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ABSTRACT—It is known that mu-agonists inhibit electrical field stimulation (EFS)-evoked ACh release from
longitudinal muscle myenteric plexus (LMMP) preparation of guinea pig ileum when muscarinic autoinhibi-
tion does not fully work. In the present study, the possible role of K* channels in the mechanisms of mu-
agonists-induced inhibition and autoinhibition of ACh release was studied. In the presence of atropine, which
blocks the autoinhibition, non-selective K* channel blockers, tetracthylammonium (TEA) and 4-amino-
pyridine (4-AP), reversed the inhibitory effect of mu-agonists, morphine and [p-Ala®, N-Me-Phe®, Gly>-ol]
enkephalin, on EFS-evoked ACh release, but not that of kappa-agonist U-50,488. Apamin, iberiotoxin or
glibenclamide did not affect the inhibition of ACh release by morphine. On the other hand, in the absence of
atropine (under the autoinhibition working condition), 4-AP increased EFS-evoked ACh release, but atropine
did not further increase ACh release in the presence of 4-AP. In contrast, although TEA did not affect EFS-
evoked ACh release, atropine increased ACh release in the presence of TEA. These results suggest that the
inhibitory effects of mu-agonists and muscarinic autoinhibition on the ACh release are associated with acti-
vation of different types of K* channels in the guinea pig LMMP preparations: the former is associated
with 4-AP- and TEA-sensitive K* channels and the latter is associated with 4-AP- but not TEA-sensitive K*
channels.
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The opioid receptors are classified into several types,
mainly mu-, kappa- and delta-receptors (1, 2) which are
present in the enteric neurons (3 —6). Longitudinal muscle
myenteric plexus (LMMP) preparations of guinea pig ile-
um have been widely used for studying ACh release from
enteric neurons. Several studies indicated that activation of
mu- and kappa-receptors by exogenous opioid agonists
resulted in inhibition of ACh release from the prepara-
tions, while delta-receptors play a minor role in ACh re-
lease (7, 8). The ACh release from the LMMP preparations
is subject to muscarinic autoinhibition (9 — 11). We recent-
ly reported that endogenous opioid(s) inhibits ACh release
by activating mu- but not kappa- or delta-receptor in
LMMP of guinea pig ileum and that the inhibition of ACh
release by endogenous opioid(s) become apparent only
when the muscarinic autoinhibition mechanism does not
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fully work (12, 13). It is suggested that activation of mu-
receptors in the enteric neurons leads to an increase in K*
conductance of the cell membrane (14, 15). Morphine and
other mu-agonists inhibited spontaneous firing of mem-
brane potentials in the myenteric neurons of guinea pig ile-
um (16). In the cell soma of enteric neurons, morphine and
[Met’] enkephalin hyperpolarized the resting membrane
potential (17) and increased Ca’*-dependent after-hyper-
polarization following to action potentials (18). These
effects were suggested to be due to enhancement of K*
conductance (14, 15). The enhancement of K* conduc-
tance results in a decease in neurotransmitter release by
reducing the invasion probability of an impulse propagat-
ing along the nerve axon into nerve terminals or shortening
duration of action potential, which reduces Ca’* influx
into nerve terminals probably due to hyperpolarization of
the membrane potentials (19). Potassium channels are now
classified into more than ten types based on their elec-
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trophysiological and pharmacological properties (20).
Several types of K* channels including calcium-activated
K* channels (K¢, channels) and adenosine 5’-triphosphate
(ATP)-sensitive K* channels (Ksrp channels) are known to
be present on plasma membrane in central and peripheral
nervous systems and to play a role in modulation of neu-
rotransmission (for a review, see Ref. 21). However, there
is little information regarding the type of K* channels in-
volved in the inhibition of ACh release via mu-receptors in
the LMMP preparations of guinea pig ileum. Therefore, in
the present work, we studied the effects of various K*
channel blockers on mu-agonist-induced inhibition of ACh
release evoked by EFS to determine the type of K* chan-
nels involved in the inhibition. We also studied whether the
K™ channels involved in mu-receptor-mediated inhibition
is associated with muscarinic autoinhibition.

