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ABSTRACT—In the central nervous systems, intracellular and extracellular movement of potassium ions

plays an important role in regulating neuronal excitability and the release of neurotransmitters. The purpose

of our study was to determine whether nicorandil (adenosine triphosphate-sensitive K+ channel opener)

exerts antinociceptive effects by itself or in combination with fentanyl, clonidine and bethanechol and

whether glibenclamide (adenosine triphosphate-sensitive K+ channel blocker) and charybdotoxin (Ca2+-acti-

vated K+ channel blocker) may antagonize the antinociceptive action of fentanyl, clonidine and bethanechol.

Antinociceptive effects were assessed using the tail-flick test in rats. Nicorandil (100 �g) and antinocicep-

tively ineffective doses of fentanyl (1 �g), clonidine (2.5 �g) or bethanechol (10 �g) were coadministered

intrathecally (i.t.). Glibenclamide (100 �g) or charybdotoxin (2.5 ng) were administered i.t. at 5 min before

each effective dose of fentanyl (2.5 �g), clonidine (10 �g) or bethanechol (40 �g). The present findings

demonstrated that i.t. administration of nicorandil alone exerted no influence on the tail-flick latency. How-

ever, concomitant administrations of antinociceptively inactive doses of fentanyl, clonidine or bethanechol

with nicorandil elicited significant suppression of the thermonociceptive response. Also, each antinocicep-

tion induced by fentanyl, clonidine or bethanechol was partially antagonized by both glibenclamide and

charybdotoxin. These findings showed that activation of the K+ channel might enhance the antinociceptive

effects of fentanyl, clonidine and bethanechol.

Keywords: Antinociception, K+ channel, Fentanyl, Clonidine, Bethanechol

Recently, an increasing number of reports have been

published about K+ channels. It is noteworthy that K+

channels show diversity in structure, location, function,

and response to drugs. For instance, there are several

reports concerning myocardial protection of K+ channels

that indicate the association between this function and

opioids (1), volatile anesthetics (2), venous anesthetics

(3) and local anesthetics (4). K+ channels also exist in

mitochondria (5), pancreas (6), lung (7), skeletal muscle

(8), vascular smooth muscle (9) and the central nervous

system (10). Several kinds of K+ channels with different

electrophysiological characteristics and pharmacological

sensitivities have been described in neurons (10, 11); in

particular, adenosine triphosphate-sensitive K+ channels

(K+
ATP channels) have been widely identified (12, 13).

K+
ATP channels, located in pre- and postsynaptic neurons

and belonging to one of the K+ channel families, are charac-

terized by their sensitivity to blockade by higher intra-

cellular concentrations of ATP (14). This channel activity

is antagonized by K+
ATP channel blockers such as gliben-

clamide, gliquidone, glipizide and tolbutamide; and it is

activated by K+
ATP channel openers such as nicorandil,

cromakalim, levcromakalim, minoxidil, pinacidil and diaz-

oxide.

Although it has been clarified that K+ channels exist on

spinal dorsal horn neurons (10, 15), such reports are limited

when compared to those on myocardial cells. Moreover, the

K+ channel functions and responses to drugs in the central

nervous system have not been clearly elucidated. Consider-

ing the modulatory effects of fentanyl (�-opioid agonist),

clonidine (� 2 adrenergic agonist) and bethanechol (mus-

carinic agonist) on spinal nociceptive transmission, it is

of interest to investigate possible interactions between the

respective drugs and K+ channels.

The purpose of our study was to determine whether

nicorandil (adenosine triphosphate-sensitive K+ channel

opener, K+
ATP channel opener) exerts antinociceptive ef-

fects by itself or in combination with fentanyl, clonidine

and bethanechol and whether glibenclamide (adenosine
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triphosphate-sensitive K+ channel blocker, K+
ATP channel

blocker) and charybdotoxin (Ca2+-activated K+ channel

blocker) may antagonize the antinociceptive action of

fentanyl, clonidine and bethanechol by using the tail-flick

test in rats.

