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Morphine augments calcium-dependent potassium
conductance in guinea-pig myenteric neurones

E. Cherubini, K. Morita! & R.A. North

Neuropharmacology Laboratory, Department of Nutrition and Food Science, Massachusetts Institute of
Technology, 56-245, Cambridge, Massachusetts 02139, U.S.A.

1 Intracellular recordings were made from myenteric neurones removed from guinea-pig ileum
and maintained in vitro. i

2 Action potentials were elicited by passing brief depolarizing currents through the recording
electrode. In AH cells they were followed by afterhyperpolarizations resulting from an increase in
potassium conductance (G ca)-

3 Morphine (1 nM - 1 u M), applied by superfusion, increased the duration of the afterhyperpolar-
ization (and the underlying Gk c.) which followed from 1 to 30 action potentials. Morphine did not
change the peak amplitude of the afterhyperpolarization.

4 This action of morphine occurred both in cells which showed no change in resting membrane
potential or resistance and in cells which were hyperpolarized. It was prevented by naloxone (10 nM
-1pM).

S5 The possibility is proposed that morphine inhibits one of the mechanisms by which myenteric

neurones control their free intracellular calcium concentration close to the plasma membrane.

Introduction

Opiates and opioid peptides increase the potassium
conductance of neurones in the myenteric plexus
(North & Tonini, 1977; Morita & North, 1981), the
nucleus locus coeruleus (Pepper & Henderson, 1980;
Williams et al., 1982) and the substantia gelatinosa
(Yoshimura & North, 1983). One of the principal
factors which controls neurone potassium conduc-
tance and thus the membrane potential is the con-
centration of calcium ions in the cytoplasm (Meech,
1978). This is particularly true in the guinea-pig
myenteric plexus AH neurones (Grafe et al., 1980;
Morita & North, 1981). These cells have a long-
lasting afterhyperpolarization following the action
potential which results from activation of potassium
conductance by calcium entry during the action po-
tential (Hirst & Spence, 1973; North, 1973; Hirst et
al., 1974; Morita et al., 1982).

Opiate actions are known to be strongly calcium
dependent in a variety of systems (Ross & Cardenas,
1979). A reduction in the extracellular calcium con-
centration usually increases the effectiveness of
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opiates. We had previously observed this inverse
calcium dependency in myenteric neurones (Morita
& North, 1981). We formed the hypothesis that the
opioid induced changes in potassium conductance
may result from changes in the levels of calcium in a
cytoplasmic pool close to the inner surface of the
membrane. In the present experiments we sought to
test this hypothesis indirectly. Our strategy was to
transiently increase the intracellular calcium con-
centration in this pool by ‘injection’ of calcium into
the cell with one or more action potentials, and to
observe the time course of the resulting changes in
potassium conductance (Gkca). A preliminary ac-
count of some of the resuits has been published
(Tokimasa eral., 1981).

Methods

Intracellular recordings were made from neurones
lying within ganglia of the myenteric plexus of the
guinea-pig ileum. The techniques for isolation of the
ganglia, superfusion with physiological salt solutions,
and intracellular recordings have been fully de-
scribed (Nishi & North, 1973). The superfusing solu-
tion, heated so that its temperature over the tissue