MATERIALS AND METHODS

Male guinea pigs, weighing 300 —400 g, were sacrificed
by bleeding. The LMMP preparations of the ileum were
made as described previously (22). The preparation was
mounted in an organ bath containing 3 ml of Tyrode solu-
tion. The bathing medium was kept at 37°C and bubbled
with 95% O, and 5% CO,. The preparations were
equilibrated for 15 min by perfusion with Tyrode solution
containing physostigmine salicylate (5uM) and choline
chloride (1 uM) at a rate of 1 —2 ml/min. Then, perfusion
was stopped and the bathing medium was replaced by 3 ml
of fresh Tyrode solution. After 1 min, the medium was col-
lected for measurement of resting ACh release by replacing
it with fresh Tyrode solution. Electrical field stimulation
(EFS) was carried out with a pair of platinum electrodes in
trains of 20 s at 10 Hz, for the EFS-evoked release of ACh,
and then the bathing fluid was collected after a further 40-s
period. These experimental procedures for sample collec-
tion were repeated 2 or 3 times with 15-min intervals be-
tween each. At the end of the experiment, the strips were
blotted and weighed for expression of ACh release as pmol
per g tissue. The amount of ACh released by each stimula-
tion was calculated by subtracting the release during the
resting period (spontaneous release) immediately before
stimulation from the total release during stimulation. ACh
released in the medium was assayed by HPLC as described
elsewhere (12). Unless otherwise stated, all experiments
except the experiment to study the effect of K* channel
blockers on muscarinic autoinhibition were carried out in
the presence of 1 uM atropine

The drugs used were morphine hydrochloride (Takeda
Chemical Industries, Osaka); naloxone hydrochloride,
atropine sulfate, 4-aminopyridine (4-AP), tetracthylammo-
nium (TEA), physostigmine salicylate (Wako Pure Chemi-
cal, Osaka); glibenclamide, [p-Ala%, N-Me-Phe®, Gly*-ol]

enkephalin (DAMGO), U-50,488 methane sulfonate
(Funakoshi, Tokyo); apamin, iberiotoxin (Peptide Insti-
tute, Osaka).

Statistical analyses of the data for two groups were
carried out with the paired Student’s t-test and for three
groups, with a one-way analysis of variance and Bonfer-
roni’s test. P values less than 0.05 were considered sig-
nificant. The mean + S.E.M. was used throughout this
manuscript.

RESULTS

Reverse by 4-AP and TEA of inhibitory effect of mor-
phine on ACh release evoked by EFS from LMMP prepa-
rations of guinea pig ileum

EFS at 10 Hz evoked a significant increase in ACh re-
lease from the LMMP preparations. Morphine at 10 uM
significantly inhibited EFS-evoked ACh release at 10 Hz in
the presence of 1uM atropine as previously shown (12)
(Fig. 1A). The inhibitory effect of morphine was complete-
ly antagonized by the selective mu-receptor antagonist
cyprodime at 0.1 uM, indicating that morphine inhibited
ACh release via activation of mu-receptors: morphine in-
hibited the release from 4284 + 253 pmol-g tissue™'-min~!
(n=4) to 3086 + 225, and cyprodime reversed the reduced
release to 4446 + 218. Therefore, we used morphine as a
mu-agonist in the following experiments. In the presence of
1 uM atropine, non-selective K* channel blockers 4-AP at
1 mM and TEA at 1 mM increased EFS-evoked ACh re-
lease (Fig. 1A) and reversed the ACh release inhibition by
morphine (Fig. 1B).

Effects of 4-AP and TEA on inhibition of ACh release by
opioid agonists

We next examined the effects of 4-AP and TEA on
inhibitory effects of another mu-agonist DAMGO (1 uM)
and a kappa-agonist U-50,488 (1 uM) on ACh release
evoked by EFS to characterize the type of K* channels ac-
tivated by mu-agonists. DAMGO and U-50,488 at 1 uM
significantly inhibited EFS-evoked ACh release at 10 Hz in
the presence of 1 uM atropine as shown previously (13).
The inhibitory effect of DAMGO was completely reversed
by 4-AP or TEA (Fig. 2). On the other hand, the inhibitory
effect of U-50,488 was not sufficiently reversed by these K*
channel blockers.

Effects of apamin, iberiotoxin and glibenclamide on inhibi-
tion of ACh release by morphine

We further studied the type of K* channels involved in
mu-receptor-mediated inhibition of ACh release using a
small-conductance K¢, channel (SKc, channel) blocker,
apamin (23); a large-conductance K¢, channel (BKc, chan-
nel) blocker, iberiotoxin (24); and a Karp channel blocker,
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Fig. 1. Effects of 4-AP and TEA on the morphine-induced inhibition of ACh release from LMMP preparation of guinea pig ile-
um. A: ACh release was evoked by EFS at 10 Hz in the absence or presence of 10 uM morphine, 1 mM 4-AP or TEA. B: Mor-
phine-induced inhibition of ACh release was examined in the presence of 1 mM 4-AP or TEA. Atropine (1 uM) was added
throughout the experiments. Values are each the mean for 4 to 6 experiments, with S.E.M. Evoked release was expressed as the net
amount of ACh release by EFS. *Significantly different from the value in the absence of morphine at P<0.05 (Student’s -test). For

further details, see the Materials and Methods.

glibenclamide (25). None of these K* channel blockers
affected the inhibition of ACh release by morphine, in-
dicating that SK¢,, BK¢c, and Katp channels are not in-
volved in the inhibition of ACh release via mu-receptor
activation (Fig. 3).