MATERIALS AND METHODS

Animal model

The protocol was approved by our Institutional Animal

Care Committee. Experiments were performed on

160 male Sprague-Dawley rats (Japan SLC, Inc.,

Hamamatsu), weighing 250 – 300 g, housed in individual

cages and given free access to water and food. Rats were

anesthetized with 50 mg /kg (i.p.) sodium pentobarbital

under spontaneous respiration. After a skin incision on

the atlas and occipital bone, muscular tissue attached to the

occipital bone was exfoliated to expose the process of the

atlas. A minor incision was made carefully to the atlantooc-

cipital membrane and dura mater avoiding damage to the

spinal cord. Cerebrospinal fluid was removed by suction

and a polyethylene catheter (Becton Dickinson Primary

Care Diagnostics, Sparks, MD, USA) was introduced into

the lumbar subarachnoid space (16). The catheter was

advanced to a position 9 cm from the operated site such

that its tip was located at the lumbar enlargement of the

spinal cord. The dead space of the catheter was 10 � l.

Appropriate catheter placement was confirmed by injecting

10 � l of 2% lidocaine and subsequent flushing with 10 � l

physiological saline into the intrathecal space.

The position of the catheter tip was judged to be in the

intrathecal space if paralysis and dragging of the hind limbs

occurred within 30 s after intrathecal (i.t.) administration of

lidocaine. Any rats exhibiting a motor activity deficit were

eliminated from the study. A period of not less than 5 days

was allowed for the animals to recover from surgery before

the experiments.

Antinociceptive assessment

Antinociceptive effects were assessed using the tail-flick

test (Tail Flick Unit 7360; Ugo Basile, Comerio, Italy). The

tail was placed over a slit, through which heat (sensitivity

15) was focused, on the table of the device. The nociceptive

latency was taken to be the time when the tail either flicked

or moved away from the focused heat stimulus. The time

interval from the onset of the heat stimulus to any flick or

avoidance movement of the tail was recorded automatically

by the mechanical device. To prevent tissue damage, the

heat stimulus was cut off at 10 s if no response was trig-

gered (cut-off time), and the cut-off time was then assigned

as the response latency for the case tested.

Baseline tail-flick latencies were assessed and animals

whose latencies were more than 5 s were omitted from the

following experiments. In both per se and concomitant

administrations, tail-flick latencies were taken 5, 15, 30, 60

and 90 min after i.t. administration. The latencies before

and after i.t. administration were evaluated. The latencies

were obtained with 6 consecutive trials and the last 2 trials

were calculated as the mean value.

Single-drug administration

A 10-� l syringe attached to one end of the catheter was

used for i.t. administration. Drugs for i.t. administration

were dissolved in 10 � l of physiological saline. After each

i.t. drug injection, the catheter was flushed by a subsequent

10-� l volume of physiological saline to ensure that the drug

was completely delivered to the spinal cord. Administration

was performed over a period of 10 s. Control trials were

conducted with physiological saline. After determining the

baseline tail-flick latencies, rats were treated i.t. with 1

and 2.5 �g of fentanyl (Sankyo Co., Ltd., Tokyo), 2.5 and

10 �g of clonidine (Sigma Chemical Co., Ltd., St. Louis,

MO, USA), 10 and 40 �g of bethanechol (Sigma Chemical

Co., Ltd.), 100 and 200 �g of nicorandil (Chugai Pharma-

ceutical Co., Ltd., Tokyo), 100 �g of glibenclamide (Sigma

Chemical Co., Ltd.) and 2.5 ng of charybdotoxin (Sigma

Chemical Co., Ltd.).

Maximum concentrations that had not induced any effect

or antinociception in our pilot study were considered to be

‘low-dose’ of fentanyl, clonidine and bethanechol. Mini-

mum concentrations that had completely exerted anti-

nociceptive effects in our pilot study were considered to

be ‘high-dose’ of fentanyl, clonidine and bethanechol. The

maximum limit of nicorandil dissolved in 10 � l of physio-

logical saline was 200 �g, i.t.; administrations of doses

larger than this induced total paralysis of the hind limbs

in our pilot study. The doses of K+ channel blocker used

were calculated based on previous reports on mice (17).

