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Abstract

The effects of three K* channel blockers, 4-aminopyridine, 3,4-diaminopyridine and apamin, on scopolamine- or electroconvulsive
shock-induced amnesia were investigated in mice by using a one-trial step-down passive avoidance system. Scopolamine and
electroconvulsive shock reduced the retention latency of passive avoidance, which indicated the amnestic effect of these treatments.
4-Aminopyridine, 3,4-diaminopyridine and apamin injected immediately after the acquisition trial, reversed the amnestic effect of
scopolamine or electroconvulsive shock in a dose-dependent manner. None of the drugs or electroconvulsive shock treatment affected the
rotarod or activity cage performance of the mice. These results indicate that K* channel blockers may improve cognitive deficits when
memory is impaired by a drug or any other manipulation. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

After Hodgkin and Huxley's (1952) observation indi-
cated that K* currents are responsible for the repolarisa-
tion phase of the action potential, a great deal of work was
carried out on this area. These studies, most of which were
of electrophysiological, kinetic, genetic and pharmacol ogi-
cal nature, showed that K* channels exist in both excitable
and non-excitable cells, and are of critical importance in a
variety of cell functions (Rudy, 1988). In excitable cells,
opening of K* channels stabilizes the membrane potential,
sets the resting potential, repolarises action potentials and
terminates periods of action potentia firing, while they
have a role in transmembrane transport, volume regulation,
signal transduction and maintenance of cell resting poten-
tial in the non-excitable cells (Grissmer, 1997). The diver-
sity and distribution of K™ channels are much greater than
any other ion channels observed; they vary widely as to
kinetics, voltage-dependence, pharmacology, and single-
channel behaviour (Rudy, 1988; Aronson, 1992).
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As a result of these observations, there has been a
growing interest in the role of K* channels in some
diseases and in drugs which affect these channels. Results
from these studies have shown the involvement of K*
channels in learning and memory processes to be of inter-
est. Many authors have demonstrated a critical role of K*
channels in the mechanisms of memory and learning by
applying different K™ channel modulators in various ex-
perimental models (Barnes et al., 1989; Peterson and Gib-
son, 1982; Ghelardini et al., 1998; Deschaux and Bizot,
1997; Messier et al., 1991; Heurteaux et a., 1993). Most
of these studies with few exceptions (Ikonen et al., 1998;
Ikonen and Riekkinen, 1999) were done with intact ani-
mals showing no deficits in memory. In the present study
with mice, we aimed to examine the effects of three K*
channel blockers, 4-aminopyridine, 3,4-diaminopyridine
and apamin, on the memory impaired by scopolamine or
electroconvulsive shock.

2. Materials and methods

2.1. Animals

Mae abino mice weighing 21-28 g obtained from
Cukurova University Medical Sciences Research Center
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(TIBDAM) were used in the experiments. The animals
were housed five per cage and kept in a regulated environ-
ment (24 + 1°C, light—dark cycle, with the light on be-
tween 0600 and 1800 h) and provided with commercially
available food and water ad libitum. All animals used for
the experiments were naive to the passive avoidance appa-
ratus. The experiments were conducted between 0900 and
1100 h in a semi-soundproof and semi-dark laboratory. All
groups included 10 animals each.

2.2. Drugs

Scopolamine HBr, 4-aminopyridine, 3,4-diaminopyri-
dine and apamin were purchased from Sigma. All drugs
were dissolved in 0.9% NaCl solution and injected intra-
peritonedly (i.p.) in a volume of 0.1 ml/10 g body
weight.

2.3. Passive avoidance

A step-down passive avoidance apparatus was used for
evaluating memory retention (Sahgal, 1993). The appara-
tus consisted of two compartments, a small chamber (20 X
25 X 20 cm) and a larger darkened one (20 X 35 X 30 cm)
divided by a guillotine door (8 X 8 cm). The small cham-
ber was illuminated by a 60-W bulb and set 1 cm higher
than the larger one. The large chamber was made up of an
electrifiable grid floor and the shock was delivered to the
anima’s feet via a shock generator. On the first day
(acquisition trial), each mouse was initialy placed in the
small illuminated chamber of the passive avoidance appa
ratus, the guillotine door was opened 10 s later and a timer
was started simultaneously. When the mouse crossed with
al four paws into the dark chamber, the guillotine door
was closed, the timer was stopped, latency to enter the
chamber was recorded, and footshock (50 Hz, 1 mA, 3 s)
was ddivered to the anima’s feet immediately. After
shock application finished, the animal was removed from
the dark chamber and returned to its home cage. Any
animal failing to cross from the illuminated to the dark
chamber within 120 s was discarded from the experiment.
Mice housed in a separate cage under the same experimen-
tal conditions were used instead of the eliminated ones in
order to have 10 animals for each group. All drugs, except
scopolamine, were administered intraperitonealy (i.p.) im-
mediately after the acquisition trial. Scopolamine (1
mg/Kg, i.p.) was injected 30 min before the acquisition
trial. Retention latency was recorded again 24 h later, in
the same manner as described above, but without applying
shock.

