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Effects of nicorandil on the recovery of reflex potentials after

spinal cord ischaemia in cats
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1 The pathophysiological significance of ATP-sensitive K* (Karp) channels in the central nervous
system is not fully understood. In this study the effects of nicorandil (a hybrid vasodilator having a dual
mechanism of action as a K™ channel opener and a nitrate) on the recovery of the spinal cord reflex
potentials after spinal cord ischaemia were examined and compared with those of pinacidil and
nitroprusside in anaesthetized spinal cats.

2 Spinal cord ischaemia was produced by occlusion of the thoracic aorta and the bilateral internal
mammary arteries for 10 min. Regional blood flow in the spinal cord was continuously measured with a
laser-Doppler flow meter. The monosynaptic (MSR) and polysynaptic reflex (PSR) potentials, elicited by
electrical stimulation of the tibial nerve, were recorded from the lumbo-sacral ventral root. The recovery
process of spinal reflex potentials was reproducible when the occlusion was repeated twice at an interval
of 120 min.

3 Pretreatment with nicorandil (30-100 pg kg™') accelerated the recovery of PSR potentials after spinal
cord ischaemia. Such an accelerating effect on the recovery of PSR potentials was also shared by
pinacidil (100 pg kg™"), another K* channel opener. In addition, the accelerating effect of nicorandil
(100 pg kg™) on the recovery of PSR potentials was abolished by co-administration of glibenclamide
(3 mg kg™), a sulphonylurea K1p channel blocker. Nitroprusside (8 pug kg 'min') retarded rather than
improved the recovery of PSR potentials after spinal cord ischaemia. All of these drugs failed to improve
the spinal cord blood flow during ischaemia and reperfusion.

4 These results suggest that nicorandil promotes the recovery of polysynaptic reflex potentials after
spinal cord ischaemia by opening the K,rp channels of neurones rather than by increasing local blood
flow. K* channel openers may exert a salutary effect on the functional recovery of the ischaemic spinal
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Introduction

ATP-sensitive K* channels were first described in cardiac
cells by Noma (1983). Subsequently, the channels have been
identified in various tissues, such as skeletal muscle (Spruce
et al., 1985), pancreatic B-cells (Rorsman & Triibe, 1985),
vascular smooth muscles (Standen et al., 1989) and central
neurones (Bernardi et al., 1988; Ashford et al., 1988). The
physiological roles of the ATP-sensitive K* channels are
well understood in pancreatic B-cells and cardiac myocytes,
where the channels are involved in the regulation of insulin
release (Ashcroft 1988) and the action potential shortening
in the ischaemic myocardium (Cole et al., 1991; Nakaya et
al., 1991). However, the physiological significance of the
ATP-sensitive K* channels in neuronal tissues is not fully
understood. Several studies have suggested that activation of
the channels may be involved in the inhibition of membrane
depolarization and neurosecretion during anoxia (Ben-Ari,
1989; Ben-Ari et al., 1990; Amoroso et al., 1990; Murphy &
Greenfield, 1991). Therefore, K* channel openers may in-
fluence neurological responses during anoxia or ischaemia in
the central nervous system.

When traumatic forces such as contusion, compression and
destruction are applied to the spinal cord, the resultant spinal
cord ischaemia may produce irreversible injuries of neurones
(Ducker et al., 1978 a,b). Therefore, the search for a drug
which can preserve spinal cord function during spinal cord
ischaemia may be of importance. Nicorandil is a hybrid va-
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sodilator with a dual mechanism of action as a K* channel
opener and a nitrate (Taira, 1989). Experimental studies have
indicated that nicorandil produces a cardioprotective effect by
opening the ATP-sensitive K* channel in the ischaemic myo-
cardium (Ohta et al., 1991; Auchanpach et al., 1992). There-
fore, the present study was undertaken to examine effects of
nicorandil on changes in reflex potentials during spinal cord
ischaemia and reperfusion in anaesthetized spinal cats. Since
nicorandil accelerated the recovery of polysynaptic reflex po-
tentials after spinal cord ischaemia, the effect was compared
with that of nitroprusside in this study.