In this study on rats, the doses of glibenclamide and

charybdotoxin were ten times larger than that on mice.

Glibenclamide was dissolved in 2% Tween 80 (Fisher

Scientific Co., Fair Lawn, NJ, USA) because of its low

solubility in physiological saline.

Concomitant drug administration

The K+
ATP channel opener nicorandil (100 �g) and anti-

nociceptively ineffective doses of fentanyl (1 �g), cloni-

dine (2.5 �g) or bethanechol (10 �g) were coadministered

i.t. to assess the interaction with 10 � l each of concomitant

drug administration.

Pretreatment drugs

In animals administered i.t. with antinociceptively effec-

tive doses of fentanyl (2.5 �g), clonidine (10 �g) or

bethanechol (40 �g), the K+
ATP channel blocker gliben-

clamide (100 �g) or the Ca2+-activated K+ channel blocker
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charybdotoxin (2.5 ng) was similarly administered at 5 min

before administration of each drug. Baseline tail-flick

latencies were assessed before and after injecting the K+

channel blockers.

Data analyses

The tail-flick latency after the drug administration was

converted to a percentage of the maximum possible effects

(%MPE), where %MPE � (post-drug latency – baseline

latency) / (cut-off time – baseline latency) � 100. The means

were compared, and differences between the values were

verified with variance analysis (ANOVA). Differences in

data compared to the control values were verified with

the Mann-Whitney U-test, where P�0.05 was considered

statistically significant.

RESULTS

Effects of K+ channel openers and blockers on spinal anti-

nociception

None of the single administrations of nicorandil (100 and

200 �g), glibenclamide (100 �g), charybdotoxin (2.5 ng),

2% Tween 80 and physiological saline showed any anti-

nociceptive effect (data not shown).

Effects of K+ channels on fentanyl-induced antinociception

Spinal antinociception was not observed in single admin-

istration of 1 �g of fentanyl (low-dose). The tail-flick

latencies were significantly higher than the baseline when

nicorandil was concomitantly administered, with the

%MPE value increasing to 78% and 54% at 5 and 15 min

after drug administration, respectively (P�0.05). The tail-

flick latency mostly returned to the baseline (2%) at 60 min

after concomitant drug administration (Fig. 1).

Spinal antinociception was observed in single admin-

istration of 2.5 �g of fentanyl (high-dose), and it was

partially antagonized by pretreatment with 100 �g of

glibenclamide. The %MPE was significantly (P�0.05)

suppressed from 100% to 59%, from 99% to 38% and

from 95% to 8% at 5, 15 and 30 min after administration

of high-dose fentanyl, respectively (Fig. 2).

Similarly, antinociception by high-dose fentanyl was

partially antagonized by pretreatment with 2.5 ng of

charybdotoxin. The %MPE was significantly (P�0.05)

decreased from 100% to 63%, from 99% to 38% and from

95% to 15% at 5, 15 and 30 min after administration of

high-dose fentanyl, respectively (Fig. 2).

Effects of K+ channels on clonidine-induced antinocicep-

tion

Although spinal antinociception was not observed in

single administration of 2.5 �g of clonidine (low-dose), an

antinociceptive effect was elicited when nicorandil was

concomitantly administered with low-dose clonidine. The

%MPE was significantly elevated to 95%, 85%, 74% and

30% at 5, 15, 30 and 60 min after administration, respec-

tively (P�0.05). The tail-flick latency was higher (16%)

than the baseline even at 90 min after concomitant drug

administration (Fig. 3).

Spinal antinociception was observed in single admin-

istration of 10 �g of clonidine (high-dose), and it was

partially antagonized by pretreatment with 100 �g of

glibenclamide. The %MPE was significantly (P�0.05)

suppressed from 90% to 39%, from 99% to 19%, from 98%

to 12% and from 58% to 3% at 5, 15, 30 and 60 min after

i.t. administration of high-dose clonidine, respectively

(Fig. 4).

