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Opioid inhibition of synaptic transmission in the
guinea-pig myenteric plexus
E. Cherubini', K. Morita2 & R.A. North

Neuropharmacology Laboratory, 56-245, Massachusetts Institute ofTechnology, Cambridge, MA 02139,
U.S.A.

1 Intracellular recordings were made from neurones in the myenteric plexus of the guinea-pig ileum.
Presynaptic nerves were excited by a focal stimulating electrode on an interganglionic strand.
2 Fast excitatory postsynaptic potentials (e.p.s.ps) were depressed in amplitude by morphine and
[Met5]enkephalin in the concentration range of I nM-I gM. Nicotinic depolarizations evoked by
exogenously applied acetylcholine (ACh) were not affected by these opioids.
3 Hyperpolarization of the presynaptic fibres probably contributed to the depression of the fast
e.p.s.p. because fast e.p.s.ps evoked by low stimulus voltages were more depressed than those evoked
by high stimulus voltages and fast e.p.s.ps resulting from activation of a single presynaptic fibre were
blocked in a non-graded manner.

4 Opioids depressed the slow e.p.s.p. in those neurones in which they did not change the resting
membrane potential.
5 The slow e.p.s.p. was increased in amplitude in those neurones hyperpolarized by opioids.
Depolarizations resulting from application of barium, substance P or ACh were also enhanced by
opioids. Equivalent circuit models in which opioids increase, and substance P or ACh decrease, the
same potassium conductance could account for this enhancement.
6 The actions of opioids were prevented or reversed by naloxone (1 nM-l JM).
7 It is concluded that morphine and enkephalin inhibit the release of ACh and a non-cholinergic
transmitter from fibres of the myenteric plexus, and that this may involve a hyperpolarization of
presynaptic fibres. Additionally, opioids can interact postsynaptically with other substances which
affect membrane potassium conductances.

Introduction

Narcotic analgesic drugs, such as morphine, have
marked effects on gastrointestinal function which
have long been exploited both therapeutically and
experimentally. A widely used experimental prepara-
tion is the guinea-pig isolated ileum. Opioids inhibit
the release of acetylcholine (ACh) from this prepara-
tion when the nerves within it are excited by passage of
a brief electric current; opioids also inhibit the release
of other transmitters similarly evoked, including sub-
stance P (see Kosterlitz & Waterfield, 1975; Schulz,
1978; Gintzler & Scalisi, 1982). In those kinds of
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experiments, a large number of neurones are activated
synchronously and the transmitter so released is most
often assayed by its effect on the longitudinal muscle
layer. In the present experiments, the effects of opioids
on transmitter release in the myenteric plexus were
studied using the action of the transmitter on the
membrane of a single myenteric neurone as the assay
system in order to make inferences about the mechan-
ism of the presynaptic inhibition.
About one-quarter of guinea-pig myenteric

neurones appear to contain enkephalin and some
others contain dynorphin (Furness & Costa, 1982;
Furness et al., 1983; Watson et al., 1981) but little is
known of the physiological role of these endogenous
opioids. Opioids hyperpolarize a proportion of myen-
teric neurones by increasing their membrane potas-
sium conductance (North& Tonini, 1977; North et al.,
1979) but effects on synaptic transmission within the
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myenteric plexus have not been studied in detail.
Therefore, a further aim of the present experiments
was to examine the effects of opioids, applied exogen-

ously, on various types of synaptic potentials in the
myenteric plexus. Knowledge of the effects of exogen-
ous opioids was thought to be a prerequisite for
understanding the role of endogenous opioids in the
function of the enteric nervous system.

Methods

Intracellular recordings were made from myenteric
plexus neurones of the guinea-pig ileum. The lon-
gitudinal muscle layer was dissected from the wall of
the ileum, and an approximately rectangular piece was
cut which had sides of 1- 3 mm. Such a piece typically
had five to twelve myenteric ganglia and the intercon-
necting strands of the plexus adherent to it. Ganglia
from which intracellular recordings were made were

immobilized by pinning to a silicone resin (Sylgard)
which formed the base of the recording chamber.
Ganglia were visualized with differential interference
contrast optics at a final magnification of either 500
(Zeiss RA34 microscope) or 200 (Leitz inverted
microscope). The preparations were superfused with a

solution of the following composition (mM):
NaCl 117, KCI 4.7, CaCI2 2.5, MgCI2 1.2,
NaH2PO4 1.2, NaHCO3 25 and glucose 11; the solu-
tion was gassed with 95% 02 and 5% CO2 and the
temperature was 35-37C. The methods of in-
tracellular recording were essentially the same as those
described by Nishi & North (1973); the amplifier (WP
Instruments M70 1) had provision for intracellular
current injection.

Synaptic potentials were evoked by focal stimula-
tion of the ganglion surface or a strand of nerve fibres
in the plexus leading to the ganglion; the glass
stimulation electrode contained the solution described
above and had a tip diameter of 10-20 pm. In some

experiments, a bipolar tungsten electrode was used;
this was insulated except for the tip. Single pulse
stimuli (500 js duration, typically 1-20 nA) evoked
fast excitatory postsynaptic potentials (e.p.s.ps) in S-
neurones (for definition of neuronal types see North,
1982). Many S-neurones also responded to a single
pulse stimulus with a slow e.p.s.p. (Johnson et al.,
1980; North & Tokimasa, 1982). Repeated pulse
stimuli (up to 10 Hz for 3 s) evoked slow e.p.s.ps in the
majority ofboth S- and AH-neurones, and occasional-
ly slow inhibitory postsynaptic potentials (i.p.s.ps).
The frequency of occurrence, the time course, and the
ionic mechanism of both depolarizing and hyper-
polarizing synaptic potentials were similar to those
previously described (Johnson et al., 1980; 1981;
Bornstein et al., 1984). In confirmation of North &
Tonini (1977), application of opioids caused a mem-

brane hyperpolarization in about 50% of myenteric
neurones. Synaptic potentials in the presence of the
opioid were measured during the passage of sufficient
depolarizing current across the soma membrane to
restore the membrane potential to its control value
before application of the opioid.
Drugs were applied to the ganglia in three ways. The