Relation of increase in ACh release by naloxone to K*
channel blockade

Next, we studied whether K* channels are involved in
the inhibition of ACh release by endogenous opioids.
Blockade of the action of endogenous opioids by naloxone
at 1 uM increase in EFS-evoked ACh release (12). Interest-
ingly, the increase in ACh release by naloxone was not seen
in the presence of 1 mM 4-AP or TEA that increased the
ACh release via K* channel blockade, suggesting that K*
channels involved in the endogenous mu-agonist-mediated
inhibition are 4-AP- and TEA-sensitive (Fig. 4).

Effects of 4-AP and TEA on ACh release in the absence
and presence of atropine

The inhibition of ACh release via mu receptor is affected
by muscarinic autoinhibition (12). Therefore, we examined
whether K* channels are also associated with the muscarin-
ic autoinhibition in ACh release. In the absence of atro-
pine, namely, under the muscarinic autoinhibition-working
condition, 4-AP or TEA increased or failed to increase
EFS-evoked ACh release by itself, respectively (Fig. 5).
However, in the presence of 4-AP or TEA, atropine (1 uM)
did not further increase or increased ACh release, respec-
tively (Fig. S), suggesting that K* channels involved in the
autoinhibition are 4-AP- but not TEA-sensitive. Apamin,
iberiotoxin and glibenclamide did not increase EFS-evoked
ACh release in the absence of atropine (data not shown).
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Fig. 4. Effects of 4-AP and TEA on the naloxone-induced increase in ACh release from LMMP preparation of guinea pig ileum.
ACh release was evoked by EFS at 10 Hz in the absence of presence of naloxone (1 uM). The experiments were also carried out in
the presence of 1 mM 4-AP or TEA. Atropine (1 #M) was added throughout the experiments. Values are each the mean for 4 to 5
experiments, with S.E.M. *Significantly different from the value in the absence of naloxone at P<0.05 (Student’s ¢-test). There was
no significant difference between the values of naloxone in the absence and presence of 4-AP or TEA (Student’s f-test).
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Fig. 5. Effects of 4-AP and TEA without or with atropine on EFS-evoked ACh release from LMMP preparation of guinea pig ile-
um. ACh release was evoked by EFS at 10 Hz in the absence or presence of 1 mM 4-AP or TEA without or with 1 uM atropine.
Values are each the mean for 4 experiments, with S.E.M. *Significantly difference between the two values at P<0.05 (Bonferroni’s

test).

DISCUSSION

The inhibitory effect of morphine via activating mu-
receptors on ACh release evoked by EFS in LMMP prepa-
rations of guinea pig ileum was reversed by non-selective
K™* channel blockers 4-AP and TEA. These blockers also
reversed the inhibitory effect of another mu-receptor selec-
tive agonist DAMGO. The effects of 4-AP on the inhibi-
tion by mu-receptor agonists is consistent with the results
obtained by using other mu-receptor agonists (normor-

phine, Met’-enkephalin and Leu’-enkephalin) (26). These
results suggest that 4-AP- and TEA-sensitive K* channels
are involved in the inhibition of ACh release via activation
of mu-receptors. On the other hand, U-50,488, a kappa-
receptor-selective agonist, inhibited EFS-evoked ACh re-
lease even in the presence of 4-AP and TEA. In enteric
neurons, it is suggested that activation of mu-receptors
results in an increase in K* conductance of the cell mem-
brane, while activation of kappa-receptors results in a
decrease in voltage-dependent Ca’* conductance (14, 15).
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Therefore, it seems likely that the difference in reversibility
by the non-selective K* channel blockers between two
kinds of inhibition of ACh release induced by mor-
phine/DAMGO (mu-agonist) and U-50,488 (kappa
agonist) are due to different intracellular mechanisms acti-
vated by mu- and kappa-receptors.