Likewise, antinociception by high-dose clonidine was

partially antagonized by pretreatment with 2.5 ng of

charybdotoxin. The %MPE was significantly (P�0.05)

Fig. 1. Effects of concomitant administrations of

fentanyl (1 �g) and nicorandil (100 �g) on the rat tail

flick-latency. Although single intrathecal administrations

of 1 �g fentanyl (low-dose) did not affect the thermo-

nociceptive response, significant antinociceptive effects

were established with concomitant administrations of

1 �g fentanyl (low-dose) and nicorandil. Post-admin-

istration tail-flick latencies were expressed as a percent-

age of the maximum possible effect (%MPE). Values are

each the mean � S.E.M. of 8 rats. Statistical significance

(*P�0.05) was determined by comparison with the curve

for 1 �g fentanyl (closed squares).
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decreased from 90% to 21%, from 99% to 25%, from 98%

to 17% and from 58% to 8% at 5, 15, 30 and 60 min after

administration of high-dose clonidine, respectively (Fig. 4).

Fig. 2. Effects of pretreatment administrations

of glibenclamide (100 �g) or charybdotoxin

(2.5 ng) before fentanyl (2.5 �g) on the rat

tail-flick latency. Intrathecal administrations of

2.5 �g fentanyl (high-dose) produced antinoci-

ceptive effects, and fentanyl (high-dose, 2.5 �g)-

induced antinociception was partially blocked

by both glibenclamide and charybdotoxin. Post-

administration tail-flick latencies were expressed

as a percentage of the maximum possible effect

(%MPE). Values are each the mean � S.E.M. of

8 rats. Statistical significance (*P�0.05) was

determined by comparison with the curve for

2.5 �g fentanyl (closed squares).

Fig. 3. Effects of concomitant administrations of

clonidine (2.5 �g) and nicorandil (100 �g) on the

rat tail-flick latency. Although single intrathecal

administrations of 2.5 �g clonidine (low-dose) did

not affect the thermonociceptive response, significant

antinociceptive effects were established with con-

comitant administrations of 2.5 �g clonidine (low-

dose) and nicorandil. Post-administration tail-flick

latencies were expressed as a percentage of the

maximum possible effect (%MPE). Values are each

the mean � S.E.M. of 8 rats. Statistical significance

(*P�0.05) was determined by comparison with the

curve for 2.5 �g clonidine (closed squares).

Fig. 4. Effects of pretreatment admin-

istrations of glibenclamide (100 �g) or

charybdotoxin (2.5 ng) before clonidine

(10 �g) administration on the rat tail-

flick latency. Intrathecal administrations

of 10 �g clonidine (high-dose) produced

antinociceptive effects, and clonidine

(high-dose, 10 �g)-induced antinocicep-

tion was partially blocked by both

glibenclamide and charybdotoxin. Post-

administration tail-flick latencies were

expressed as a percentage of the maxi-

mum possible effect (%MPE). Values

are each the mean � S.E.M. of 8 rats.

Statistical significance (*P�0.05) was

determined by comparison with the curve

for 10 �g clonidine (closed squares).
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Effects of K+ channels on bethanechol-induced antinoci-

ception

Although spinal antinociception was not observed after

single administration of 10 �g of bethanechol (low-dose),

an antinociceptive effect was elicited when nicorandil was

concomitantly administered with low-dose bethanechol.

The %MPE was significantly elevated to 88% and 46% at

5 and 15 min after administration, respectively (P�0.05).

The tail-flick latency returned to the baseline at 90 min

after concomitant drug administration (Fig. 5).

Spinal antinociception was observed in single admin-

istration of 40 �g of bethanechol (high-dose), and it was

partially antagonized by pretreatment with 100 �g of glib-

enclamide. The %MPE was significantly (P�0.05) sup-

pressed from 100% to 30%, from 98% to 19%, from 82%

to 13% and from 23% to 1% at 5, 15, 30 and 60 min after

administration of high-dose bethanechol, respectively

(Fig. 6).

In a similar manner, antinociception by high-dose cloni-

dine was partially antagonized by pretreatment with 2.5 ng

of charybdotoxin. The %MPE was significantly (P�0.05)

decreased from 100% to 47%, from 98% to 22%, from

82% to 1% and from 23% to 0% at 5, 15, 30 and 60 min

after administration of high-dose bethanechol, respectively

(Fig. 6).