Methods

Animal preparations and recordings of spinal cord reflex
potentials

All experiments were performed under the regulations of the
Animal Research Committee of School of Medicine, Chiba
University. Adult cats of either sex weighing 2.1-3.5 kg were
anaesthetized with urethane (600 mg kg, i.p.) and a-chlor-
alose (40 mg kg™, i.p.), and supplemental doses of anaesthetics
were given when needed during experiments. The animal was
spinalized at C1 level, and then artificially ventilated with
room air through an endotracheal tube at a rate which main-
tained the end tidal CO, between 3.5 and 4%. The right fe-
moral vein and the left femoral artery were cannulated for the
administration of drugs and the measurement of blood pres-
sure, respectively. Preparations with mean blood pressure less
than 80 mmHg were discarded and not included in this study.
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The lumbo-sacral spinal cord was exposed by a laminectomy
and immersed in a warm mineral oil pool maintained at
37.0+0.2°C. Body temperature was continuously monitored
with a rectal thermistor and maintained constant with a ther-
mostatically-controlled water pad. All the ventral roots from
L6 to S3 were sectioned. Monosynaptic reflex (MSR) and
polysynaptic reflex (PSR) potentials were recorded from the
ipsilateral L7 or S1 ventral root with a bipolar silver electrode.
The central end of the resected tibial nerve was stimulated with
a bipolar platinum L hook electrode in a mineral oil pool at a
rate of 0.2 Hz. The stimulus was a rectangular pulse of 0.2 ms
duration at 8-10 times the threshold, which produced the
maximum MSR potentials. The stimuli were delivered by an
electronic stimulator (Nihon Kohden SEN-1101, Tokyo, Ja-
pan) through an isolation unit (Nihon Kohden SS-101J).
Evoked potentials were amplified and displayed on an oscil-
loscope (Nihon Kohden VC-9) and five consecutive sweeps
were superimposed on a Polaroid film.

Spinal cord blood flow was measured with a laser-Doppler
flowmeter (Advance ALF2100, Tokyo, Japan). The probe was
positioned over the spinal artery, and the blood flow through
the artery was continuously monitored. The changes in the
blood flow and blood pressure during ischaemia and reperfu-
sion were recorded with a pen recorder (Yokogawa Techni-
corder F 3052, Tokyo, Japan).

Experimental protocol and drugs

In order to produce a lumbo-sacral spinal cord ischaemia, the
aorta and the bilateral internal mammary arteries were occluded
with bulldog clamps for 10 min. An occlusion of 10 min was
repeated after an interval of more than 110 min. All cats were
randomly divided into six groups: (1) Saline vehicle group
(n=10), cats received saline infusion before the second spinal
cord ischaemia; (2) nicorandil group, nicorandil at a dose of
10 pg kg™ (n=4), 30 pg kg (n=4) or 100 pug kg™ (n=>5) was
intravenously administered 10 min before the second ischaemia;
(3) pinacidil group (n=9), pinacidil (100 pg kg™) was in-
travenously administered 10 min before the second ischaemia;
(4) glibenclamide-nicorandil group (n=35), glibenclamide
(3 mg kg™) was injected 20 min prior to the second ischaemia
and then 100 pg kg™ of nicorandil was given 10 min before the
occlusion; (5) glibenclamide group (n=38), glibenclamide at the
same dose alone was given 20 min before the second ischaemia;
(6) nitroprusside group, nitroprusside was infused at a rate of
5 pg kg™l min™ (n=6) or 8 ug kg™ min~! (n=4) from 10 min
before the second occlusion to 90 min after reperfusion. The
spinal cord reflex potentials were recorded priot to the spinal
cord ischaemia (control) and various times after the reperfusion.
Recovery of the reflex potentials was analyzed by measuring the
amplitude of MSR potentials and the area of PSR potentials,
which were the average of 5 consecutive potentials. The pre-
occlusion reflex potentials served as control.

The drugs used in this study were as follows: nicorandil
(Chugai Pharmaceutical Co., Tokyo, Japan), pinacidil (Shio-
nogi Pharmaceutical Co., Tokyo, Japan), glibenclamide and
sodium nitroprusside (Sigma Chemical, St. Louis, MO,
U.S.A)). These drugs except for glibenclamide were dissolved in
isotonic saline. Glibenclamide was dissolved in 1 ml of 0.1 N
NaOH, and then pH of the solution was adjusted to 7.6 by
adding 0.1 N HCL. The drug solution was diluted in 2 ml saline.

Statistical analysis
All data are expressed as mean+s.e. Analysis by Student’s ¢

test was performed for paired or unpaired observations. P
values of less than 0.05 were considered significant.

Results

The spinal cord reflex potentials, recorded from the lumbo-
sacral ventral roots of spinal cats, consisted of monosynaptic

reflex (MSR) and subsequent polysynaptic reflex (PSR) po-
tentials, as shown in Figure 1. These potentials were com-
pletely depressed within 2-3 min after the occlusion of the
thoracic aorta and the internal mammary arteries. After the
removal of the occlusion, the potentials reappeared gradually
and returned to the control level within 110 min, as shown in
Figure 1. It was confirmed that the time course changes in
reflex potentials during reperfusion were reproducible when
the spinal cord ischaemia of 10 min was repeated at an interval
of 110 min or more in 10 cats.