first was by changing the superfusing solution to one
which differed only in its content of the drug. ACh,
substance P and -y-aminobutyric acid (GABA) were
also applied by ionophoresis and by pressure ejection.
For ionophoresis, a micropipette (tip diameter
1-2 tm) was filled with ACh (500mM), substance P
(10 mM) orGABA (500 mM) and its tip was positioned
within 5 .m of the impaled neurone. Drugs were
applied by passing brief (10-100ms) pulses of out-
ward current (5-100 nA). A retaining current of
3-5nA was routinely applied in order to reduce
leakage from the pipette (see Katayama et al., 1979).
For pressure ejection, a micropipette (tip diameter
5-10 m) was filled with ACh (100 LM), substance P
(1OpJM) or GABA (10mM) and its tip was placed
30-50m from the cell soma. A brief pulse
(10- 50 ms) of pressure (up to 100 kPa) was applied to
eject the drug.
Drugs used were acetylcholine chloride (Sigma),

atropine sulphate (Merck), ax-chymotrypsin
(Millipore), [D-Ala2,D-Leu5]enkephalin (DADLE)
(Peninsula), GABA (Sigma), hexamethonium
bromide (Sigma), [Met5]enkephalin (Peninsula,
Miles), morphine sulphate (Mallinckrodt), naloxone
hydrochloride (gift of Endo Laboratories), normor-
phine hydrochloride (courtesy of Dr Jacobsen),
oxotremorine sesquifumarate (Sigma) and substance
P (Peninsula).

Results

Opioids depress the fast excitatory postsynaptic poten-
tial

The fast e.p.s.p. in myenteric neurones is due to the
release of ACh acting on nicotinic receptors and its
characteristics are similar to those observed in a
variety of autonomic ganglia (Nishi & North, 1973).
Superfusion with morphine (100 pM-33IM), normor-
phine (1 nM-I jM) and [Met5]enkephalin
(100 pM-1I1M) reduced the e.p.s.p. amplitude. The
sensitivity to the opioids varied considerably from cell
to cell. However, in a given neurone the degree of
depression was concentration-dependent. For exam-
ple, morphine (100 pM) reduced the fast e.p.s.p.
amplitude by 16 + 3% (n = 8) (these and other values
are means ± s.e.mean). Morphine (1 gM) depressed
the e.p.s.p. amplitude by 38 + 5% (n = 33) of control
(Figure 1). Similar effects were caused by [Met5]enke-
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Figure 1 The depression of the fast excitatory postsynaptic potential (e.p.s.p.) by morphine. (a) Fast e.p.s.p. evoked
by a single presynaptic pulse (arrow). During superfusion with morphine (10 nM) the amplitude of the fast e.p.s.p. was
reduced and this effect reversed with 20 min wash. (b) Superfusion of morphine (10 nM) did not depress the nicotinic
depolarization induced in the same neurone by ionophoretic application of ACh (A; 10nA for 10ms) on the
postsynaptic membrane. The membrane was hyperpolarized 5 mV by morphine. (c) Mean depression of the fast e.p.s.p.
amplitude, expressed as percentage ofcontrol, induced by superfusion ofmorphine (0) and [Met5]enkephalin (0). The
vertical lines indicate s.e.mean for number of applications of agonists shown; the number of neurones is somewhat less
because two or three concentrations were sometimes applied successively while recording from the same neurone.

phalin (Figure lc). The mean maximal depression
caused by morphine or [Met5]enkephalin (at 1 pM) was
about 35% (Figure Ic). This action ofopioids was seen
whether or not there was any membrane hyper-
polarization of the neurone from which the recording
was made.
The effect of opioids on the e.p.s.p. began within

10-30s of the drug reaching the tissue bath and
washed out within 10-20 min. In about one-third of
the experiments, the washout of the opioid was
associated with an increase in the e.p.s.p. amplitude
over its control level: this enhancement of the e.p.s.p.
sometimes reached the threshold for action potential
initiation. This 'rebound' increase in the e.p.s.p.
amplitude was also dependent upon the opioid con-
centration. The concentrations of opioids which
caused maximal depression of the e.p.s.p
(100 nM--5 M) also caused a maximal 'rebound' in-

crease on washout (maximum increase was 18 ± 4.5%
(n = 28) of the control amplitude).
During prolonged (more than 5 min) exposure to

opioid agonists, a fading of the opioid action was
observed. In this case, the 'rebound' increase in the
amplitude of the e.p.s.p. occurred even in the contin-
ued presence of the agonist (n = 7). This form of
desensitization to the effect of the opioids was more
marked when the agonist was applied for a second
time - that is to say, the second application caused a
smaller initial depression and a larger 'rebound'
increase than the first application. Naloxone
(3 nM-IJ1M), which alone had no effect on the e.p.s.p.
amplitude, prevented both the depression and the
augmentation of the e.p.s.p. In these experiments,
naloxone was applied for 2-5 min before, and then
concomitant with, the application of the opioid agon-
ist. Although no systematic study of the effective
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naloxone concentrations was carried out, it was
apparent that equimolar concentrations generally
caused complete block of the agonist effects.
The possibility that the depression ofthe fast e.p.s.p.

resulted from a change in the sensitivity of the
postsynaptic membrane to the nicotinic action ofACh
was tested. Ionophoretic application of ACh
(10-20 nA, 5-20 ms) to the membrane of the impaled
cell caused depolarizations which were similar in time
course to the fast e.p.s.p. These ACh potentials were
not affected by superfusion with opioids in concentra-
tions which caused maximal depression of the e.p.s.p.
(Figure lb).
The depression of the fast e.p.s.p. by opioids could

result from one or more of the following mechanisms:
a reduction of the number of fibres excited which
contributed to the e.p.s.p., a block of action potential
propagation along the fibres, or a depression of the
amount of ACh released by each action potential
arriving at the release site apposing the impaled
neurone. The first two possibilities were suggested by
earlier experiments (North & Tonini, 1977; Morita &
North, 1981) and also by the results of experiments
employing pressure application of enkephalin. When
[Met5]enkephalin or [D-Ala2,D-Leu5]enkephalin was

applied by pressure pulse, it was found in four of six
neurones that a depression of the e.p.s.p. was observed
only when the opioid was ejected in the vicinity of the
fibres approaching the ganglion which contained the
impaled cell, and not when applied over the soma of
the cell itself; in two neurones, the pressure application
of opioid at either position depressed the e.p.s.p.
Experiments were therefore preformed in an effort to
distinguish between these possible mechanisms of
presynaptic action.