Motor activity and histopathological analysis

With regard to motor activities, fentanyl, clonidine,

bethanechol, nicorandil, glibenclamide and charybdotoxin

did not affect the animals at any of the doses tested (data

not shown).

Also, no histological abnormality was observed in

lumbar enlargement of the spinal cord where the tip of

catheter was positioned (data not shown).

DISCUSSION

The present findings demonstrated that in i.t. administra-

Fig. 5. Effects of concomitant administrations of

bethanechol (10 �g) and nicorandil (100 �g) on the

rat tail-flick latency. Although single intrathecal admin-

istrations of bethanechol (low-dose, 10 �g) did not

affect the thermonociceptive response, significant anti-

nociceptive effects were established with concomitant

administrations of 10 �g bethanechol (low-dose) and

nicorandil. Post-administration tail-flick latencies were

expressed as a percentage of the maximum possible

effect (%MPE). Values are each the mean � S.E.M. of

8 rats. Statistical significance (*P�0.05) was determined

by comparison with the curve for 10 �g bethanechol

(closed squares).

Fig. 6. Effects of pretreatment administrations of

glibenclamide (100 �g) or charybdotoxin (2.5 ng)

before bethanechol (40 �g) administration on the

rat tail-flick latency. Intrathecal administrations

of 40 �g bethanechol (high-dose) administration

produced antinociceptive effects, and bethanechol

(high-dose, 40 �g)-induced antinociception was

partially blocked by both glibenclamide and

charybdotoxin. Post-administration tail-flick laten-

cies were expressed as a percentage of the maxi-

mum possible effect (%MPE). Values are each

the mean � S.E.M. of 8 rats. Statistical significance

(*P�0.05) was determined by comparison with

the curve for 40 �g bethanechol (closed squares).
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tion of the K+ channel openers nicorandil alone exerted no

influence on the tail-flick latency. However, concomitant

administrations of antinociceptively inactive doses of

fentanyl, clonidine and bethanechol with nicorandil elicited

significant suppression of the thermonociceptive response

in rats. Also, each antinociception induced by fentanyl,

clonidine and bethanechol was partially antagonized by

both the K+
ATP channel blocker glibenclamide and the Ca2+-

activated K+ channel blocker charybdotoxin. These find-

ings showed that activation of the K+ channel might modu-

late the antinociceptive effects of fentanyl, clonidine and

bethanechol.

Effects of K+ channel openers on spinal antinociception

It has been documented that the K+ channel influences

various neuronal pain processes and that the opening of

K+ channel in the cell membrane plays an important role

in pain modulation. K+ channels of the inwardly rectifying

type are activated directly or indirectly by many receptors

for neurotransmitters and neuropeptides. The distribution

of opioid, adrenergic, or muscarinic receptors determines

the neuronal pain processes evoked by their activating

neurotransmitters. Opioid, � 2 adrenergic, muscarinic,

dopaminergic, adenosine and most of serotonin receptors

are G-protein-coupled receptors that activate K+ channels

(11). The G-protein-coupled receptors can activate intra-

cellular effectors and second messengers such as Ca2+.

The principal question is whether nicorandil (K+
ATP

channel opener) exerts antinociceptive effects by itself. In

this experiment, none of the single administrations of 100

or 200 �g of nicorandil per se produced any antinociceptive

effect. Another report demonstrated that epidural nicorandil

alone showed no antinociceptive effects, using the tail

flick test in rats (18). In contrast, K+ channel openers, such

as cromakalim (19), diazoxide, minoxidil and lemakalim

(17), elicit antinociceptive effects as measured in the tail-

flick test in mice. Although these findings differ from our

results, it is possible that K+ channel openers produced an

antinociceptive effect via inhibitory postsynaptic potentials

by opening the neuronal K+ channels. Possibly one factor

that determines whether or not K+ channel openers per se

produce antinociceptive effects may be the administered

dosage or differences in species.