Nicorandil per se did not significantly affect MSR or PSR
potentials during the pre-ischaemic period. Pretreatment with
nicorandil at a dose of 100 pg kg™ significantly accelerated the
recovery of PSR potentials after the second spinal cord
ischaemia (Figure 1). At 15 min after reperfusion the area of
the PSR potentials was 25+9% of the preocclusion level
without any drug treatment (Control) while it was 65+ 10%
after the administration of nicorandil (P <0.05, n=35, Figures
1 and 2). However, the recovery of MSR potentials was not
significantly affected by nicorandil. The accelerating effect of
nicorandil on the recovery of PSR potentials was dose-de-
pendent, as shown in Figure 2. Nicorandil at a dose of
30 pg kg! slightly but significantly improved the recovery of
PSR potentials (n=4, P<0.05) although the drug at a lower
dose of 10 pg kg failed to affect the recovery (n=4, NS). In 2
animals, 300 pg kg™ nicorandil was administered prior to the
second spinal cord ischaemia. However, the high dose of ni-
corandil markedly decreased the mean blood pressure to less
than 50 mmHg and failed to accelerate the recovery of PSR
potentials (data not shown).

Similar results were also obtained when the cats were trea-
ted with pinacidil, another K* channel opener. Pretreatment
with pinacidil (100 pg kg™) prior to the second occlusion did
not affect the reflex potentials during the pre-ischaemic period.
Pinacidil also accelerated the recovery of PSR potentials after
the second spinal cord ischaemia. At 15 min reperfusion, the
area of PSR potentials was 594 7% of the preocclusion level,
which was significantly larger than that of the control recovery
(34+4% at 15min, P<0.05, n=9, Figure 2). Thus, K*
channel openers all accelerated the recovery of PSR potentials
after the spinal cord ischaemia in anaesthetized cats.

The accelerating effect of nicorandil on the PSR potential
recovery was abolished by co-administration of glibenclamide,
a sulphonylurea which blocks ATP-sensitive K* channels in
various tissues. (Edwards & Weston, 1993). Glibenclamide
(3 mg kg™') was administered intravenously 10 min before the
injection of 100 pg kg™ nicorandil, and then the second spinal
cord ischaemia was produced. At 15 min reperfusion the area
of PSR potentials was 21 +7% of the preocclusion level, which
was not significantly different from that observed after the first
spinal cord ischaemia (Figures 2 and 3). Thus, combined
treatment with glibenclamide and nicorandil failed to accel-
erate the recovery of PSR potentials after the second spinal
cord ischaemia. However, glibenclamide (3 mg kg™) per se did
not retard the recovery of PSR potentials after spinal cord
ischaemia. In glibenclamide-treated cats, the area of PSR po-
tentials at 15 min reperfusion was 30+ 3% of the preocclusion
level (n=8), which was not significantly different from that
after the control spinal cord ischaemia (Figure 2).

In the following experiments effects of nitroprusside, a va-
sodilator which increases cyclic GMP in various cells (Ahlner
et al., 1991), on the recovery of PSR potentials after spinal
cord ischaemia were examined. Continuous infusion of ni-
troprusside at a rate of 5 pg kg™ min™ failed to improve the
recovery of PSR potentials after spinal cord ischaemia (Figure
2). Further increase in the infusion rate of nitroprusside to
8 ug kg™ min! significantly retarded rather than improved the
recovery of PSR potentials. Therefore, the ATP-sensitive K*
channel-opening action rather than the nitrate action of ni-
corandil might be important for the accelerated recovery of
PSR potentials after spinal cord ischaemia.

Regional blood flow (RBF) of the spinal cord was con-
tinuously measured with a laser-Doppler flowmeter. During
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Figure 1 Effects of nicorandil on the recovery of reflex potentials after spinal cord ischaemia in cats: (a) and (b) are actual records
of reflex potentials after the 1st control and 2nd post-nicorandil spinal cord ischaemia in a spinal cat; (c) indicates the recovery of
polysynaptic reflex (PSR) potentials following spinal cord ischaemia before (@) and after the administration of 100pug kg!

nicorandil (O). The percentage recovery of PSR potentials and the time elapsed after reperfusion are indicated on the ordinate scale
and the abscissa scale, respectively. Values are expressed as mean+s.e. of 5 experiments. *P <0.05 compared to the recovery after

the 1st control ischaemia.