Dependence of opioid effect on strength of stimulation
The e.p.s.p. evoked by low stimulus strengths was
depressed more by opioids than the larger e.p.s.p.
resulting from a higher stimulus voltage. In the
experiments illustrated in Figure 1c no account was
taken of the strength of stimulation. However, in four
neurones to which [Met5]enkephalin (100 mM) was
applied the depression of the e.p.s.p. which was
observed was 75 ± 12% for low stimulus strengths and
33 ± 11% for high stimulus strengths. In these
neurones, the control amplitude of the e.p.s.p. were
6.3 ± 1.3 mV (low stimulus strength) and
14.1 ± 2.6mV (high stimulus strength). Superfusion
with low concentrations of [Met5]enkephalin

Control

a

record \

b!A

2-W -00 A

N
\c

Stimulate

100 Rm

DADLE

f

4

After naloxone

4

Wash

+ 210mV

10 ms

Figure 2 The effect of [D-Ala2,D-Leu5]enkephalin (DADLE) on single fibre excitatory postsynaptic potential
(e.p.s.p.). Left, drawing of two connected myenteric ganglia to illustrate position of recording and stimulating
electrodes, and positions of application of DADLE (asterisks). Right, electrophysiological records of single fibre
e.p.s.p. evoked by a single low stimulus strength pulse to an interconnecting nerve entering the ganglion. DADLE was
applied by pressure ejection (50 ms, 40 kPa; concentration in the pipette 10 gM) from the tip of a pipette positioned on
the surface of the ganglion. (a) Ejection of DADLE close to the soma of the impaled neurone had no effect. (b) The
same ejection over the fibres. entering the ganglion completely abolished the fast e.p.s.p. (c) This effect was not seen
during superfusion of naloxone (100 nM).
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(1-10mM) often almost completely abolished the
e.p.s.p. evoked with a low stimulus strength while
having little or no effect on the e.p.s.p. evoked by a
high stimulus strength.

All-or-nothing depression ofsinglefibre e.p.s.p. It was
difficult to evoke e.p.s.ps which clearly resulted from
excitation of single fibres. This was possible only when
the focal stimulating electrode was moved to a dis-
tance of several hundred gm from the impaled cell, on
the surface of another ganglion or on an interconnect-
ing strand. In these cases (four experiments), progres-
sively increasing the stimulus voltage resulted in an
e.p.s.p. which appeared in an all-or-nothing manner
and had a relatively fixed amplitude, suggesting that it
arose from excitation of a single presynaptic fibre.
Superfusion with morphine (100mM) depressed this
e.p.s.p.; recovery was complete within 5 min ofdiscon-
tinuing exposure to morphine. Pressure ejection of [D-
Ala',D-Leu5]enkephalin had a similar effect but only
when the tip of the pipette containing the opioid was
positioned over the fibres entering the ganglion. There
was no depression when an equal amount of [D-
Ala2,D-Leui]enkephalin was ejected from the pipette
placed directly over the impaled cell (Figure 2). Super-
fusion with naloxone (100 mM) prevented these opioid
effects.

Run-down ofe.p.s.p The amplitude of the fast e.p.s.p.
declines when e.p.s.ps are evoked at frequencies
exceeding 0.5 Hz (Nishi & North, 1973). The
amplitude of ACh depolarizations elicited at similar
frequencies does not decline, so the run-down has been
attributed to a reduction in the amount of ACh
released from the presynaptic nerves. Morphine (1 pM)
depressed the fast e.p.s.p. but did not change the ratios
of the amplitudes of the first to the successive e.p.s.ps
in trains at 1, 2, 5 or 10 Hz. In other words, all e.p.s.ps
in a train were depressed by the same proportionate
amount.

Opioids depress or enhance the slow excitatory postsyn-
aptic potential

The slow e.p.s.ps observed in the present study were
similar to those previously described (Johnson et al.,
1980; 1981; Bornstein et al., 1984). Single pulse stimuli
evoked slow e.p.s.ps in about 30% of S cells and these
were reversibly abolished by atropine. Single pulse
stimuli evoked slow e.p.s.ps in only about 10% ofAH
cells and these potentials were atropine-insensitive.
Stimuli comprising trains ofpulses (typically 10Hz for
1-3 s) evoked slow e.p.s.ps, in both S- and AH-
neurones, which were atropine-insensitive. In those
cells in which morphine did not change membrane
potential (n = 16), the slow e.p.s.p. was usually de-
pressed in a dose-dependent manner. In three of these
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Figure 3 Relation between effect of morphine on mem-
brane potential and effect on amplitude of slow de-
polarizations. Each point indicates the change, during
morphine exposure, in the amplitude of the slow e.p.s.p.
(filled circles) or in the slow muscarinic depolarization
induced by ionophoretic application of ACh (open
circles), expressed as percentage of their control
amplitude. Abscissae are the hyperpolarizations caused
by the superfusion of morphine (10-100 nM) in the same
neurones. E.p.s.ps and ACh responses were all evoked
after restoring the membrane potential to its control level
during the superfusion ofmorphine. In the absence ofany
membrane hyperpolarization, morphine usually depres-
sed the amplitude of the slow e.p.s.p.

neurones, the slow e.p.s.p. was increased in amplitude
(by 10, 17 and 80%). Morphine hyperpolarized 19
neurones and in 18 of these cells the amplitude and
duration of the slow e.p.s.p. was increased (Figure 3).

