"-containing medium. The firing rate of these cells
was inhibited from an excited level by endomorphin 1 in the presence
of synaptic blockade. (C) The mean firing rate of ten vasopressin cells
before (Control) and during 10 uM endomorphin 1 superfusion and
during subsequent superfusion of four of the cells with 30 um
U50,488H, showing x-opioid inhibition of vasopressin cells insensi-
tive to endomorphin 1. *P<0.05 and **P<0.01 versus control;
TP<0.05 and 11P<0.01 versus endomorphin 1; one-way RM
ANOVA followed by Student-Newman-Keuls tests.

the SON is the locus of powerful p-opioid inhibition of
oxytocin cells, probably through a combination of pre-
synaptic actions on the NTS input and the direct actions
demonstrated in the present in vitro study.

Oxytocin cells develop dependence on morphine after i.c.v.
infusion of this drug over 5 days (Russell er al., 1995) and
studies of the development of morphine tolerance and
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dependence in oxytocin cells also indicate direct actions of
i.c.v. morphine on these cells since withdrawal excitation of
oxytocin cells in morphine-dependent rats is not prevented by
ablative interruption of excitatory inputs (Brown er al,
1998a). Here, infusion of 1 ug h—' of endomorphin 1 did not
induce p-opioid dependence in oxytocin cells since naloxone
administration (to induce endomorphin 1 withdrawal) caused
only a modest and transient increase in firing rate, similar to
that seen in endomorphin 1 naive rats. This is unlikely to
reflect a failure to deliver sufficient doses of endomorphin 1
to inhibit the cells as the dose used (27 pmol min~') is in the
same range as the effective dosage for the acute inhibition of
oxytocin and vasopressin cells by i.c.v. endomorphin 1. Thus,
it appears that oxytocin cells develop tolerance to chronic
endomorphin 1 infusion (since the cells were spontaneously
active at similar levels to those in untreated animals), but that
this p-opioid agonist does not induce p-opioid dependence in
these neurones. It has recently been shown that endomorphin
1, but not morphine, causes receptor internalization (Burford
et al., 1998; McConalogue et al., 1999); such differences may
account for the failure of the endomorphin 1 to induce u-
opioid dependence (Whistler et al., 1999).

While the present study has revealed that a highly selective
u-agonist directly and potently inhibits SON oxytocin cells,
but not vasopressin cells, this merely indicates potential
functional significance of endomorphin 1. Endomorphin 1
containing perikarya have been visualized in the posterior
hypothalamus as well as the NTS (Martin-Schild et al., 1999)
but there are no reports of whether endomorphin 1 nerve
terminals impinge on oxytocin cells. Nevertheless, endomor-
phin 1 remains a candidate endogenous opioid peptide
capable of inhibiting oxytocin cells. Previous studies with
opioid antagonists have revealed that endogenous opioids do
not normally tonically inhibit the electrical activity of
oxytocin cells in virgin rats, even when strongly stimulated.
However, there is one circumstance, apart from morphine
dependence (Russell e al., 1995), where naloxone activates
the cell bodies of oxytocin cells and thus reveals central
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