Effects of K+ channels on fentanyl-induced antinociception

In this study, concomitant administrations of antinoci-

ceptively inactive doses of fentanyl with nicorandil elicited

significant suppressions of the thermonociceptive response.

K+
ATP channel openers, such as nicorandil and levcro-

makalim, potentiate the morphine-induced antinociceptive

effect (18). Furthermore, cromakalim enhances the anti-

nociceptive effects induced by morphine, buprenorphine

and methadone (19, 20). Opioids can inhibit Ca2+ influx

through the receptor-operated Ca2+ channels in neuronal

cells and inhibit neurotransmitter release to eventually

lower the content of Ca2+ in neurons, resulting in the elicit-

ing of analgesia. In addition to the action of Ca2+ efflux,

opioids lead to the opening of K+ channels and neuronal

hyperpolarization. Therefore, additional direct opening of

the K+ channels by nicorandil further potentiates the

neuronal hyperpolarization and can elicit the analgesic

effects of �-opioid. The modulation of K+ may be very

important in the mechanism of the interaction of opioids

with intracellular Ca2+. Simultaneous activation of a

common ion channel within individual neurons may facili-

tate the effector mechanism in multiple ways. In contrast,

cromakalim does not modify the antinociceptions elicited

by fentanyl and levorphanol (20). Possible hypotheses for

these discrepancies, particularly between fentanyl and

morphine, may be enumerated as follows: 1) � 1- and � 2-

opioid receptors are coupled to K+
ATP channels differentially;

2) fentanyl-like and morphine-like drugs may act on � -

opioid receptors with similar ligand-binding properties,

but coupled to different transducer proteins and effector

mechanisms; and 3) �-opioid agonists also show differences

in their intrinsic activities (20). A second question that this

study was designed to answer is whether the antinocicep-

tive effect of opioids is antagonized by K+ channel block-

ers. The antinociceptive effects induced by morphine are

antagonized dose-dependently by glibenclamide, whereas

other classes of K+ channel families, such as tetraethylam-

monium bromide and quinine hydrochloride, do not affect

the antinociception of opioids (21, 22). Subsequently, the

antinociceptive effects of several �-opioid receptor ago-

nists, such as morphine (19, 20, 23 – 30), levorphanol (26),

methadone (20, 26), buprenorphine (20), fentanyl (18) and

apomorphine (30), are antagonized by K+
ATP channel block-

ers such as glibenclamide and gliqudone. In our study, the

antinociception induced by fentanyl was partially antago-

nized by glibenclamide, implying that K+
ATP channels may

play an important role in the antinociceptive effects of

fentanyl. In contrast, glibenclamide does not produce a shift

in the dose-response curves of fentanyl, alfentanil, carfen-

tanil, sufentanil or � -endorphin (26). Further reports have

demonstrated that gliquidone does not modify the anti-

nociceptive effects of fentanyl and levorphanol (20). Thus,

antagonization induced by K+
ATP channel blockers against

antinociceptive effects of �-opioid agonists is considered

to be drug-dependent. The three hypotheses mentioned

above may account for these differences.

There are fewer reports concerning Ca2+-activated K+

channels than those on K+
ATP channels in antinociception

in the spinal cord (17, 31). Ca2+-activated K+ channels are

structurally similar to voltage-gated K+ channels and the

open probability is also governed by intracellular Ca2+

concentration. Our results show that charybdotoxin
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(2.5 ng /rat, i.t.) inhibited the antinociceptive effect induced

by fentanyl (2.5 �g /rat, i.t.). The morphine-induced anti-

nociceptive effects (2 �g /mouse) are partially blocked

by apamine (10 ng /mouse, i.t.), but not charybdotoxin

(250 pg /mouse, i.t.) (17). The dosage of charybdotoxin,

differences in species (rat vs mouse) or drugs (morphine

vs fentanyl) might have contributed to these discrepancies.

Nevertheless, this remains to be confirmed by further

investigations.