Neurones which were not hyperpolarized by opioids
The slow e.p.s.p. evoked by a single pulse in the S-
neurones (which was also shown to be blocked by
atropine (300 nM)) was reversibly depressed in
amplitude by superfusion with morphine (100nM).
Morphine and normorphine had a similar effect on the
slow e.p.s.p. evoked by repeated pulse stimuli in both
S- and AH-neurones. The depression of the slow
e.p.s.p. was dependent upon the concentration of
morphine applied (Figure 4). This inhibition occurred
within 1-3 min of the morphine reaching the tissue
bath and the effect reversed completely during 10 min
of washing with drug-free solution. The depression of
the slow e.p.s.p. was reversed or prevented by con-
comitant superfusion with naloxone (100 nM--I M)
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Figure 4 Depression of the slow excitatory postsynaptic potential (e.p.s.p.) by morphine. (a) Slow non-cholinergic
e.p.s.ps evoked by repetitive presynaptic nerve stimulation (5 Hz, 2 s) in an S cell. Superfusion of morphine (1 AM)
depressed the amplitude of the slow e.p.s.p. Immediately after discontinuing exposure to morphine, there was a
rebound increase in amplitude of the slow e.p.s.p.; full recovery occurred after 20 min. (b) The effect of morphine was
prevented by superfusion of naloxone (1 gIM). Naloxone alone had no effect on the slow e.p.s.p. Same neurone (a) and
(b); resting membrane potential - 60 mV. (c) Time course of the change of the slow e.p.s.p amplitude shown in (a) and
(b). Ordinates are e.p.s.p. amplitudes expressed as a percentage ofcontrol. Abscissae are time points at 5 min intervals.
Solid and open bars indicate periods of superfusion with morphine and naloxone respectively. (d) Concentration-
dependence of depression of the slow e.p.s.p. by morphine. Each point shows the mean depression, with vertical lines
representing s.e.mean, observed of the number of applications indicated (34 applications to 15 neurones; 12 S- and 3
AH-neurones).
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Figure 5 The potentiating effect of normorphine on the slow e.p.s.p. and the inhibitory effect of naloxone. Each slow
non-cholinergic e.p.s.p. was evoked by a repetitive pulse stimulus (15 Hz for 500 ms). 1 and 2, controls; 3-6, during
superfusion of normorphine (1 AM). Normorphine caused a membrane hyperpolarization (6 mV) and increased the
amplitude and the duration of the slow e.p.s.p. (these were evoked after restoring the membrane potential to the resting
level). 7-9, during superfusion with normorphine and naloxone (100 nM). 10 and 11, after removal of naloxone by
washing out the slow e.p.s.p. increased. 12-14, during washout of normorphine. Full recovery occurred 8 min after
washing out normorphine. Downward deflections on traces 1- 5, 7 and 8 are electrotonic potentials evoked by fixed
amplitude hyperpolarizing current pulses (200 pA). S-neurone, resting potential - 54 mV.
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(n = 4) (Figure 4). Depolarizations evoked by iono-
phoretic application of ACh, oxotremorine or sub-
stance P were not affected by opioids. In most
neurones, the initial depression ofthe slow e.p.s.p. was

followed by a rebound increase in amplitude when the
morphine was washed out, as was observed for the fast
e.p.s.p. The rebound increase in amplitude was

prevented by concentrations of naloxone (100 nM)
which also prevented the initial depression of the slow
e.p.s.p. [Met5]enkephalin caused a similar depression
of the slow e.p.s.p.; the reduction in amplitude was
30 ± 7.7% (n = 4) by I00 nM,and 42 ±4.4% (n = 5)
by 1 gM. These effects were also prevented by naloxone
(100 nM) (n = 3). Naloxone alone had no consistent
effect on the e.p.s.p. amplitude.

Neurones which were hyperpolarized by opioids A
single pulse stimulus to the presynaptic nerve evoked a

slow e.p.s.p.; this was shown to be reversibly abolished
by atropine (300 or 500 nM) in five neurones (4 S and
1 AH). Morphine (10 and 100 nM) hyperpolarized
three of these cells (7.6 ± 3.7 mV) and had no effect on
the membrane potential of the others. In the three cells
which were hyperpolarized, the slow e.p.s.p.

amplitude was increased by 58 ± 6.9%; this enhan-
cement caused action potentials to be generated by a

slow e.p.s.p. which was previously too small to reach
threshold for spike generation. These effects of mor-
phine occurred within 10- 30 s ofthe drug reaching the
tissue and were reversed within 10-20 min when
exposure to morphine was discontinued.

Presynaptic nerve stimuli comprising many pulses
were more commonly used to evoke the slow e.p.s.p. In
some cases, atropine was present but in most ex-
periments it was not known whether the slow potential
was cholinergic or due to other transmitters, such as
substance P (Bornstein et al., 1984). The presynaptic
stimuli were typically 1-3 s in duration at 10-15 Hz.
The enhancement of the slow e.p.s.p. was observed
whether or not the membrane potential was restored
to its value prior to morphine application before
evoking the synaptic response. In a given cell, the
enhancement was larger for higher morphine concen-
trations, but among many cells there was considerable
variability in the amplitude of the effect. The largest
hyperpolarizations which were observed (18 and
25 mV) were associated with increases in the slow
e.p.s.p. amplitude (measured at the original membrane
potential) of 82 and 100% respectively (Figure 3).
There was a strong positive correlation between the
increase in e.p.s.p. amplitude (measured at the resting
membrane potential) and the magnitude of the mor-

phine-induced hyperpolarization (r = 0.85, P< 0.001,
n = 22) (Figure 4). This action of morphine started
within 10- 30 s of the morphine reaching the bath but
it was noted in several cases that the slow e.p.s.p. was

transiently depressed just before the membrane started

to hyperpolarize in response to morphine. This may
indicate a concomitant presynaptic action. [Met5]-
enkephalin had an action similar to that of morphine.
The enhancement of the slow e.p.s.p. by morphine was
not observed when morphine was applied at the same
time as naloxone (100 nM and 1 ptM; n = 4) (Figure 5).

In two cells, slow depolarizations occurred spontan-
eously and these had very similar time courses to the
evoked responses. The amplitudes ofthese depolariza-
tions were also increased by morphine, which hyper-
polarized both cells.

Opioids enhance depolarizations evoked by acetyl-
choline, substance P and barium

Muscarinic depolarization ACh was applied to the
postsynaptic membrane of 35 neurones by iono-
phoresis or pressure ejection. This evoked a fast
(nicotinic) and a slow (muscarinic) depolarization in
S-cells (n = 16) and a slow muscarinic depolarization
in AH-cells (n = 19) (North & Tokimasa, 1982;
Morita et al., 1982a). Superfusion of morphine
(10-100 nM) hyperpolarized 20 of these neurones
(15,S 5 AH). This was associated with an increase in
the amplitude and duration of the muscarinic poten-
tial (Figures 3 and 6). This increase in amplitude of the
muscarinic potential was observed whether or not the
membrane potential was restored to its original level
after the morphine application. The fall in membrane
conductance produced by the muscarinic action of
ACh was also increased by morphine; morphine did
not change the reversal potential of the muscarinic
response. In three neurones, the input resistance was
measured (from the amplitudes of hyperpolarizing
electrotonic potentials) at various times throughout
the muscarinic depolarization. The input resistance
rose and fell as a double exponential function of time
(see North & Tokimasa, 1984), with a maximum value
which was 37% greater than the control input resis-
tance. During application of morphine (10 nM), which
hyperpolarized these cells by 5-6 mV, the muscarinic
depolarization was associated with a peak rise in input
resistance to 52% of control. However, morphine did
not change the time course with which the input
resistance rose and later declined (time constants
800 ms and 5 s respectively).
Although the degree of enhancement of the mus-