© The Macmillan Press Ltd 1984



618 E. CHERUBINI etal.

was 37°C, was of the following composition (mM):
NaC1117,KC14.7,NaH,PO, 1.2, CaCl, 2.5, MgCl,
1.2,NaHCO325 and glucose 11, gassed with 95% O,
and 5% CO,.Unless otherwise stated, recording elec-
trodes were filled with potassium chloride (2 M), and
cells were impaled under direct vision as they lay ina
shallow bath on the stage of a microscope (Zeiss
Nomarski, total magnification x 500). Both voltage
recording and current injection were made through
the same electrode by use of an active bridge circuit.
Microelectrode resistance was nulled before cell im-
palement; the bridge balance was checked after with-
drawal of the electrode using currents as great as
those passed during the intracellular recording.
Membrane potential and current injected were re-
corded on an oscilloscope and a pen recorder (pen
response 50 mm (usually SO mV) in less than 5 ms).
Intracellular records of the action potential were
electronically stored on a digitizing oscilloscope and
then played back onto the pen recorder after expan-
sion of the time base. Action potentials were evoked
by passing brief depolarizing currents across the cell
membrane. Cell input resistance was measured from
the amplitude of small hyperpolarizations (50 -
80 ms duration) evoked by passing known currents.
The conductance increase during the afterhyper-
polarization was calculated from (R/R’) —1, where R
is the input resistance at the resting potential and R’

a b

Control ﬁk .........

is the input resistance during the afterhyperpolariza-
tion. This is called the fractional conductance in-
crease (Gk,ca)- The voltage-current relationship was
linear in the potential range investigated (=55 to
—75 mV). When morphine hyperpolarized the rest-
ing cell membrane, measurements of the afterhyper-
polarization were made after restoring the original
membrane potential by passing a small depolarizing
current. Morphine sulphate (Mallinckrodt), normor-
phine hydrochloride (Dr A.E. Jacobsen), and nalox-
one hydrochloride (Endo) were applied by changing
the superfusing solution to one which differed only in
its content of the drug(s). Concentrations stated refer
to these salts. Changes in calcium ion concentration
were made without substitution.

Results

Afterhyperpolarization following one to three action
potentials

The afterhyperpolarization which followed one or a
few action potentials was prolonged by morphine in
the concentration range of 10nM-1puM (10nM, 10
cells; 100 n M, 4 cells; 1 uM, 8 cells) (Figure 1). The
magnitude of the effect was quite variable from cell to
cell, but occurred whether or not morphine caused
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Figure1 Morphine prolongs the afterhyperpolarization following one or two action potentials, but does not change
action potential configuration. (a) Action potentials evoked by passing depolarizing current pulses before, during
and after morphine (10 nM). (b) Afterhyperpolarizations which followed 1 and 2 action potentials before, during and
after morphine. In each pair >f records, the top trace (marked 1) is the afterhyperpolarization which followed the
action potential shown in (a). In this cell, morphine also increased the resting input conductance and hyperpolarized
the cell by SmV. The morphine effect on the action potential and afterhyperpolarization were determined after
resetting the potential to its control level by passing a small depolarizing current.
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Table 1 Effect of morphine on afterhyperpolarization following, 1, 2 and 30 action potentials

One spike® Two spikes® 30 spikes®

Control Morphine Control Morphine Control Morphine
Peak
amplitude
(mV) 83+14 10.1+2.2 12.5+2.1 13.8+2.4 17.4+0.8 17.4+0.8
Time to
80% decay
(s) 2.3+0.6 3.9+0.6* 3.1+0.8 4.6+0.7** 27.2+48 47.7£7.2%**

2These are effects of 10 nM morphine (10 neurones). Similar but slightly larger effects were observed with 100 nm
(n=4) and 1uM (n =8). *These are effects of 1 nM morphine (10 neurones). Similar effects were observed with
10nM (n=4). *P<0.05, ** P<0.01, *** P<<0.00S5 (paired ¢ test). Morphine did not change resting potential in
most of these cells; those cells which were hyperpolarized by morphine (up to 10 mV) were depolarized to their
resting level by passage of current before evoking the action potentials.

any change in resting membrane potential (resting
potential —58.0 * 1.3 mV, mean * s.e. mean, n=13).
Morphine did not change the peak amplitude of the
afterhyperpolarization (Table 1). The development
of the afterhyperpolarization following one to three
action potentials was approximately exponential with
time; the time constant (t,) was unaffected by mor-
phine.

