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SUMMARY

1. Intracellular recordings were made in vitro from neurones of the cat para-
sympathetic ciliary ganglion with a current- or voltage-clamp technique.

2. (Met5)enkephalin and (leu5)enkephalin (10 nm to 10 uM) were applied by super-
fusion. Both caused a membrane hyperpolarization which persisted in a calcium-
free/high-magnesium solution, and both reduced the amplitude of excitatory
post-synaptic potentials (e.p.s.p.s). These actions of enkephalin were antagonized by
naloxone.

3. The enkephalin-induced hyperpolarization was associated with an increase in
membrane conductance, reversed in polarity at -90 mV and was not altered by
changing external sodium and chloride concentrations. This indicates that the
enkephalin hyperpolarization is due mainly to activation of potassium conductance.

4. Enkephalin decreased the mean quantal content of e.p.s.p.s recorded in
low-calcium/high-magnesium solution, without changing quantal size. Furthermore,
the increase in the frequency of miniature e.p.s.p.s after tetanic preganglionic
stimulations was inhibited by enkephalin. Acetylcholine potentials were not altered
by enkephalin. These findings suggest that enkephalin reduces transmitter release.

5. The experiments suggest that enkephalin may inhibit ganglionic transmission
by both pre- and post-synaptic actions in a mammalian parasympathetic ganglion.

INTRODUCTION

(Leu5)enkephalin (Hughes, Smith, Kosterlitz, Fothergill, Morgan & Morris, 1975)
has been localized by an immunohistochemical study in preganglionic nerve terminals
in the avian ciliary ganglion (Erichsen, Reiner & Karten, 1982). This might imply
involvement of enkephalin in synaptic transmission in this ganglion. Electrophysio-
logical investigations with intracellular recordings have disclosed that enkephalin has
two effects on mammalian neurones. It hyperpolarizes neurones of the myenteric
plexus (North, Katayama & Williams, 1979; Morita & North, 1982) and the locus
coeruleus nucleus (Pepper & Henderson, 1980; Williams, Egan & North, 1982), and
it reduces transmitter release in the inferior mesenteric ganglion (Konishi, Tsunoo
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& Otsuka, 1979). Morphine is also known to hyperpolarize the myenteric neurones
(North & Tonini, 1977) and to inhibit transmitter release in the inferior mesenteric
ganglion (Bornstein & Fields, 1979).
The parasympathetic ciliary ganglion sends post-ganglionic fibres to the iris

sphincter and participates in regulating pupillary size. As is widely known, morphine
induces myosis in the man and dog, whereas it produces mydriasis in the cat and
monkey. Although the myosis induced by morphine in the dog is thought to be
mediated via the central nervous system (see Lee & Wang, 1975), the possible
involvement of the ciliary ganglion in the morphine-induced change in pupillary size
is not known.
The present experiments were undertaken to examine whether or not enkephalin

affected transmission in the ciliary ganglion of the cat. It was found that (met5)- and
(leu5)enkephalin produced both a post-synaptic hyperpolarization and a presynaptic
inhibition in this parasympathetic ganglion. These actions are discussed in relation
to the morphine-induced mydriasis of the cat. Preliminary accounts of this work have
been reported elsewhere (Katayama & Nishi, 1981).

METHODS

Adult cats of either sex were anaesthetized witha-chloralose (60 mg/kg, i.P.) and pentobarbitone
(10 mg/kg, i.P.). The ciliary ganglia with the oculomotor and ciliary nerves were isolated and kept
in a Krebs solution of the following composition (mM): NaCI, 117; KCI, 4-7; CaCi2, 2-5; MgCl2, 12;
NaH.PO4, 1-2; NaHCO3, 25; glucose, 11-5; gassed with 95% 02 and 5% CO2. Each ganglion was
mounted in a recording chamber and was superfused with pre-warmed Krebs solution (36-37°C).
The volume ofthe chamber was approximately 1 ml and the flow rate ofthe solution was 2-4 ml/min.
Ganglion cells were impaled with glass micro-electrodes filled with 3 M-KCl or 2M-K citrate. D.c.

tip resistances of the electrodes were between 20 and 60 MCI. Membrane potential was recorded
by using a high-input-impedance pre-amplifier (WPI M701 or M707) and was displayed on an
oscilloscope and on a pen-writing recorder chart. Transmembrane currents were passed through
the recording electrode by means of a bridge circuit of the pre-amplifier. Neuronal input resistances
were estimated by the amplitude of electrotonic potentials which were induced by transmembrane
inward current pulses of 50-100 ms duration, repeated at 0-3 Hz. The resting membrane potential
was determined by a sudden withdrawal of the micro-electrode from the cell.
Some experiments were made with a voltage-clamp method using double-barrelled electrodes.