carinic response varied from cell to cell, there was a
high degree of correlation between the morphine-
induced hyperpolarization and the increase in the
muscarinic depolarization (r = 0.79, P< 0.0025,
n = 22). For a given morphine concentration, the
enhancement of the muscarinic depolarization was
greater than the enhancement of the slow e.p.s.p.
(compare open and filled circles in Figure 3). This was
particularly obvious in those neurones in which both
the muscarinic response to ACh and the slow e.p.s.p.
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Figure 6 Potentiation of the slow muscarinic depolarization during morphine hyperpolarization. (a) AH-neurone;
(control) ACh was applied by ionophoresis (50 nA for 80 ms). Superfusion of morphine (1 pM) caused a membrane
hyperpolarization (10 mV) and a slight increase in membrane conductance and in the amplitude and duration of the
slow muscarinic depolarization (evoked at resting potential, - 60 mV; current pulses to test input resistance were
200 pA). (b and c) Fast nicotinic and slow muscarinic depolarization induced by ionophoretic application of ACh
(50 nA for 30 ms) onto an S cell. (The nicotinic component is visible at this time scale only as the rapidly rising initial
part of the depolarization). (b) Superfusion of morphine (100 nM) caused a membrane hyperpolarization (8 mV) and
increased the amplitude and duration of the slow muscarinic depolarization (the membrane potential was restored to
the resting level). No change in the nicotinic depolarization occurred. (c) The effect of morphine (100 nM) was not
observed when naloxone (100 nM) was present in the superfusing solution.

were enhanced in parallel during morphine super-
fusion. This may be because the slow e.p.s.p. is
depressed by the presynaptic action of morphine in
addition to being enhanced by the postsynaptic action.
Thirteen cells were not hyperpolarized by morphine
and in these cells there was no change in the amplitude
or time course of the muscarinic depolarization. In
two neurones, morphine (10 and 100 nM) caused small
increases in the amplitude of the muscarinic de-
polarization (11 and 16%) without any accompanying
change in membrane potential. The enhancement of
the muscarinic depolarization was not seen when
morphine was applied at the same time as naloxone
(100nM-l gtM, n = 4).

Substance P depolarization lonophoretic or pressure
application of substance P caused a membrane de-
polarization and conductance decrease similar in all
respects to that described previously (Katayama et al.,

1979). Superfusion with morphine (100 nM-I ItM)
hyperpolarized four cells (5.7 ± 0.8 mV) and did not
affect one cell. In all five neurones, the amplitude of
the substance P response was increased (by
32.6 ± 4.7%). Naloxone prevented the action of mor-
phine in the one cell in which it was tested.

Barium depolarization Barium ions are known to
mimic the muscarinic action of ACh in central
(Krnjevic et al., 1971) and peripheral neurones (Con-
stanti et al., 1981; North & Tokimasa, 1984). We
compared the effect of barium applied by brief
pressure pulse before and after morphine. Morphine
(10nM-100nM) increased the amplitude of the
barium depolarization and prolonged its time course.
This effect occurred in three neurones which were
hyperpolarized by morphine and in one which was
unaffected by morphine.

a

Control Morphine

b
Control Morphine

20 mV

5 s

9 0

i i i iliTiTIT
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Figure 7 The effect of substance P, oxotremorine and barium on opioid-induced hyperpolarizations. (a) Superfusion
of AH-neurone with morphine (1 juM) (solid bars above traces) caused a hyperpolarization associated with a

conductance increase. During prior and concomitant superfusion with substance P (10 nM), or oxotremorine (1 nM),
the morphine hyperpolarization was much reduced, but subsequently recovered after washout of the drugs. This
concentration of oxotremorine did not change the membrane potential or conductance. Substance P caused a small
depolarization (less than 3 mV), and the morphine was applied after the potential was restored to the control level by
passing a small hyperpolarizing current (resting potential - 58 mV; current pulses were 200 pA). (b) [Met5]enkephalin
(arrows) was applied by pressure ejection (5 pulses of70 kPa for 100 ms) from the tip of a pipette positioned 30ym from
the cell soma; this caused a hyperpolarization with a conductance increase. Superfusion of barium (30 JAM) did not
change the resting potential but depressed the response to [Met5]enkephalin. The response recovered after washing out
the barium. S-neurone; resting potential - 52 mV, current pulses were 200 pA.

--Aminobutyric acid depolarizations GABA de-
polarizes myenteric neurones by increasing their
chloride conductance (Cherubini & North, 1984).
Four neurones were hyperpolarized (6.7 ± 1.1 mV) by
morphine 100 nM-IjiM). The depolarization and con-
ductance increase caused by local ionophoresis of
GABA onto these cells were not increased by mor-

phine.

Muscarinic agonists, substance P and barium depress
morphine-induced hyperpolarizations

Oxotremorine was used instead of ACh in these
experiments in order to avoid any nicotinic compon-
ent ofthe depolarization (Morita et al., 1982a). Opioid
hyperpolarizations were depressed by oxotremorine,
substance P and barium, applied at concentrations
which themselves caused little (up to 3 mV) or no effect
on membrane potential or conductance (oxotremorine
3-lOnM; substance P 3-lOnM; barium 30JAM)
(Figure 7). Similar observations were made whether
the opioid hyperpolarization resulted from perfusion

of morphine (100 nM- IgM) (n = 5) or pressure
application of [Met5] enkephalin (n = 2).

Slow inhibitory postsynaptic potential (i.p.s.p.)

The slow i.p.s.p. was graded in amplitude with the
number ofpulses applied to the presynaptic nerves and
it had a reversal potential similar to that of the
afterhyperpolarization following the action potential.
In these respects it was similar to the slow i.p.s.p.
described by Johnson et al. (1980). The slow i.p.s.p.
was not affected by chymotrypsin (200ligml-') or
atropine (1 JiM). Superfusion with morphine reversibly
depressed the slow i.p.s.p. in a manner similar to that
with which it depressed the slow e.p.s.p. It was difficult
to examine the reversal of this morphine effect by
naloxone, because it was observed that naloxone itself
(100nM and 1 jAM) partially depressed the slow i.p.s.p.
in five ofthe six cells to which it was applied, indicating
perhaps that an endogenous opioid peptide con-
tributes to the generation of the slow i.p.s.p. in some
neurones.