10 min spinal cord ischaemia RBF was decreased to 16+3%
of the preocclusion control. Upon reperfusion RBF was in-
creased over the preocclusion level, and reactive hyperaemia
was observed (Table 1). RBF reached its peak value around 5—
15 min after reperfusion, and then gradually decreased to its
preocclusion level around 45 min. Although mean blood
pressure (BP) decreased from 9149 mmHg to 65+5 mmHg
immediately after injection of 100 pg kg™ nicorandil, BP re-
turned to the control level at 10 min after injection (Table 2).
Nicorandil slightly increased RBF just prior to the second
ischaemia (at 10 min) although the change was statistically
insignificant. Neither RBF during spinal cord ischaemia nor
reperfusion was significantly affected by nicorandil. Pinacidil
and nitroprusside failed to increase RBF at these time points.
BP was significantly decreased by nitroprusside infusion and
increased by glibenclamide. Glibenclamide alone did not in-
fluence RBF during spinal cord ischaemia and reperfusion.
Pretreatment with glibenclamide slightly attenuated the ni-
corandil-induced decrease in BP but hardly affected RBF
change during spinal cord ischaemia and reperfusion (Tables 1
and 2). Thus, the accelerating effects of nicorandil and pina-
cidil on the recovery of PSR potentials were not associated
with an increase in RBF during spinal cord ischaemia and
reperfusion.
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Figure 2 Effects of various drugs on the recovery of polysynaptic
reflex (PSR) potentials after spinal cord ischaemia. Solid and open
columns indicate the recovery of PSR potentials after the 1st control
and 2nd post-drug spinal cord ischaemia, respectively. The recovery
at 15min after reperfusion is expressed as % area of preocclusion
PSR potentials. Values are expressed as meanzts.e. of 4-10
experiments. There was no significant difference in the recovery after
the 1st spinal cord ischaemia among the subgroups. *P<0.05
compared to the recovery of PSR potentials after the Ist control
spinal cord ischaemia.
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Discussion

A number of studies have indicated that nicorandil protects the
heart from ischaemia/reperfusion injuries in experimental an-
imals (Lamping et al., 1984; Gross et al., 1987; Grover et al.,
1990; Auchampach et al., 1992). However, effects of nicorandil
on ischaemic injuries in the central nervous system have not
been thoroughly examined. Recently Kurihara et al. (1993)
reported that nicorandil prevented post-ischaemic decrease in
baroreflex sensitivity in a canine model of global cerebral
ischaemia. This study has demonstrated that nicorandil ac-
celerate the functional recovery from transient spinal cord
ischaemia.

a

Control

Pre-occlu. Reperfusion
15 min

Nicorandil is a hybrid vasodilator exerting a dual me-
chanism of action as a K* channel opener and a nitrate (Taira,
1989). However, the regional blood flow of the spinal cord
during ischaemia and reperfusion was not significantly affected
by nicorandil. Therefore, a direct effect of nicorandil on neu-
rones rather than an indirect effect via vascular dilatation
might be important for the accelerating effect of nicorandil on
the recovery of the reflex potentials. In this study, the K*
channel opener, pinacidil, also accelerated the recovery of the
reflex potentials after spinal cord ischaemia. In addition, the
beneficial effect of nicorandil on PSR potentials was abolished
by co-administration of glibenclamide. These findings indicate
that activation of the K p channels in neuronal tissues might
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Figure 3 Effects of nicorandil combined with glibenclamide on the recovery of reflex potentials after spinal cord ischaemia in cats:
(a) and (b) are actual records of reflex potentials after the 1st control and 2nd post-drugs spinal cord ischaemia in a spinal cat, (c)
mdlcates the recovery of PSR potentlals following spinal cord ischaemia before (@) and after the combined administration of
3mgkg™ ghbenclarmde and 100pgkg™ nicorandil (O). The recovery, expressed as % of the area of the preocclusion PSR
potentials, is indicated on the ordinate scale. Values are expressed as mean+s.e. of 5 experiments.