One of the barrels was used for recording, and the other was used for passing currents across the
cell membrane. The double-barrelled electrodes were filled with 3M-KCl, and only those with
coupling resistances lower than 100 kfQ were used; this value was less than 2 % of neuronal input
resistance of ganglion cells (see Ginsborg & Kado, 1975). The voltage-clamp set-up consisted of the
pre-amplifier mentioned above and of a high-gain differential amplifier described elsewhere
(Katayama & Nishi, 1982).
Excitatory post-synaptic potentials (e.p.s.p.s) were evoked by electrical stimulation applied to

preganglionic fibres of the oculomotor nerve using a suction electrode. Drugs were applied by
superfusion. There was a time delay of approximately 30 s before the drug-containing solution
reached the ganglion. The drugs used were (met6)- and (leu6)enkephalin (Peptide Institute, Osaka),
acetylcholine (ACh) chloride (Wako), (+ )-tubocurarine chloride (Wako), atropine sulphate (Wako)
and naloxone chloride (a gift of du Pont, Endo Laboratories). All quantitative results are expressed
as mean +s.E. of the mean for the number of observations stated.
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RESULTS

General observations
Stable intracellular recordings were obtained from ninety-six neurones (mainly

from B cells; see Nishi & Christ, 1971). Neurones which had unstable fluctuations
of membrane potential, a low resting potential (less negative than -50 mV for
current-clamp study and -40 mV for voltage-clamp study) and/or a small action
potential (less than 60 mV) were excluded. The input membrane resistance, measured
at the resting membrane potential, was between 10 and 120 Mf1 (39-2 +41 MC,
n = 38). These values are considerably lower than those ofrabbit ciliary ganglion cells
(Johnson & Purves, 1981) but are comparable to the values of other mammalian
parasympathetic ganglion cells (see Suzuki & Volle, 1979; Griffith, Gallagher &
Shinnick-Gallagher, 1980). Preganglionic stimulation evoked e.p.s.p.s in almost all
ganglion cells. These e.p.s.p.s were reversibly depressed by (+ )-tubocurarine
(3-10 sM) but not by atropine (3/M) (see Perry & Talesnik, 1953). Other types of
synaptically mediated potentials such as slow excitatory and inhibitory post-synaptic
potentials were not observed even after stimuli comprising trains of pulses.

(Met5)- and (leu5)enkephalin (30 nM-10 /LM) caused a membrane hyperpolarization
or a reduction of e.p.s.p. amplitude or both. Both effects were antagonized by
naloxone (1-10 #Sm).
Enkephalin hyperpolarization

Superfusion of either (leu5)- or (met5)enkephalin (30 nm to 10/M) hyperpolarized
the cell membrane in sixty of ninety-six cells. The hyperpolarization started 5 s after
the enkephalin-containing solution reached the preparation and was usually
maintained throughout the presence of enkephalin up to 5 min. During a prolonged
application the response sometimes was not maintained in the presence of the pep-
tide. The hyperpolarization was unchanged in calcium-free/6-0 mM-magnesium solu-
tions (n = 3) and 0 5 mM-calcium/5 5 mM-magnesium solutions (n = 2); this suggests
that enkephalin acts directly on the ganglion cell membrane. The amplitude of the
hyperpolarization by a given concentration was different from cell to cell (maximum
was 10 mV), but in a given neurone the enkephalin hyperpolarization was concentra-
tion dependent (Fig. 1). Repeated applications ofenkephalin at concentrations higher
than 3 /M often caused a progressive decline in the amplitude of the hyperpolariza-
tion. (Met5)enkephalin was 5-10 times more potent than (leu5)enkephalin (Fig. 1).