.M
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Discussion

Opioid depression of the fast excitatory postsynaptic
potential
A presynaptic inhibition ofACh release is indicated by
two main findings. First, the e.p.s.p. was depressed
even in those neurones in which opioids had no effect
on the membrane potential or input resistance.
Second, the depolarization evoked by ionophoresis of
ACh was not depressed by opioids. This presynaptic
inhibition of ACh release by opioids is similar to that
described for the guinea-pig inferior mesenteric gan-
glion (Konishi et al., 1979a; 1979b; 1981), cat ciliary
ganglion (Katayama & Nishi, 1984), and frog
neuromuscular junction (Frederickson & Pinsky,
1971; Bixby & Spitzer, 1983a). The presynaptic inhibi-
tion may occur for one or more of the following
reasons: (1) fibres are hyperpolarized by opioids and
are therefore no longer exicted by the same electrical
stimulus; (2) a hyperpolarization (and/or conductance
increase) ofpresynaptic fibres causes the action poten-
tial to block between the site of its initiation and its
arrival at the synapse apposing the impaled cell; (3)
less transmitter is released by the action potential
invading the release site.
The focal stimulating electrode was positioned over

the ganglion surface or an interconnecting strand of
the plexus. The applied opioids superfused the entire
tissue; therefore, it is possible that an opioid-induced
hyperpolarization of the presynaptic fibres would
simply prevent their excitation by a given electrical
current. Since a substantial proportion of myenteric
neurones, including their cell processes, are hyper-
polarized by opioids (North & Tonini, 1977; Morita &
North, 1981; North et al., 1979), this hyperpolariza-
tion may contribute to the inhibition of ACh release
when electrical field stimulation of the entire plexus is
used (see Szerb, 1982). One of the present results
provides evidence for this mechanism; this is the
finding that the large amplitude e.p.s.ps were less
depressed by opioids than the small amplitude e.p.s.ps.
A hyperpolarization of fibres at the point of stimula-
tion would prevent their excitation when low stimulus
currents were used, but would be less effective when
the stimulus current was supramaximal. On the other
hand, the possibility cannot be excluded that high and
low threshold fibres simply differ in their sensitivity to
opioids.
As it was found previously that opioids can block

the propagation of the action potential along the
processes of myenteric neurones (Morita & North,
1981), is it possible that a similar action ofpresynaptic
fibres could lead to depression of the e.p.s.p.? One
observation in favour of this is the finding that an
e.p.s.p. resulting from excitation of a single presynap-
tic fibre was depressed in an all-or-nothing manner

when the opioid was applied locally over the path of
the presynaptic fibre (Figure 2).
The final possible way in which the presynaptic

inhibition may occur is a reduction in the amount of
calcium entering the terminal each time it is invaded by
an action potential. There is evidence that opioids
reduce calcium entry through voltage-sensitive chan-
nels, either by a direct action on the calcium conduc-
tance (Mudge et al., 1979; Bixby & Spitzer, 1983b;
Werz & Macdonald, 1983) or by an indirect action
secondary to an increased potassium conductance
(North& Williams, 1983). The present experiments do
not allow one tojudge which ofthese mechanisms may
operate; however, if the membrane properties of the
neurone cell bodies can be taken to represent those of
the nerve terminal release sites, then it may be
important that morphine increases the potassium
conductance of many myenteric neurones. In this
context, it should be noted that morphine does not
affect the calcium action potential recorded in the
presence of tetrodotoxin (Cherubini et al., 1984a;
Cherubini & North, 1985). In brief, an increase in the
potassium conductance of the entire membrane of the
presynaptic cell could give rise to all of the present
experimental findings; namely, a failure to excite the
presynaptic cell, a failure of propagation in presynap-
tic fibres and a reduction in the amount of ACh
released when the action potential reaches the synapse.

Presynaptic depression of the slow excitatory postsyn-
aptic potential

The depression of the slow e.p.s.p. was qualitatively
similar to that described by Konishi et al. (1979b) and
Jiang et al. (1982). It seems likely that this depression is
also presynaptic because depolarizations evoked by
muscarinic agonists and substance P were not reduced
in amplitude. It is clear that any or all of the factors
discussed in the preceding section could contribute to
this presynaptic inhibition; the present results do not
allow one to discriminate between them.

Postsynaptic enhancement of the slow excitatory post-
synaptic potential

When morphine hyperpolarized myenteric neurones,
the responses to a variety of substances which reduce
potassium conductance were enhanced. This may be
because morphine opens the same potassium conduc-
tance as that closed by muscarinic agonists, substance
P and barium. Such a conclusion was supported by
calculating the interaction to be expected on the basis
of a simple equivalent circuit model (see Appendix).

Concentrations ofACh and substance P, too low to
cause detectable resistance changes, also decreased
opioid hyperpolarizations. It has been found that the
same low concentrations ofACh and substance P also
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shorten or abolish the calcium-dependent after hyper-
polarization of AH-neurones (Katayama et al., 1979;
North & Tokimasa, 1983). One interpretation is that
opioids increase a potassium conductance in the
membrane which can also be increased by the calcium
entry of the action potential, and that substance P and
ACh interfere with the process by which the in-
tracellular calcium leads to the increase in potassium
conductance (see North & Tokimasa, 1983). There are
several similarities between the potassium conduc-
tance increased by opioids and that which is activated
by a transient influx of calcium into AH-neurones.
Both appear to be almost independent of membrane
potential in the range - 60 to - 110mV (Morita et al.,
1982b; Morita & North, 1982); both are sensitive to
barium (see Figure 7) and to quinine (Cherubini et al.,
1984b). According to this interpretation, opioids and
intracellular calcium are less able to increase this
potassium conductance when low concentrations of
ACh or substance P are applied to the cell. A
component of the resting potassium conductance may
be sensitive to the concentration of calcium in an
intracellular compartment (Grafe et al., 1980). ACh
and substance P may reduce the potassium conduc-
tance by reducing the calcium concentration in this
compartment, as has been argued previously for
barium (North & Tokimasa, 1983; 1984).