The decline of the afterhyperpolarization was also
a single exponential (time constant t,) (Morita et al.,
1982). However, in morphine the decline appeared
not to be a single exponential; it included a later slow
decay phase which was not obvious in the absence of
morphine (Figure 1). We measured the time required
for the afterhyperpolarization to decline to 50% and
80% of its peak value. Morphine significantly in-
creased the time to reach 80%, but had no effect on
the time to decay to 50% (Table 1). This action of
morphine was not observed after pretreatment of the
tissue for 5 — 10 min with naloxone (100nM -1 puM).
In several cells, we measured the fractional conduc-
tance increase (G ca) during the afterhyperpolariza-
tion and found this to be similarly affected by mor-
phine. However, this gives little additional informa-
tion because when the amplitude of the afterhyper-
polarization is small (up to 10mV), it is almost
linearly related to G c, (Morita et al., 1982).

We considered the possibility that morphine di-
rectly affected the entry of calcium during the action
potential. This seemed unlikely because it has been
shown previously that changes in calcium entry (by
increasing the number of action potentials, or by
addition of cobalt) have marked effects on the peak
amplitude of the afterhyperpolarization but do not
alter its rates of rise or decline (t; or 1;) (North &
Tokimasa, 1983). By contrast, morphine did not alter
the peak amplitude. We also examined the effect of
morphine (10nM -1 pM, mostly higher concentra-
tions) on the action potential in 19 neurones. Mor-

phine caused no change in the configuration of the
action potential in any cell (13 AH, 6 S cells) (Figure
1). Nine of these cells were hyperpolarized by mor-
phine (12.0+3.2mV, mean ts.e.); in those cases
the action potential was observed after restoring the
membrane potential to its resting level by passing
current through the recording electrode. In ten of
these neurones the action potential was also observed
in the presence of tetrodotoxin; it was unaffected by
morphine (1pM). Morphine (100nM - 1puM) also
had no consistent effects on the action potentials
recorded from 15 neurones impaled with CsCl (1 M)
filled electrodes; action potential durations were at a
steady state (300 — 500 ms) when morphine was
applied.

Afterhyperpolarization following 15-30 action
potentials

The action of morphine (1 - 10 n M) was studied on
the afterhyperpolarization which followed 15 or 30
action potentials (5 or 10Hz for 3s). The resting
membrane potential of the 13 cells studied was
—61.31+1.4mV (mean ts.e.). The fractional con-
ductance increase during the afterhyperpolarization
(Gk,ca) was calculated because the large amplitude
of the afterhyperpolarization results in a significant
reduction in driving force for the outward potassium
current (Morita et al., 1982).

Morphine prolonged the afterhyperpolarization
and its underlying conductance increase. Morphine
especially prolonged the late component (Figure 2).
The results of several experiments are summarized in
Table 1. The prolongation of the slow component
was particularly obvious in the semilogarithmic plots
of Gk,a as a function of time (Figure 2). In most
cells, the decline of Gk c, could be fitted by the sum
of two exponential functions (see Morita et al.,
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Figure 2 Morphine slows the late phase of the afterhyperpolarization following 30 action potentials. (a) Effect of
morphine (1nM) on afterhyperpolarization. Morphine caused no change in resting potential (—62 mV) or input
resistance (28 MQ). (b) One hour after (a) naloxone (10 nM) was added to the superfusing solution. Morphine was
now ineffective. (c and d) Gk ca measured from the electrotonic potentials in records (a) and (b) respectively; (®)
control (x) morphine treated. Note the slowing of the late phase of Gk ca-

1982). The time constants of decay were termed T tast
and Ty 50w. Control values were: Tyt =3.9+£0.5s,
Toslow = 159+ 1.8s.  After morphine (1nM):
Toast = 5.0 £ 0.6s, Tzq0w=25.0+3.7s. The values
are means and s.e. for 7 neurones; the value of 13 gow
is significantly increased (paired ¢ test, P <<0.05) by
morphine but the value of t; 40w Was unaffected. The
prolongation of 1, gow by morphine was not observed
in the presence of naloxone (1 — 10 n M) (Figure 2d).