We suggested that the inhibitory effect via activation of
mu-receptors on ACh release was associated with magni-
tude of muscarinic autoinhibition in the LMMP of guinea
pig ileum. That is, morphine and DAMGO inhibited ACh
release evoked by EFS when muscarinic autoinhibition did
not fully work (13). Therefore, there is a possibility that
4-AP and TEA reversed the inhibitory effect of morphine
and DAMGO by affecting the muscarinic autoinhibition.
However, this is unlikely to be the case, because the effects
of 4-AP and TEA were studied under the condition in
which muscarinic autoreceptors were blocked by atropine
in the present study.

The presence of SKc., BKc, and Karp channels on the
plasma membrane of nerve cells (21) and their roles in the
opioid-induced modulation of neurotransmission have
been reported (27 —30). An inhibitory effect of morphine
on substance P release evoked by antidromic stimulation
of the sciatic nerve in rat hind paw was suggested to be
mediated by activation of SK¢, and BK¢, (27). Involvement
of BKc, channels in DAMGO-induced inhibition of
cholinergic neurotransmission was suggested in guinea pig
and human airway (28). Karp channels are suggested to be
involved in the antinociceptive effect of morphine (29, 30).
However, apamin, iberiotoxin and glibenclamide did not
reverse morphine-induced inhibition of ACh release in the
present study. These results suggest that SKc¢,, BKc, and
Karp channels are not associated with the mechanism of
mu-receptor-mediated inhibition of ACh release in LMMP
preparation of guinea pig ileum.

We previously showed that in the presence of atropine,
the selective mu-receptor antagonist cyprodime as well as
the nonselective opioid antagonist naloxone increased ACh
release from the LMMP preparations, whereas a selective
kappa-receptor antagonist nor-binaltorphimine did not
affect ACh release (13). Furthermore, putative endogenous
ligands for the mu-receptor, endomorphin-1 and -2, in-
hibited ACh release in the LMMP preparations, and the
inhibitory effects were completely antagonized by cypro-
dime (31). These results suggest that an endogenous
opioid(s) acts on mu-receptors to modulate ACh release in
the LMMP preparations. In the present study, we also ex-
amined the involvement of K™ channels in the modulation
of ACh release by endogenous opioid(s). Both 4-AP and
TEA significantly increased ACh release evoked by EFS by
themselves in the presence of atropine (Fig. 1). However,
4-AP and TEA did not further increase the increased ACh
release by naloxone, and naloxone did not further increase

the increased ACh release by 4-AP or TEA (Fig. 4). There-
fore, it is likely that 4-AP- and TEA-sensitive K* channels
are involved in the mechanism of ACh release inhibition by
endogenous opioid(s) via mu-receptors.

Various intracellular responses induced by activation of
muscarinic receptors are intimately associated with altera-
tion in ion conductance of cell membrane. Activation of
muscarinic receptors caused an increase or decrease in
potassium conductance, an increase in cation (most im-
portantly, sodium) conductance and a decrease in calcium
conductance (see for review, Ref. 32). An increase in mem-
brane K* conductance of the plasma membrane by mus-
carinic agonists was reported in autonomic ganglion cells
(33, 34) and central neurons (35). The properties of K*
current increased by muscarinic agonists were very similar
to those by mu-receptor agonists (32). As mentioned
above, activation of mu-receptors results in inhibition of
ACh release when muscarinic autoinhibition does not fully
work (13). Thus, the correlation of the muscarinic autoin-
hibition and the mu-receptor-mediated inhibition seems in-
teresting. In fact, 4-AP alone increased EFS-evoked release
of ACh. In the presence of 4-AP, atropine did not further
increase ACh release (Fig. 5). Similar results were also
reported in the rat frontal cortical slices (36). By contrast,
TEA alone did not affect ACh release, while atropine sig-
nificantly increased ACh release in the presence of TEA
(Fig. 5). These results suggest that mechanism of muscarin-
ic autoinhibition is associated with 4-AP- but not TEA-
sensitive K* channels in the LMMP preparations of guinea
pig ileum. Thus, activation of mu-receptors and muscarinic
autoreceptors leads to activation of a different type of K*
channels. Activation of K* channels results in hyperpolari-
zation of membrane potential, which in turn depresses neu-
rotransmitter release by blockade of action potential
propagation to the nerve terminals or shortening of action
potential that decrease Ca** influx. It is possible that the
intracellular pathway of the inhibition of ACh release via
activation of the different type of K* channels are over-
lapping.

In summary, the present results suggest that the inhibi-
tory effects of exogenous and endogenous opioids on ACh
release via activation of mu-receptors are mediated by
opening of 4-AP- and TEA-sensitive K* channels in the
LMMP preparations of guinea pig ileum, while that via ac-
tivation of muscarinic autoreceptors is mediated by open-
ing of 4-AP- but not TEA-sensitive K* channels.
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