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Abstract

To explore the pathogenesis of benign familial neonatal convulsions (BFNC), we determined effects of KCNQ-related
M-channels (KCNQ-channels) on hippocampal glutamate (Glu) and y-aminobutyric acid (GABA) releases using micro-
dialysis, and propagation of evoked field-potentials (FP) using multielectrode (64-ch)-dish system as two-dimensional
monitoring. KCNQ-channel inhibitor, Dup996, enhanced hippocampal K" -evoked Glu and GABA releases without affect-
ing basal releases of them. Dup996 unaffected FP-amplitude, but enhanced FP-propagation. The GABAj-receptor
antagonist, bicuculline, enhanced the stimulatory effects of Dup996 on FP-propagation, however, this stimulatory effects
of Dup996 were abolished by the a-amino-3-hydroxy-5-methylisoxazole-4-propionic acid (AMPA)/glutamate-receptor
antagonist, DNQX. These results suggest that the occurrence of BFNC cannot be produced by KCNQ-channel dysfunc-
tion alone, but by reciprocal action between impaired KCNQ-channel and other unknown elements (possibly dysfunction

of inhibitory neurotransmission system). © 2000 Elsevier Science Ireland Ltd. All rights reserved.
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Mutations in either KCNQ2 or KCNQ3 were recently
identified as a cause of benign familial neonatal convulsions
(BFENC) [1-3,17], a dominantly inherited epilepsy that
occurs during the neonatal period [14]. KCNQ3 interacts
with KCNQ2 and KCNQS5 are co-expressed almost exclu-
sively in central nervous system (CNS) [7,15,18,19],
suggesting that they may form heteromeric K channels.
Indeed, when KCNQ2/KCNQ3 and KCNQ3/KCNQS5 were
co-expressed in Xenopus oocytes, the currents of these
heterometric channels were much larger than those obtained
from KCNQ2, KCNQ3 or KCNQS5 alone [7,15,19]. The
pharmacological profile (voltage-dependence and kinetics)
of these KCNQ-related M-channels (KCNQ-channels)
suggest that these KCNQ-channels contribute to a formation
of native M-currents, which play an important inhibitory
regulator of neuronal excitability [8], in central nervous
system [7,15,19].

Several previous studies regarding the mutant KCNQ-
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channels have investigated the intraneuronal transmission
mechanisms of BFNC [1,3,15,18]. These studies suggested
that none of the BFNC mutations had been identified
exerted dominant negative effects, and consequently the
reduction of M-currents in patients was predicted to be
small [1,3,15,18]. However, the interneuronal transmission
mechanisms of BFNC have not been fully clarified yet.
Hence, to clarify the possible pathogenesis of BFNC, the
present study determined the effects of reduction of KCNQ-
channels activity using the selective inhibitor, Dup996,
which inhibits both KCNQ2/KCNQ3- and KCNQ3/
KCNQ5-heterometric channels without affecting Erg-
related M-current [7,15,16], on hippocampal Glu and
v-aminobutyric acid (GABA) releases by microdialysis in
freely moving rat. Additionally, we determined the propa-
gation of neuronal excitability by a new technique for moni-
toring evoked field-potential (FP), using the
multielectrode(64-ch)-dish (MED64) system in hippocam-
pal slice.

All experiments described in this report were performed
in accordance with the specifications of the Ethical
committee of Hirosaki University and met the guidelines
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of responsible governmental agency. Male Wistar rat
(Clea, Japan), weighing 250-300 g, was placed in a stereo-
taxic frame and kept under halothane anesthesia (1.5%
mixture of halothane and O, with N,O). A concentric I-
type dialysis probe (0.22 mm diameter; 3 mm exposed
membrane; Eicom, Japan) was implanted in the hippocam-
pus (A= —5.8 mm, L =4.8 mm, V= —4.0 mm relative to
bregma) and the perfusion experiments were started 18 h
after the rats had recovered from anesthesia [10]. The
perfusion rate was 1 pl/min, using modified Ringer’s solu-
tion (MRS) composed of (in mM): 145 Na*, 27 K", 1.2
Ca’*, 1.0 Mg”* and buffered with 1.25 mM phosphate
buffer and 22 mM carbonate buffer to adjust the pH to
7.4. To study the effects of an increase in the extracellular
K™ level on the hippocampal extracellular Glu and GABA
levels, MRS containing 50 mM K* (HKMRS) was
perfused for 20 min (K'-evoked stimulation) [10]. The
ionic composition and isotonicity was maintained by an
equimolar decrease of Na® [10]. The extracellular Glu
and GABA levels were determined by high performance
liquid chromatography (HPLC) with fluorescence-detection
[6]. The analytical column (100 X 3 mm internal diameter)
was packed with mightysil RP-18 (gift from Kanto Chemi-
cals; particle size 3 wm) by Masis (Hirosaki, Japan). Exci-
tation and emission wave-lengths of fluorescence detector
were set at 340 and 445 nm, respectively. Determination of
diffusion rate of Dup996 from dialysis probe to hippocam-
pal tissue was performed by the methods of our previous
study [5] and Pieniaszek et al. [13].