Enkephalin decreases input resistance. The enkephalin hyperpolarization was
associated with a decrease in membrane resistance, which was apparent both as a
reduction in the amplitude of the anelectrotonic potential (Fig. 1) and a decrease in
the slope of the voltage-current relationship. The mean reduction of the slope
resistance in ten neurones was 29+ 7 %.

Enkephalin reversal potential. The ciliary ganglion cells often showed membrane
rectification outside the range between -50 and -80 mV (Y. Katayama & S. Nishi,
unpublished observation; see Fig. 2A). Such a characteristic made it difficult to
obtain an accurate reversal potential for the enkephalin hyperpolarization by a
current-clamp technique. Therefore, a voltage-clamp method was used to determine
the reversal potential; the results are illustrated in Fig. 2. Enkephalin caused an
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Fig. 1. Concentration-dependent hyperpolarization produced by enkephalin. During the
periods indicated by bars, the superfusing solution which contained (leu5)enkephalin (A)
or (met6)enkephalin (B) in the concentration indicated (nM) was applied. Both caused
membrane hyperpolarizations which were dependent on the concentration applied. Top
traces in A and B are records of hyperpolarizing current pulses (see Methods). There was
asmall decrease in the amplitude ofanelectrotonic potentialsduring the enkephalin-induced
hyperpolarization.
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Fig. 2. The relationship between amplitude ofenkephalin-induced response and membrane
potential obtained from a voltage-clamped neurone. A, (met6)enkephalin (3/M) was
applied with superfusion during the periods indicated by bars. Enkephalin-induced-
current responses were recorded at three holding levels; -35 mV (a), -45 mV (b) and
-55 mV (c), respectively. The commanding pulse (duration: 1 s) of 20 mV (a) and 40 mV
(b and c) was repeated at 0-3 Hz (upper traces). This neurone showed a property of marked
membrane rectification, i.e. membrane conductance increased by membrane depolarization
(a) and by hyperpolarization (c). B, peak amplitude of each current response (inward
current: upward direction of ordinate) was plotted against membrane potential (abscissa).
Values were taken from A. The reversal potential of this neurone was approximately
-88 mV.
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outward current when the cell was voltage clamped at its resting potential (-45 mV,
upper envelope of the lower trace of b in Fig. 2A). The enkephalin-induced current
became small when it was clamped at -85 mV (lower envelope of the lower trace
of b in Fig. 2A). The outward current was associated with an increase in mem-
brane conductance. The effect of enkephalin was also recorded at two other holding
levels (-35 and -55 mV) while applying command pulses (a and c in Fig. 2A).
When clamped at -35 mV, a large outward current was induced, whereas an in-
ward current occurred at -95 mV (pulsing from -55 mV). The amplitude of the
response was plotted against the membrane potential (Fig. 2 B). The reversal
potential ofthe response in this neurone was approximately -88 mV. Similar results
were obtained from three other cells and the mean reversal potential was
-90-2 + 2-6 mV (n = 4).
As noticed from Fig. 2A, slow relaxations of current in response to voltage pulses

were sometimes observed. Although the nature of the slow relaxations was not clear,
enkephalin apparently had no consistent effect on them (see Discussion).

Effect of changing extracellukar ion8. When the potassium concentration in the
superfusing solution was lowered to 1 0 mm, the enkephalin hyperpolarization became
substantially larger (about 1 5 times, n = 3). This occurred in spite ofa hyperpolariza-
tion of the cell membrane (5-10 mV). The enkephalin hyperpolarization was still
observed in a solution in which the sodium chloride ofthe Krebs solution was replaced
with sucrose (n = 2).

Inhibition of synaptic tran8mi88ion by enkephalin
(Met5)- and (leu5)enkephalin (30 nm to 10,uM) reduced the e.p.s.p.s in thirty-nine

of fifty experiments. The degree of reduction of the e.p.s.p.s at a given enkephalin
concentration varied from cell to cell. Although the inhibitory effects were most often
observed for enkephalin concentrations higher than 1 /SM, low concentrations of
enkephalin occasionally induced a biphasic action (see below). The reduction of the
e.p.s.p. induced by high concentrations (3-10 /M) became less marked during
successive applications. A clear concentration dependence such as was observed for
the enkephalin hyperpolarization (see Fig. 1) could not be detected consistently for
the inhibitory action of enkephalin on the e.p.s.p.s.
Two mechanisms were considered for the inhibition of the e.p.s.p.s: one was a