2.4. Electroconvulsive shock

An €lectric current (60 Hz, 2 s and 20 mA) was
delivered to the restrained mouse by holding its neck skin
between the forefinger and the thumb, and pressing it
gently against the table, while applying the corneal elec-

trodes of the electroconvulsive treatment apparatus (Ugo
Basile, 7801, Italy) with the other hand (Isaac et al., 1985).
The shock was delivered immediately after the acquisition
trial in control groups and just before drug injection in
drug groups. This protocol was determined by preliminary
studies performed in our laboratory.

2.5. Rotarod and activity cage tests

These tests were applied to examine the probability that
K™* channel blockers may €licit their modulatory effects on
memory by changing either motor coordination or sponta-
neous locomotor activity in separate groups of mice. For
rotarod testing, the mice receiving the highest effective
doses of drugs, electroconvulsive shock treatment, or saline
were placed on the rotating bar (20 rpm) of the rotarod
apparatus (Rotarod treadmills, Ugo Basile, 7600, Italy) for
5 min and dropping time was determined. To examine
spontaneous locomotor activity, the mice receiving the
drugs, sdliine or eectroconvulsive shock treatment were
placed in the activity cage (Ugo Basile, 7400, Italy) and
their activity was evaluated for 15 min.

2.6. Satistics

Results were expressed as the means + S.E.M. One-way
analysis of variance (ANOVA) followed by a post-hoc
Tukey's honestly significant difference (HSD) test was
used for the comparison of groups. Significance was set at
P < 0.05.

3. Reaults

3.1. Effects of 3,4-diaminopyridine and 4-aminopyridine
on the scopolamine-induced amnesia

Scopolamine (1 mg/kg, i.p.) induced amnesia as shown
by the reduction of retention latency during passive avoid-
ance test. Retention latencies of the mice that received
saline (control) or scopolamine were 119 + 0.6 and 22.4 +
4.6, respectively (P < 0.05). 3,4-Diaminopyridine and 4-
aminopyridine reduced the amnestic effect of scopolamine
in a dose-dependent manner. Retention latencies were
40.2 + 13.8,57.2 + 15, 108.7 + 4.5for 0.5, 1 and 5 g/ kg
3,4-diaminopyridine doses and 47.8 + 5.7, 70.8 + 5.9 and
112 + 3.3 for 12,5, 25 and 50 wg/kg 4-aminopyridine
doses, respectively (Fig. 1). The differences were signifi-
cant when compared to the scopolamine group, with 3,4-
diaminopyridine doses of 1 and 5 wg/kg (P < 0.05); and
4-aminopyridine doses of 25 and 50 n.g/kg (P < 0.05).

3.2. Effects of 3,4-diaminopyridine and 4-aminopyridine
on the electroconuvulsive shock-induced amnesia

The amnestic effect of eectroconvulsive treatment was
also determined by the reduction of retention latency.
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Fig. 1. Retention latencies of mice that received saline (control), scopolamine, 3,4-diaminopyridine + scopolamine and 4-aminopyridine + scopolamine,
and the effects of 3,4-diaminopyridine and 4-aminopyridine on the amnesia induced by scopolamine. “P < 0.05; significantly different when compared to
the scopolamine (hatched column) group, using one-way ANOVA followed by Tukey’s HSD. 3,4-DAP: 3,4-diaminopyridine; 4-AP: 4-aminopyridine.