To study the effects of KCNQ-channels inhibition on
propagation of fiber-volley (FV), field-excitatory postsynap-
tic potential (fEPSP) and population-spikes (PS) in hippo-
campal CAl area, 2-week old male Wistar rat was sacrificed
by decapitation after halothane anesthesia, and transverse
slices of hippocampus (350 pwm thickness) were prepared
with a vibrating tissue slicer (DTK-1000, Dosaka, Japan).
The procedures for preparation of rat hippocampal slices
and MED64 system (Panasonic, Japan) were prepared
mainly according to the methods of Oka et al. [9]. During
monitoring of FP, the MED64 probe (MED-P5305, 8 X 8
array, interpolar distance 300 wm, Panasonic) was super-
fused with artificial-cerebrospinal-fluid composed of (in
mM): 150 Na*, 2.5 K, 2.0 Ca*", 1.0 Mg*" and buffered
with 1.25 mM phosphate buffer and 25 mM carbonate buffer
to adjust pH to 7.35 at 35°C, and maintained at a 2 ml/min
flow rate [9]. A single pair of planar microelectrodes with
bipolar constant current pulses (10-100 A, 0.1 ms) was
used for stimulation of the hippocampal slice. The stimula-
tion site was selected at the Schaffer collateral pathway in
hippocampal CA1 region, and FP were recorded at all 64
planar microelectrodes which were covered with hippocam-
pal slice.

The chemical agents used in this study were KCNQ-chan-
nel inhibitor, Dup996 (Research Biochemicals, USA),
GABA,-receptor antagonist, bicuculline (Biomedicals,
USA) and a-amino-3-hydroxy-5-methylisoxazole-4-propio-

nic acid (AMPA)/glutamate-receptor antagonist, DNQX
(Research Biochemicals).

The basal Glu and GABA releases were insensitive and
partially sensitive (40%) to tetorodotoxine (TTX) and Ca*'-
free medium perfusion, respectively, [11]. Both K "-evoked
release of Glu and GABA were TTX-sensitive and Ca’*-
dependent [11]. The basal extracellular Glu and GABA
levels were 17.1 £ 5.1 and 1.0 = 0.3 pmol/sample per 20
wl, respectively. The recovery (from outside to inside) rates
of probes for Glu and GABA were 12.8 £3.2 and
10.4 £ 4.5%, respectively. Thus, the estimated basal hippo-
campal extracellular Glu and GABA levels were 6.7 = 2.0
and 0.5 + 0.2 wM, respectively. The K "-evoked stimulation
for 20 min increased extracellular Glu and GABA levels to
203.8 = 30.6 and 520.9 = 64.9% (Fig. 1), respectively. The
diffusion rate of Dup996 was ranged 8—11%. Dup996 (100
and 1000 pwM: estimated concentration in hippocampal
brain tissue was 8—11 and 80-110 M, respectively), did
not affect basal releases (Fig. 1), but did enhance K*-evoked
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Fig. 1. Effects of Dup996 on basal and K*-evoked hippocampal
Glu and GABA releases. The effects of Dup996 on basal extra-
cellular Glu and GABA levels were expressed in (A,B), respec-
tively. After confirming stabilization, the perfusion medium was
changed from MRS to MRS containing free (®), 100 uM (A) or
1000 wM (OJ) Dup996. The effects of Dup996 on K*-evoked Glu
and GABA releases were expressed in (C,D), respectively. After
confirming stabilization, the perfusion medium was changed
from MRS containing free (@), 100 uM (A) or 1000 pM (OJ)
Dup996 to HKMRS containing the same agent. Ordinate indi-
cates the hippocampal extracellular levels of Glu and GABA (%
control) and abscissa shows the time in minutes. The data was
expressed as percentage (mean = SEM) of control value. The
opened columns indicate the perfusion with Dup996, and
stripped columns indicate the K*-evoked stimulation. Compari-
sons were made between mean values obtained by perfusion
without and with Dup996 contained in MRS (*P < 0.05;
**P < 0.01) using repeated measurement ANOVA with Tukey’s
multiple comparison.
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releases of Glu (F = 6.02, P < 0.01, n = 18), and GABA
(F =6.63, P <0.01, n = 18) (Fig. 1).