The effect of morphine on the afterhyperpolariza-
tion was readily observed when the calcium concent-
ration of the perfusing solution was reduced to half
(1.25 mM) its control value (Figure 3). In contrast,
doubling the calcium concentration to SmM in-
creased the afterhyperpolarization duration (Morita

et al., 1982) but reduced or prevented the action of
morphine.

Spontaneous oscillations

A small proportion of myenteric neurones (1-2%)
showed spontaneous oscillations of membrane po-
tential and conductance. The period varied among
cells from 10-200s but was most often about 1 min.
These oscillations are strikingly similar to those in-
duced by caffeine in bullfrog ganglion cells, which
result from transient increases in the cytoplasmic
calcium concentration (Kuba, 1980). Morphine
(1 M) increased the amplitude of the oscillations in
the 4 cells in which it could be tested.
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Figure 3 The effect of morphine in low calcium solu-
tion. (a) In 2.5 mM CaCl,, morphine (10 nM) prolongs
the afterhyperpolarization; resting potential —62mV.
(b) After changing to 1.25 mmM CaCl,, the neurone de-
polarized to —57mV, hence the control afterhyper-
polarization is slightly increased in amplitude although
reduced in duration (see Morita et al., 1982); morphine
(10nM) now caused a remarkable prolongation of the
afterhyperpolarization.

Discussion

AH neurones of the guinea-pig myenteric plexus
have a prominent afterhyperpolarization which is
separated in time from the afterhyperpolarization
which immediately follows spike repolarization. This
afterhyperpolarization appears to be entirely due to
an increase in potassium conductance resulting from
calcium entering the neurone during the action po-
tential (Nishi & North, 1973; Hirst & Spence, 1973;
North, 1973; Morita et al., 1982) In previous experi-
ments, morphine was found to increase the resting
membrane potassium conductance (Morita & North,
1981), thus raising the possibility that the potassium
conductance may be increased as a result of a trans-
ient increase in the calcium concentration in a pool
close to the inner surface of the plasma membrane.
Such an idea was suggested by results of experiments
on synaptosomes of rat brain, in which it was shown
that morphine inhibited the uptake of *Ca ions
(Guerrero-Munoz et al., 1979).

In most of the present experiments we used low
concentrations of morphine, and these often caused
no detectable change in resting membrane potential
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or resistance. Whether or not the resting cell proper-
ties were altered, morphine delayed the return of the
membrane potential to its control value when it was
transiently hyperpolarized by calcium entry. In par-
ticular, morphine delayed the later part of the return
to the resting potential, and had little or no effect on
the initial decline of the afterhyperpolarization.

We considered several possible loci for the action
of morphine. Firstly, does morphine alter calcium
entry during the action potential? This possibility
must be considered seriously because Mudge et al.,
(1979), Higashi, (1982), Werz & Macdonald (1982)
and Bixby & Spitzer (1983) have all shown effects of
opioids on calcium action potentials. We found no
evidence for such an action in myenteric neurones,
there being no change in configuration of the calcium
spike, and no change in the peak amplitude of the
afterhyperpolarization. Secondly, does morphine in-
crease the affinity of the potassium channel to in-
tracellular calcium? This seems unlikely for one
might then expect an increase in the afterhyperpolar-
ization throughout its entire time course. In fact,
what was observed was a prolongation of only the late
part of the afterhyperpolarization. Thirdly, does
morphine inhibit the removal of calcium from a pool
close to the plasma membrane where its presence is
associated with an increased potassium conductance?
In earlier experiments (Morita et al., 1982), it was
observed that the decline in G ca following 30 or
more action potentials was double exponential, sug-
gesting that two distinct processes might contribute
to the removal of calcium from this pool. The present
results indicate that the second of these processes
may be particularly susceptible to inhibition by mor-
phine (Figure 2). The physical identity of these pro-
cesses might include the dissociation of calcium ions
from the potassium channel, the sequestration of
calcium into other cellular pools, or the extrusion of
calcium across the plasma membrane.