Table 1 Changes in regional blood flow of the spinal cord during st and 2nd ischaemia and reperfusion

Ischaemia Reperfusion Post-drug  Ischaemia Reperfusion

Pre 10 min 5 min 15 min Pre 10 min 10 min 5 min 15 min

Saline 100 16+3* 251+23* 270+10* 96+4 102+5 19+3* 269+34* 301+30*

Nicorandil 10 ng kgt 100 17+9* 289+33* 264+30* 96+2 94+5 18+£9* 267+41* 308+43*

30 pg kg’ 100 18+6* 241+27* 270+38* 97+6 94+7 21+£7*  237+23* 257+32*

100 pg kg™ 100 18+4* 253+13* 268+39*% 110+3 115+6 19+5*% 248+12* 248+16*

Pinacidil 100 ug kg! 100  18+2* 273+25* 306+25* 96+4 94+6 21+4* 282+19* 294+36*

Glib 3 mg kg +Nic 100 pgkg™ 100 21+9% 283433+ 261+£30* 104+12 10615 26+7% 299+57* 24747

Glibenclamide 3 mg kg 100 17+4* 271+£20* 258+24* 103+8 107+5 21+4* 292+20* 246+18*
Nltropruss1de 5 HE kg™ min™ 100 22+4* 257+20* 275+20* 108+7 106 +7 24+8* 206+31* 212+15%t
8 pg kg™ min! 100 16+6* 221+17* 287+28* 965  90£15  10+2* 128+ 13*f 167+31*

Values are expressed as percentage (mean+s.e.) of baseline value (pre) before 1st control occlusion.
*P<0.05 vs each pre-value before the 1st control ischaemia. P <0.05 vs changes observed at each respective time point during 1st

control ischaemia and reperfusion. Numbers of experiments are 4-—10.
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Table 2 Changes in mean arterial blood pressure after various drugs

Glib + Nic
Nicorandil Pinacidil 3 mg kg™'+ Glibenclamide Nitroprusside
10 30 100 pg kg™ 100 pg kg 100 pg kg 3 mg kg 5 8 pg kg™ min™!
Pre-drug 91.0+64 88270 91.0+94 104084 894+52 904+37  90.0+7.0  99.0+148
10 min 90.2+50  88.0+3.5 90.0+10.1 950+6.1 117.3+13.0 131.8+4.7* 67.5+4.7*  48.5+5.0*

Values of mean arterial blood pressure before (pre-drug) and 10 min after various drugs (10 min) are expressed as mean=s.e. of 4-8
experiments. *P <0.05 vs pre-drug value by paired ¢ test. Note that nitroprusside decreased but glibenclamide increased arterial blood

pressure.

be involved in the acceleration of PSR potentials after spinal
cord ischaemia. This concept is also supported by the present
findings that nitroprusside, a donor of nitric oxide (NO), failed
to accelerate the recovery of PSR potentials. Moreover, a
higher dose of nitroprusside significantly retarded the re-
covery. We cannot exclude the possibility that the slowed re-
covery of PSR potentials after the high dose of nitroprusside
might stem from the decrease in RBF associated with a marked
reduction of blood pressure. However, it is interesting to note
several studies showing that NO production caused deleterious
effects on neuronal injuries during cerebral ischaemia and re-
perfusion (Nowicki et al., 1991; Kader et al., 1993; Faraci &
Brian, 1994). Therefore, the nitrate action of nicorandil might
partly offset the beneficial action resulting from the Karp
channel-activating property.

Although the specific mechanisms underlying the beneficial
effect of K* channel openers on the functional recovery after
spinal cord ischaemia remains unknown, some speculation
may be permissible. High affinity [*H]-glibenclamide binding
sites, putative neuronal K rp channels, were observed not only
in the brain (Bernardi et al., 1988; Mourre et al., 1989) but also
in the spinal cord (Miller et al., 1991; Jiang et al., 1992). It was
reported that in hippocampal neurones, anoxia induced an
early hyperpolarization which was blocked by glibenclamide
(Ben-Ari 1989; Mourre et al., 1989). In addition, K™ channel
openers reduced the depolarization, which might lead to re-
lease of glutamate, following the early hyperpolarization.
Therefore, K* channels openers may reduce ischaemic injuries
by counteracting the neurotoxic action of excitatory amino
acids. Recently it was also reported that K* channel openers
including nicorandil and pinacidil were shown to inhibit y-
aminobutyric acid (GABA) release from slices of substantia
nigra (Amoroso et al., 1990; Schmid-Antomarchi et al., 1990).
Previous reports from our and other laboratories indicated
that acute spinal ischaemia followed by reperfusion reduced
the GABA level of the spinal cord probably by increasing
GABA release (Homma et al., 1979; Martiniak et al., 1991;
Zhang et al., 1994). Since GABA receptor stimulation in-
hibited the recovery of PSR potentials after spinal cord
ischaemia (Suzuki et al., 1995), nicorandil and pinacidil might
inhibit the depolarization-induced GABA release from spinal
cord neurones and enhance the recovery of PSR potentials.
Another possibility may be that K* channel openers coun-
teract the depression of synaptic potentials resulting from the
decrease of the inward calcium current in the presynaptic
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