Effects of K+ channels on clonidine-induced antinocicep-

tion

Concomitant administrations of antinociceptively in-

active doses of clonidine with nicorandil elicited significant

suppression of the thermonociceptive response. Clonidine,

which influences � 2 adrenoceptors in the spinal cord

directly, opens K+ channels by coupling with G-proteins

and facilitates the efflux of K+ to the extracellular space

to induce cell hyperpolarization before neurotransmitter

release at the presynaptic membrane (32). Transmission of

a noxious stimulus to the postsynaptic membrane is con-

sequently suppressed. The K+
ATP channel openers, including

cromakalim, minoxidil, pinacidil, diazoxide, nicorandil

and levcromakalim, enhance the antinociceptive effects

induced by � 2 adrenergic agonists such as clonidine,

guanabentz and dexmedetomidine (18, 27, 31). Similar to

the interaction mechanisms of opioids and K+ channel

openers, the interaction of clonidine and K+ channel is

probably not direct, but rather may occur via simultaneous

activation of a common second messenger within indi-

vidual neurons.

As with fentanyl, there is a question of whether the

antinociceptive effect of clonidine is antagonized by K+

channel blockers. The antinociception induced by clonidine

was partially antagonized by both glibenclamide and

charybdotoxin. The K+
ATP channel blockers glibenclamide

and gliquidone antagonize the antinociception induced by

� 2 adrenergic agonists such as clonidine, tizanidine, guana-

bentz and dexmedetomidine (18, 26, 27, 31). These reports

showed that both K+
ATP channels and Ca

2+-activated K+

channels are associated with antinociceptions induced by

clonidine. It is highly possible that K+ channels are asso-

ciated with antinociceptive effects induced by � 2 adrener-

gic agonists similar to those of opioids, although limited

information is available on the interaction between adrener-

gic agonists and K+ channels.

Effects of K+ channels on bethanechol-induced antinoci-

ception

Our results demonstrated that concomitant administra-

tions of antinociceptively inactive doses of bethanechol

with nicorandil elicited significant suppression of the

thermonociceptive response at the spinal cord level of rats.

Muscarinic agonists, such as bethanechol and carbachol,

facilitate the release of GABA through the presynaptic

mechanisms in the spinal cord. Both glibenclamide and

charybdotoxin antagonized partially the antinociception

induced by bethanechol. In i.t. administration, the anti-

nociceptive effects produced by carbachol were blocked

dose-dependently by atropine, naloxone and glibenclamide,

and the antinociceptive effect produced by morphine would

be blocked dose-dependently by glibenclamide, but not by

atropine (29). These results suggest that the antinociceptive

effect produced by muscarinic agonists might be mediated

by opioids and K+
ATP channels.

To our knowledge, this is the first report investigating the

interaction of muscarinic agonists together with K+ channel

openers and Ca2+ activated K+ channel blockers.

It has been shown that spinal antinociceptive effects can

be induced when K+ channel openers are administered in

combination with an antinociceptively inactive dosage

(low-dose) of drugs possessing different mechanisms of

action. Furthermore, K+ channel blockers antagonized the

spinal antinociceptive effects induced by other high-dose

drugs. In clinical situations, there are some concerns about

various side-effects when single drugs are administered at

high dosages to elicit effective analgesic action. For these

reasons, investigations of low-dose combination therapies

with different mechanisms of drug action to induce effec-

tive analgesic action should be valuable to reduce adverse

effects. Combined administrations of clonidine and mor-

phine (33), clonidine and neostigmine (34), as well as mor-

phine and neostigmine (35), into the intrathecal or epidural

space have produced effective analgesia with fewer adverse

events. The promising results of our present experiments

suggest that i.t. administrations of fentanyl, clonidine and

bethanechol with K+ channel openers may be a potentially

useful alternative for controlling and managing analgesic

responses in clinical application.

In summary, the K+ channel opener nicorandil produced

significant enhancement of the antinociceptive effects of

fentanyl, clonidine and bethanechol in the rat spinal cord.

In addition, the analgesic actions of fentanyl, clonidine and

bethanechol were partially reversed by both K+
ATP channel

and Ca2+-activated K+ channel blockers. Consequently, K+

channels may play an important role as indirect modulators

in the analgesic action of �-opioid, � 2 adrenergic and

muscarinic agonists.
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