In conclusion, opioids cause presynaptic inhibition
of the release of ACh and the non-cholinergic trans-
mitter which mediates the slow e.p.s.p., probably
substance P (Bornstein et al., 1984); considerable, but
as yet indirect, evidence suggests that this may result
from an increase in the membrane potassium conduc-
tance of the presynaptic fibres. Opioids also cause an
increase in the potassium conductance of the cell
bodies ofmyenteric neurones and this will have its own
effect on synaptic transmission in the plexus. The fast
e.p.s.p. will be increased in amplitude by membrane
hyperpolarization and reduced in amplitude by the
conductance increase, in so far as the synaptic current
is resistive rather than capacitative (Edwards et al.,
1975). In the case of the slow e.p.s.p., the opioid-
induced increase of potassium conductance of the
postsynaptic membrane would tend to enhance the
postsynaptic effectiveness of the transmitter which
reaches it. This may occur because the slow synaptic
transmitters and opioids both alter the same potas-
sium conductance.

This work was supported by U.S. Department ofHealth and
Human Services grants AM/NS 32979 and DA03160.

APPENDIX

It is assumed that the membrane ofa myenteric plexus
neurone can be represented by a simple equivalent
circuit in which all conductances are independent of
membrane voltage. At the resting potential (Er), there
is an inward current through a conductance GI, which
is equal to the outward current through GK. Taking
values for the potassium equilibrium potential (EK) of
- 90 mV, equilibrium potential for the inward leak
current (El) of + 40 mV, GK 20 nS and GI 6 nS, this
current is 600 pA and the value for Er is - 60 mV. This
agrees reasonably well with experimental observations
(see Morita et al., 1982b for circuit diagram and choice
of values).
When ACh is applied, a depolarization AVA results

from a reduction in GK to a new value yAGK, where
YA<1. Using the above values, application of Kir-
choff's law to the equivalent circuit shows that
AVA = (30 - 130/(1 + 3.33YA)]- These values for the
amplitude of the ACh depolarization appear on the
top line of Table 1. When morphine is applied, GK
changes to yMGK (where yM>1) and the resulting
hyperpolarization (AVM) is given by the analogous
expression AVM = [30 - 130/(1 + 3.33ym)]. Values
for yM and AVM appear in the most left hand column
of Table 1.

Table 1 The amplitude of the depolarization (mV)
which would result from application of acetyl-
choline (ACh) assuming that ACh reduced the
resting membrane potassium conductance to 90, 80,
70, 60, 50 or 30% of its resting value.

YA 1 0.9 0.8 0.7 0.6 0.5 0.3

YM= 1 0 2.5 5.5 9.0 13 19 35
(AVM = OmV)
YM= 1.5 0 2.9 6.4 11 16 24 50
(AVM= - 8.3 mV)
YM= 2 0 3.1 6.8 12 18 26 57
(AVM= -13mV)
YM= 3 0 3.2 7.2 12 19 28 63
(AVM= -18mV)

The top row (YM = 0) gives the values in the absence
ofany morphine. The second to fourth rows give the
values in the presence of the various conductance
increases caused by morphine (yM). The hyper-
polarizations which would result from these con-
ductance increases (before restoration of the mem-
brane potential, see text) are also shown in mV
(AVM).
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In the present study, the membrane potential was
restored to its control value (E,) during the application
of morphine by passing a steady current (I) from a
constant source. If this current is assumed to pass
entirely through ym GK, then its amplitude will be
AVMyMGK. Under this condition, application ofACh
now causes the potassium conductance to change to
AvYMGy. The total membrane current through potas-

sium channels will now be given by (i + I) where
i = 130/[I/GKyAyM) + (I/G1)J and the amplitude ofthe
resulting depolarization can be calculated from
AVA = 30 - [130/(1 + 3.33YAYM) +

(30/YA) + 130/(YA + 3.33YAYM)]

Table 1 shows the expected ACh depolarizations
which would result from a given conductance decrease
in the present experimental conditions, in which the
morphine first increased the conductance and the
membrane potential was then restored to its control
level by passing an external current. The effect ofACh
is larger in the presence of morphine, and there is a
positive correlation between the morphine hyper-
polarization and the amplitude oftheACh depolariza-
tion (cf. Figure 3).

References

BIXBY, J.L. & SPITZER, N.C. (1983a). Enkephalin reduces
quantal content at the frog neuromuscular junction.
Nature, 301, 431-432.

BIXBY, J.L. & SPITZER, N.C. (1983b). Enkephalin reduces
calcium action potentials in Rohon-beard neurons in vivo.
J. Neurosci., 3, 1014-1018.

BORNSTEIN, J.C., NORTH, R.A., COSTA, M. & FURNESS, J.B.
(1984). Excitatory synaptic potentials due to activation of
neurones with short projections in the myenteric plexus.
Neuroscience, 11, 723-732.

CHERUBINI, E., MORITA, K. & NORTH, R.A. (1984a).
Morphine augments calcium-dependent potassium con-
ductance in guinea-pig myenteric neurones. Br. J. Phar-
mac., 81, 617-622.

CHERUBINI, E. & NORTH, R.A. (1984). y-Aminobutryic
actions on neurones ofguinea-pig myenteric plexus. Br. J.
Pharmac., 82, 93-100.

CHERUBINI, E. & NORTH, R.A. (1985). 1A and k opioids
inhibit transmitter release by different mechanisms. Proc.
natn. Acad. Sci. U.S.A. (in press).

CHRUBINI, E., NORTH, R.A. & SURPRENANT, A. (1984b).
Quinine blocks a calcium-activated potassium conduc-
tance in mammalian enteric neurones. Br. J. Pharmac.,
83, 3-6.

CONSTANTI, A., ADAMS, P.R. & BROWN, D.A. (1981). Why
do barium ions imitate acetylcholine? Brain Res., 206,
244-251.

EDWARDS, F.R., HIRST, G.D.S. & SILINSKY, E.M. (1975).
Interaction between inhibitory and excitatory synaptic
potentials at a peripheral neurone. J. Physiol., 259,
647-663.

FREDERICKSON, R.C.A. & PINSKY, C. (1971). Morphine
impairs acetylcholine release but facilitates acetylcholine
action at a skeletal neuromuscular junction. Nature, New
Biol., 231, 93-94.

FURNESS, J.B. & COSTA, M. (1982). Identification of gas-
trointestinal neurotransmitters. In Handbook of Ex-
perimental Pharmacology, Vol. 59, ed. Bertaccini, G.
pp. 383-462. Berlin: Springer-Verlag.