reduction of the amount of the transmitter liberated from the preganglionic fibres
and the other was a decrease of the post-synaptic sensitivity to ACh.
Reduced amplitude of e.p.s.p.8. ACh depolarized the soma membrane when applied

ionophoretically. The depolarization persisted in a calcium-free/high-magnesium
solution. Fig. 3 shows the effect of (met5)enkephalin on the e.p.s.p.s and on the ACh
potentials. Enkephalin reduced the amplitude of the e.p.s.p.s by 50% but did not
significantly alter the amplitude of the ACh potentials. (Met5)enkephalin had no
effect on the resting membrane potential of this neurone. This suggests that the site
at which enkephalin depressed the e.p.s.p. is presynaptic. Usually the e.p.s.p.s
recovered in amplitude 10-15 min after the removal of enkephalin from the super-
fusing solution. However, as shown in c of Fig. 3 A, the e.p.s.p.s were sometimes larger
after washing than those of the control (a of Fig. 3A). Such a biphasic action will
be described below.

Decreased quantal content of e.p.s.p.s. Fig. 4 shows the amplitude distribution of the
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Fig. 3. Effects of enkephalin on e.p.s.p.s and ACh potentials. A, e.p.s.p.s were evoked by
preganglionic supramaximal stimulations, indicated by arrows, before (a), 3 min after (b)
beginning of (met5)enkephalin application (3/M) and 18 min after wash-out (c),
respectively. B, ACh potentials were induced by ACh ionophoresis (100 nA for 20 ms, at
triangles) before (a), during (b) and after (c) application of enkephalin. All of the records
in A and B were taken in the presence of atropine (3/M) from the same ganglion cell
which was hyperpolarized to about -80 mV to prevent spike initiation. Enkephalin had
no significant effect on membrane potential and resistance of this cell.
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Fig. 4. Amplitude histograms of e.p.s.p.s recorded in low-calcium/high-magnesium
solution. A and B were taken in control and in the presence of (met5)enkephalin (3/SM),
respectively. Insets of A and B show sample records of e.p.s.p.s which were evoked by
preganglionic supramaximal stimulations at 10 Hz, indicated by arrows. The numbers
of failures are indicated by stippled bars at zero amplitude in A and B. Arrows in
histograms point values of quantal sizes.
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e.p.s.p.s induced, in a single cell, by repeated preganglionic stimulations in a
low-calcium/high-magnesium solution. In the control record, there were 23 failures
in 149 stimulations (Fig. 4A). Assuming a Poisson distribution for transmitter release
in this solution (in which the probability of transmitter release is lowered), we
calculated an average quantal content of 1-9. During superfusion with enkephalin
(3/M), the number of failures increased to 37 in 151 stimulations (Fig. 4B) and the
calculated mean quantal content fell to 1-4 from 1-9, i.e. by about 25%. After washing

A B

40- 40-Jqeh~

.2 I mV

:U4

0 20 20
0

> 1-5

Of~~~~~~~~~~~~~~~~~~~ 1-5

0-3 0-6 0 9 1-2 0 3 0-6 0 9 1-2
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Fig. 5. Amplitude histograms of m.e.p.s.p.s recorded in control (A) and in the presence
of (met6)enkephalin (1 /M) (B). Each histogram describes the m.e.p.s.p.s recorded during
a period of 60 s following tetanic preganglionic stimulations (20 Hz for 10 s) (see text).
Insets of A and B illustrate sample records of m.e.p.s.p.s. There were 197 m.e.p.s.p.s in
control (A) and 88 in the test solution (B). Arrows in histograms indicate mean amplitude
of m.e.p.s.p.s. There was no detectable enkephalin-induced hyperpolarization in post-
synaptic membrane.

for 25 min, the average quantal content returned to 1-8. On the other hand, the
quantal size obtained from the ratio of the mean amplitude of the e.p.s.p.s and the
average quantal content was 0-38 mV in control and 0-41 mV in the presence of
enkephalin (Fig. 4, downward arrows on histograms). A similar decrease in the mean
quantal content was obtained from two other neurones (1-2 and 1-7 in control to 0-8
and 1 1 in the presence of enkephalin, respectively) without significant change in
quantal size. These results again suggest that enkephalin acts presynaptically to
reduce ACh release.