Retention latencies of the mice that received saline + sham
operation (control) and saline + electroconvulsive shock
were 1145+ 35 and 17.7 + 1.8, respectively (signifi-
cantly different from each other at P < 0.05 level). 3,4-Di-
aminopyridine and 4-aminopyridine dose dependently re-
versed this effect of electroconvulsive shock. Retention

latencies were 39.6 + 5.5, 88 + 8.3 and 120 + 0 for 0.5, 1
and 5 pg/kg 3,4-diaminopyridine doses and 39.9 + 9.2,
56.7 + 12.6 and 105.6 + 4.6 for 12.5, 25 and 50 wg/kg
4-aminopyridine doses, respectively (Fig. 2). Significant
differences between the electroconvulsive shock group and
3,4-diaminopyridine groups were observed at the 1 and 5
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Fig. 2. Retention latencies in the saline + sham operation (control), saline + electroconvulsive shock, 3,4-diaminopyridine + electroconvulsive shock and
4-aminopyridine + electroconvulsive shock groups and the effects of 3,4-diaminopyridine and 4-aminopyridine on the amnesia induced by electroconvul-
sive shock. * P < 0.05; significantly different when compared to the ECS (hatched column) group, using one-way ANOVA followed by Tukey's HSD.
ECS: electroconvulsive shock; 3,4-DAP: 3,4-diaminopyridine; 4-AP: 4-aminopyridine.
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ng/kg doses of 3,4-diaminopyridine (P < 0.05). 4-
Aminopyridine exerted significant effects with the doses of
25 and 50 png/kg (P < 0.05).

3.3. Effects of apamin on the scopolamine- or electrocon-
vulsive shock-induced amnesia

Effects of apamin on scopolamine- and electroconvul-
sive shock-induced amnesia are shown in Figs. 3 and 4.
Apamin dose dependently reduced the amnestic effects of
scopolamine or electroconvulsive shock by enhancing the
retention latency of passive avoidance. Retention latencies
were 42.14+ 4.6, 86.1+6.1 and 115.7 + 3.4 for scopo-
lamine+ 0.05, 0.1 and 0.2 mg/kg apamin doses, and
473+ 8.2, 8744+ 4.7 and 116.1 + 2.0 for electroconvul-
sive shock + 0.05, 0.1 and 0.2 mg/kg apamin doses,
respectively. Significant differences between scopolamine
and apamin groups were observed at apamin doses of 0.1
and 0.2 mg/kg (Fig. 3, P < 0.05). Significant differences
between electroconvulsive shock and apamin groups were
observed at all doses of apamin (Fig. 4, P < 0.05).

3.4. Effects of K * channel blockers on the rotarod and
activity cage tests

Neither drugs at their highest doses nor electroconvul-
sive shock treatment impaired physical strength or motor
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Fig. 3. The effects of apamin on the amnesia induced by scopolamine.
"P < 0.05; significantly different when compared to the scopolamine
(hatched column) group, using one-way ANOVA followed by Tukey's
HSD.

Control 0,05

120 - * *

@90—
o)
C
Qo
(0]
—C’ 60 - .
(o]
g [
Qo
(0]
o
30
5
b< <]

Control 0,05 0,1 0,2
Apamin, mg/kg (i.p)
ECS (60 Hz, 20 mA, 2 s)

Fig. 4. The effects of apamin on the amnesia induced by electroconvul-
sive shock. * P < 0.05; significantly different from the electroconvulsive
shock (hatched column) group, using one-way ANOVA followed by
Tukey's HSD. ECS: electroconvulsive shock.

coordination as revealed by the rotarod test, or modified
spontaneous locomotor activity as revealed by the activity
cage test.

4, Discussion

In this study, aminopyridines, which predominantly in-
hibit voltage-activated K* channels, and apamin, which
inhibits Ca?*-activated K* channels, both attenuated the
memory impairing effects of scopolamine or electrocon-
vulsive shock in a step-down passive avoidance task.
Passive avoidance procedures are widely used to measure
the cognitive alterations following drug administration,
lesions or behavioural manipulations (Sahgal, 1993). These
procedures have some advantages as being simple to carry
out and require little equipment and time; however, they
also have disadvantages. The most important question is,
what processes are being measured precisely when passive
avoidance is used. Memory is certainly involved but moti-
vational and other factors may influence the results. These
procedures must therefore be considered as simple prelimi-
nary tests for evaluating the effects of drugs or lesions on
memory. So, it may be important to investigate if a drug or
any other manipulation affects passive avoidance perfor-
mance, before using the more sophisticated techniques.