FURNESS, J.B., COSTA, M. & MILLER, R.J. (1983). Distribu-
tion and projections of nerves with enkephalin-like
immunoreactivity in the guinea-pig small intestine.
Neuroscience, 8, 653-664.

GINTZLER, A. & SCALISI, J.A. (1982). Effect of opioids on
noncholinergic excitatory responses of the guinea-pig
isolated ileum: inhibition ofrelease ofenteric substance P.
Br. J. Pharmac., 75, 199-206.

GRAFE, P., MAYER, C.J. & WOOD, J.D. (1980). Synaptic
modulation of calcium-dependent potassium conduc-
tance in myenteric neurones of the guinea-pig. J. Physiol.,
305, 235-248.

JIANG, Z.G., SIMMONS, M.A. & DUN, N.J. (1982). Enke-
phalinergic modulation ofnoncholinergic transmission in
mammalian prevertebral ganglia. Brain Res., 235,
185-191.

JOHNSON, S.M., KATAYAMA, Y. & NORTH, R.A. (1980).
Slow synaptic potentials in neurones of the myenteric
plexus. J. Physiol., 301, 505-516.

JOHNSON, S.M., KATAYAMA, Y., MORITA, K. & NORTH,
R.A. (1981). Mediators of slow synaptic potentials in the
myenteric plexus of the guinea-pig ileum. J. Physiol.,' 320,
175-186.

KATAYAMA, Y. & NISHI, S. (1984). Sites and mechanisms of
action of enkephalins in the feline parasympathetic
ganglion. J. Physiol., 351, 111-122.

KATAYAMA, Y., NORTH, R.A. & WILLIAMS, J.T. (1979). The
action of substance P on neurones of the guinea-pig small
intestine. Proc. R. Soc. Lond. B, 206, 191-208.

KONISHI, S., TSUNOO, A. & OTSUKA, M. (1979a). Enke-
phalins presynaptically inhibit cholinergic transmission
in sympathetic ganglia. Nature, 282, 515-516.

KONISHI, S., TSUNOO, A. & OTSUKA, M. (1979b). Substance
P and noncholinergic transmission in excitatory sympath-
etic ganglia. Proc. jap. Acad., 55(B), 525-530.

KONISHI, S., TSUNOO, A. &OTSUKA, M. (1981). Enkephalin
as a transmitter for presynaptic inhibition in sympathetic
ganglia. Nature, 294, 80-82.

KOSTERLITZ, H.W. & WATERFIELD, A.A. (1975). In vitro
models in the structure-activity relationships of narcotic
analgesics. A. Rev. Pharmac., 15, 29-47.

KRNJEVIC, K., PUMAIN, R. & RENAUD, L. (1971). The
mechanisms of excitation by acetylcholine in the cerebral
cortex. J. Physiol., 215, 247-268.

MORITA, K. & NORTH, R.A. (1981). Opiates and enkephalin
reduce the excitability of neuronal processes. Neuro-
science, 6, 1943-1951.



OPIOIDS AND SYNAPTIC TRANSMISSION 817

MORITA, K. & NORTH, R.A. (1982). Opiate activation of
potassium conductance in guinea-pig myenteric
neurones: inhibition by calcium ions. Brain Res., 242,
145-150.

MORITA, K. & NORTH, R.A. & TOKIMASA, T. (1982a).
Muscarinic agonists inactive potassium conductance of
guinea-pig myenteric neurones. J. Physiol., 333, 125 -139.

MORITA, K., NORTH, R.A. & TOKIMASA, T. (1982b). The
calcium-activated potassium conductance of guinea-pig
myenteric neurones. J. Physiol., 329, 341-354.

MUDGE, A.W., LEEMAN, S.E. & FISCHBACH, G.D. (1979).
Enkephalin inhibits release of substance P from sensory
neurons in culture and decreases action potential dura-
tion. Proc. Natn. Acad. Sci. U.S.A., 76, 526-530.

NISHI, S. & NORTH, R.A. (1973). Intracellular recording from
the myenteric plexus of the guinea-pig ileum. J. Physiol.,
231, 471-491.

NORTH, R.A. (1982). Electrophysiology of the enteric
nervous system. Neuroscience, 7, 315-326.

NORTH, R.A., KATAYAMA, Y. & WILLIAMS, J.T. (1979). On
the mechanism and site of action of enkephalin on single
myenteric neurons. Brain Res., 165, 67-77.

NORTH, R.A. & TOKIMASA, T. (1982). Muscarinic synaptic
potentials in guinea-pig myenteric plexus neurones. J.
Physiol., 333, 151-156.

NORTH, R.A. & TOKIMASA, T. (1983). Depression of cal-
cium-activated potassium conductance of guinea-pig
myenteric neurones by muscarinic agonists. J. Physiol.,
342, 253-266.

NORTH, R.A. & TOKIMASA, T. (1984). The time course of
muscarinic depolarization of guinea-pig myenteric
neurones. Br. J. Pharmac., 82, 85-91.

NORTH, R.A. & TONINI, M. (1977). The mechanism of action
of narcotic analgesics in the guinea-pig ileum. Br. J.
Pharmac., 61, 541-549.

NORTH, R.A. & WILLIAMS, J.T. (1983). Opiate activation of
potassium conductance inhibits calcium action potentials
in rat locus coeruleus neurones. Br. J. Pharmac., 80,
225-228.

SCHULZ, R. (1978). The use of isolated organs to study the
mechanisms of action of narcotic analgesics. In Develop-
ments in Opiate Research, ed. Herz, A., pp. 241-277, New
York: Marcel Dekker.

SZERB, J.C. (1982). Correlation between acetylcholine release
and neuronal activity in the guinea-pig ileum myenteric
plexus: effect of morphine. Neuroscience, 7, 327-340.

WATSON, S.J., AKIL, H., GHAZAROSSIAN, V.E. & GOLD-
STEIN, A. (1981). Dynorphin immunocytochemical
localization in brain and peripheral nervous system:
preliminary studies. Proc. natn. Acad. Sci. U.S.A., 78,
1260-1263.

WERZ, M.A. & MACDONALD, R.L. (1983). Opioid peptides
selective for mu-and-delta-optiate receptors reduce cal-
cium dependent action potential duration by increasing
potassium conductance. Neurosci. Letts., 42, 173-178.

(Received December 5, 1984.
Revised March 18, 1985.
Accepted April 10, 1985.)