Since morphine increases the potassium conduc-
tance of the resting membrane of some myenteric and
other neurones (see Introduction), it is possible that
this hyperpolarization also results from a transient
increase in the cytosolic calcium concentration. This
effect persists after removal of extracellular calcium.
According to this scheme, morphine would interact
with an extracellular cell surface receptor and this
would lead to a release of calcium from intracellular
stores. One might speculate that such an effect could
not only increase potassium conductance in certain
cells, but might also depress inward calcium currents
in others. It must be emphasized that direct tests of
this hypothesis are now required.

Supported by U.S. Department of Health and Human
Services grants DA03160, DA03161 and NS/AM 32979.
Please address correspondence to R.A.N.



622 E. CHERUBINI etal.

References

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

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

GUERRERO-MUNOZ, F., CERRETA, K.V.,, GUERRERO,
M.L. & WAY, E.L. (1979). Effect of morphine on synap-
tosomal Ca uptake. J. Pahrmac. exp. Ther.,, 209,
132-136.

HIGASHI, H., SHINNICK-GALLAGHER, P. & GALLAGHER,
J.P. (1982). Morphine enhances and depresses Ca de-
pendent responses in visceral primary afferent
neurones. Brain Res., 251, 186-191.

HIRST, G.D.S. & SPENCE, I. (1973). Calcium action poten-
tials in mammalian peripheral neurones. Nature, 243,
54-56.

HIRST, G.D.S., HOLMAN, M.E. & SPENCE, I. (1974). Two
types of neurones in the myenteric plexus of duodenum
in the guinea-pig. J. Physiol., 236, 303-326.

KUBA, K. (1980). Release of calcium ions linked to activa-
tion of potassium conductance in a caffeine-treated
sympathetic neurone. J. Physiol., 298,251-270.

MEECH, R.W. (1978). Calcium-dependent potassium acti-
vation in nervous tissues. A. Rev. Biophys. Bioeng., 7,
1-18.

MORITA, K. & NORTH, R.A. (1981). Opiate activation of
potassium conductance of myenteric neurons: inhibition
by calcium ions. Brain Res., 242, 145-150.

MORITA, K., NORTH, R.A. & TOKIMASA, T. (1982). 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. (1973). The calcium-dependent slow af-
terhyperpolarization in myenteric neurones with
tetrodotoxin-resistant action potentials. Br. J. Phar-
mac., 49, 709-711.

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

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

PEPPER, C.M. & HENDERSON, G. (1980). Opiates and
opioid peptides hyperpolarize locus coeruleus neurons
in vitro. Science, 209, 394-396.

ROSS, D.H. & CARDENAS, H.L. (1979). Nerve cell calcium
as a messenger for opiate and endorphin actions. In
Neurochemical Mechanisms of Opiates and Endorphins,
Adv. Biochem. Psychopharm., Vol. 20. ed. Loh, HH. &
Ross, D.H. pp.301-336. New York: Raven

TOKIMASA, T., MORITA, K. & NORTH, R.A. (1981).
Opiates and clonidine prolong calcium dependent af-
terhyperpolarizations. Nature, 294, 162-163.

WERZ, M.A. & MACDONALD, R.L. (1982). Opioid peptides
decrease calcium-dependent action potential duration
of mouse dorsal root ganglion neurons in cell culture.
Brain Res., 239,315-321.

WILLIAMS, J.T., EGAN, T.M. & NORTH, R.A. (1982). En-
kephalin opens potassium channels in mammalian cen-
tral neurones. Nature, 299, 74-76.

YOSHIMURA, M. NORTH, R.A. (1983). Substantia gelatin-
osa neurones in vitro hyperpolarized by enkephalin.
Nature, 305, 529-530.

(Received August 8, 1983.
Revised October 10, 1983.)