SY. Inan et al. / European Journal of Pharmacology 407 (2000) 159164 163

Severa studies, with different techniques, have shown
that K* channel modulators are effective to modulate the
memory performance of rodents. In an early study, 3,4-di-
aminopyridine was shown to selectively improve the mem-
ory performance of aged rats and that, within this age
group, it only improved performance in the short-term
memory task which was assessed by the radia arm maze
(Barneset al., 1989). In accordance with this latter finding,
Beninger et al. (1995) found that 3,4-diaminopyridine did
not improve radial maze performance in the memory-im-
paired young rats. On the other hand, 4-aminopyridine, the
other aminopyridine derivative, enhanced the retention of
passive avoidance (Haroutunian et al., 1985). This finding
is consistent with that from our present study and it may
therefore be speculated that these drugs affect long-term
memory (retrieval) in young animals, but not the short-term
working memory.

Apamin has been shown to facilitate memory processes
in the appetitively motivated bar-pressing response in mice
(Messier et a., 1991), improve learning in an object
recognition task in rats (Deschaux and Bizot, 1997), re-
verse the spatial navigation defect induced by a medial
septal lesion (Ikonen et al., 1998), and increase the expres-
sion of immediate early genes c-fos and c-jun in the
hippocampus (Heurteaux et al., 1993). On the other hand,
apamin did not alter passive avoidance in intact mice and
rats (Ikonen and Riekkinen, 1999; Ghelardini et al., 1998)
but it prevented the K* channel opener-induced amnesia
in the same test (Ghelardini et al., 1998). In our present
study, apamin prevented the scopolamine- and electrocon-
vulsive shock-induced amnesia in the passive avoidance
task. These results suggest that apamin improves the reten-
tion of passive avoidance when memory is impaired by a
drug or by any other manipulation, such as electroconvul-
sive shock. This possibility was supported by Ghelardini et
al. (1998), who suggested that K* channel blockers did
not enhance cognitive abilities when given aone.

The K* channel blockers used in the present study did
not alter spontaneous locomotor activity or motor coordi-
nation of the mice; therefore, a non-specific effect of these
drugs cannot have been responsible for the memory im-
proving action. The ameliorating effects of K* channel
blockers on scopolamine-induced amnesia may be due to
the interaction of these agents with the cholinergic system.
It is known that functional changes in central cholinergic
activity affect learning and memory processes (Pepeu and
Spignoli, 1989). Numerous studies have shown that cholin-
ergic agents can enhance performance in learning and
memory tasks, while acetylcholine receptor antagonists
such as scopolamine impair performance in the same tasks
(Flood et al., 1981; Haroutunian et al., 1985; Moye and
Vanderryn, 1988; Savage et al., 1996; Spangler et a.,
1986). 4-Aminopyridine and 3,4-diaminopyridine increase
the release of acetylcholine from synaptic terminals, stimu-
late Ca?* uptake into synaptosomes and ameliorate the
hypoxia-induced deficit in the Ca?*-dependent release of

acetylcholine (Peterson and Gibson, 1982; Tapia and
Stiges, 1981; Gibson and Peterson, 1981). 3,4-Diamino-
pyridine partially attenuates the decrease in release and
synthesis of acetylcholine if given following hypoxic
episodes in mice (Peterson and Gibson, 1982). Systemic
administration of 4-aminopyridine in subconvulsive doses
increases the cortical output of acetylcholine in anaes-
thetized rats (Casamenti et al., 1982). Apamin has been
shown to block the slow afterhyperpolarization and in-
crease the firing of cholinergic neurons in a dice prepara
tion of the medial septum-diagonal band region (Matthews
and Lee, 1991). Based on these results, it may be specu-
lated that K* channel blockers improve the scopolamine-
induced amnesia by releasing acetylcholine in the brain.

Our electroconvulsive shock data seem to be original
and interesting, because there appear to be no studies
available concerning the effects of K* channel blockers on
electroconvulsive shock-induced amnesia. Electroconvul-
sive shock-induced amnesia could result from the activa-
tion of more than one mechanism in the brain. This
treatment has been shown to influence some central ner-
vous system functions by decreasing the acetylcholine
level (Spignoli and Pepeu, 1986), increasing acetylcholine
esterase activity (Appleyard et al., 1987), and releasing
endorphins and enkephalins (Netto et al., 1986) in the
brain. Electroconvulsive shock treatment also produces a
significant enhancement of baclofen-induced inhibition of
5-HT release, possibly by interaction with the function of
GABA ; receptors (Gray and Green, 1987).

In conclusion, the present results strengthen the hypoth-
esis that blockade of the voltage- and Ca?"-activated K *
channels improves the acquisition of passive avoidance
performance when memory was impaired by scopolamine
or electroconvulsive shock.
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