Decreased frequency of miniature e.p.s.p.s. Miniature e.p.s.p.s (m.e.p.s.p.s) in this
ganglion occurred at a low frequency. Tetanic preganglionic stimulation increased
the frequency of the m.e.p.s.p.s in the majority ofganglion cells examined (see Martin
& Pilar, 1964; Hunt & Nelson, 1965; Miledi & Thies, 1971). This increase in the
frequency of the m.e.p.s.p.s is considered to be brought about by an increase in
spontaneous release of transmitter due possibly to accumulation of calcium inside the
preganglionic nerve terminal during tetanic stimulation (Beume & Pott, 1978).
Amplitude histograms of the m.e.p.s.p.s following tetanic stimulations were obtained
during a period of 60 s in control and in the presence of enkephalin (Fig. 5). The
amplitude distribution of the control m.e.p.s.p.s (Fig. 5A) did not follow a normal
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distribution curve. However, the frequency of m.e.p.s.p.s decreased from 197 to
88/min; this decrease in frequency occurred at every amplitude (Fig. 5B). The mean
amplitude of these m.e.p.s.p.s was not significantly changed (0-54+0'02 mV in
control and 0 53+ 0 03 mV in the presence of enkephalin, as indicated by downward
arrows in Fig. 5). Similar results could be obtained from two other neurones.

Less-common responses to enkephalin
Fig. 3A illustrates an experiment in which enkephalin inhibited the e.p.s.p.s and

wash-out of enkephalin caused augmentation of the e.p.s.p.s. This was observed in
a small population of cells (n = 5). In other cells, low concentrations of enkephalin
(10 and 30 nM) caused augmentation of the e.p.s.p.s in three cells, inhibition of the
e.p.s.p.s in one cell and no effect in six cells. In the same cells in which 100 nm reduced
the e.p.s.p. amplitude, application of 10 or 30 nm increased the amplitude (n = 2).
It was not possible to demonstrate any consistent effect of naloxone on the increase
in e.p.s.p. amplitude induced by enkephalin.

DISCUSSION

The present study demonstrates that enkephalin (10 nM to 10/M) inhibits
transmission in the parasympathetic ciliary ganglion ofthe cat. This results both from
a membrane hyperpolarization associated with an increase in potassium conductance,
and from a presynaptic inhibition of transmitter release. Since a decrease of the
parasympathetic output to the iris sphincter leads to mydriasis, the morphine-induced
mydriasis of the cat might be explained by the enkephalin-induced reduction of
transmission in the ciliary ganglion. On the other hand, the morphine-induced myosis
in the dog is considered to be due mainly to the activation of pupillo-constricting
neurones in the mid-brain (Lee & Wang, 1975). It was recently found that, in the
rabbit, intravenous morphine caused a transient mydriasis followed by myosis and
slow fluctuations of the pupillary size (Murray & Tallarida, 1982). It would be
interesting to examine the effect ofopiates and opioid peptides on neural transmission
in the rabbit ciliary ganglion.
Both post-synaptic hyperpolarization and presynaptic inhibition of transmitter

release are produced by enkephalin in myenteric neurones (North et al. 1979) and
sympathetic inferior mesenteric ganglion cells (Konishi et al. 1979) of the guinea-pig.
Morphine was also reported to reduce transmitter release (without obvious post-
synaptic action) in guinea-pig sympathetic ganglia (Bornstein & Fields, 1979).
However, enkephalin-containing fibres have been found to terminate mainly on soma
and dendrites of sympathetic coeliac ganglion cells of the guinea-pig (Kondo & Yui,
1982). In the bull-frog sympathetic ganglion, studied with the sucrose-gap technique,
enkephalin caused post-synaptic membrane hyperpolarization and inhibition of slow
inhibitory post-synaptic potentials; morphine caused presynaptic membrane
hyperpolarization (Wouters & Van den Bercken, 1979, 1980).
The enkephalin hyperpolarization of the cat ciliary ganglion cells was associated

with an increased conductance, reversed in polarity at -90 mV and was not
appreciably affected by changing sodium and chloride concentrations in the super-
fusing solution. These observations indicate that the enkephalin-induced hyper-
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polarization is due mainly to the activation of a potassium conductance, as in the
myenteric neurones (Morita & North, 1982).
Slow current relaxations were often triggered by commanding pulses in the

voltage-clamped ciliary ganglion cells, as shown in Fig. 2A. Slow inward relaxations
of current were observed when hyperpolarizing command pulses exceeded -90 mV.
Enkephalin had no detectable or consistent effect on the slow relaxations. The time
course of the relaxations resembles that of the M-current relaxations in bull-frog
sympathetic ganglion cells (Brown & Adams, 1980) but also that ofinward relaxations
which are found in guinea-pig hippocampal neurones and which are thought to reflect
the passage of a novel current, IQ (Halliwell & Adams, 1982). The nature of the slow
relaxations in the ciliary ganglion cells of the cat remains to be resolved.

Several electrophysiological studies, including the present study, indicate that
enkephalin may act at presynaptic sites to reduce ACh release (e.g. Konishi et al. 1979;
Bixby & Spitzer, 1983). There is also biochemical and pharmacological evidence that
enkephalin inhibits transmitter release in various tissues (see Beaumont & Hughes,
1979). However, the mechanisms underlying the inhibitory action of enkephalin on
transmitter release have not been elucidated. The present experiments disclosed that
enkephalin prevented the increase in the frequency of the m.e.p.s.p.s which is
considered to be brought about by accumulation of intracellular calcium during
repetitive spikes in preganglionic nerve terminals (Beume & Pott, 1978); enkephalin
may act at presynaptic sites which control calcium availability for transmitter
release. These findings are consistent with the observations on cultured dorsal root
ganglion cells (Mudge, Leeman & Fischbach, 1979; Werz & Macdonald, 1982);
enkephalin shortens calcium spikes apparently by modulating voltage-sensitive
channels and this is thought to account for the inhibition of transmitter release. On
the other hand, Szerb (1980) mentions that morphine does not act directly on the
coupling system between calcium and transmitter release in the myenteric plexus,
but reduces the population of active cells by membrane hyperpolarization. If the
enkephalin-induced hyperpolarization which is associated with an increased mem-
brane conductance occurs in the soma as well as in presynaptic fibres, a shunting of
the membrane resistance or a shift of the membrane potential below the threshold
or both may result in the blockade of spike invasion into the nerve terminals where
transmitter is released (see Morita & North, 1981). In accordance with this, as
described above, morphine causes presynaptic membrane hyperpolarization in frog
ganglia (Wouters, & Van den Bercken, 1980). If the propagation of spikes is blocked
by the enkephalin hyperpolarization of a population of presynaptic fibres, the total
amount of released ACh would be reduced. It is possible to speculate, therefore, that
the enkephalin-induced reduction of transmitter release might be due both to
inhibition ofcalcium entry and to hyperpolarization of the preganglionic nerve fibres.
Enkephalin occasionally showed an augmentative or biphasic action on the

e.p.s.p.s. This is interesting because enkephalin has been suggested to cause presynaptic
facilitation of the e.p.s.p.s in the rat hippocampus (Haas & Ryall, 1980; but see
Masukawa & Prince, 1982). It was also found that opiates prolong the calcium-
dependent after-hyperpolarizations of myenteric neurones at concentrations
(100 pM-10 nM) which are considerably lower than those usually required to hyper-
polarize the resting membrane (Tokimasa, Morita & North, 1981). Furthermore,
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morphine has been reported to produce dual actions on calcium-dependent responses
of nodose ganglion cells, such as the calcium spike, the shoulder ofthe action potential
and the hyperpolarizing after-potential (Higashi, Shinnick-Gallagher & Gallagher,
1982). These authors stated that there is a tendency for augmentation of the
calcium-dependent spikes at lower concentrations (1 nM). These observations may be
consistent with the dual action of enkephalin on the e.p.s.p.s in the ciliary ganglion
of the cat.

We wish to thank Dr R. Alan North for his help and criticism in the preparation ofthe manuscript
and Miss Michiko Sakai for typing the manuscript.
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