To determine the effects of impaired KCNQ-channels on
the propagation of neuronal excitability, the present study
monitored the effects of Dup996 on both amplitude and
propagation of FP using MED64 system in hippocampal
CAl regions. In this study, MED64 system could detect
FV in the CAl cell body layer (Fig. 2B). However, our
previous study, using glass extracellular recording elec-
trode, could not determine the FV response in the same
regions [4]. These controversial results may be caused by
the different recording electrodes, because the recording
electrode of MED64 system was 60X 60 pwm platinum
(impedance: 6 kQ) [9], and the impedance of glass electrode
were more than 1 MQ [4]. In other words, the MED64 may
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Fig. 2. Interaction among Dup996, bicuculline and DNQX on
amplitude and propagation of FP in hippocampal CA1 regions
expressed as two-dimensional monitoring. (A) Shows the
phase-contrast microphotographs of rat hippocampal slice as
positioned on the MED64 probe, and the stimulation (green
arrow) and recording ((1) red and (2) yellow arrows) configura-
tion used to elicit Schaffer collateral CA1 pyramidal cells
responses. (B) Indicates the example of Schaffer collateral-
evoked field potentials in electrode (1) (red arrow) and (2) (yellow
arrow) during superfusion with Dup996 (10 wM: Dup), bicucul-
line (10 wM: Bic) or DNQX (40 wM). (C,D) Show the interaction
among Dup996 (Dup), bicuculline (Bic) and DNQX on Schaffer
collateral-evoked FV- and fEPSP-responses in hippocampal slice
as two-dimensional monitoring, respectively. Data expressed as
the FV- or fEPSP-amplitude in each electrode. The evoked
response amplitude of FV and fEPSP is represented in the right
side panels.

be able to detect the evoked presynaptic response (FV)
beside CA1 cell body layer. To clarify this problem, in the
next study we are going to use smaller electrode in MED64.

GABA ,-receptor antagonist, bicuculline (10 wM), stimu-
lated both amplitude and propagation of FV, fEPSP and PS,
whereas AMPA/glutamate-receptor antagonist, DNQX (40
M) reduced amplitude of fEPSP and PS, propagation of
FV, fEPSP and PS without affecting FV-amplitude (Figs. 2
and 3). Dup996 (10 wM) unaffected amplitude of FV, fEPSP
and PS, and PS-propagation (n = 6), but enhanced propaga-
tion of FV and fEPSP (P < 0.05, n = 6) (Figs. 2 and 3).
Under the conditions of inhibition of GABA ,-receptor by
bicuculline (10 wM), Dup996 enhanced amplitude of fEPSP
and PS, and propagation of FV, fEPSP and PS (P < 0.05,
n = 6), but unaffected FV-amplitude (Figs. 2 and 3). Under
the conditions of inhibition of AMPA/glutamate-receptor by
DNQX (40 wM), the stimulatory effects of Dup996 on FP
were abolished (Figs. 2 and 3).

BFNC typically suffers from frequent brief seizures that
occur within the first days of life and disappear sponta-
neously after weeks to months. BENC is characterized by
clusters of generalized seizures, however, it has been well
known BFNC is often accompanied by partial seizures
[3,14]. KCNQ2, KCNQ3 and KCNQS5 are expressed in
hippocampus [7,15,18]. Additionally, the neurological
examination, interictal electroencephalogram (EEG), and
development of BFNC children are usually normal [14].
Therefore, the dysfunction of KCNQ-channels activities
does not play an important role in the early neurodevelop-
mental stage.
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Fig. 3. Interaction among Dup996, bicuculline and DNQX on
amplitude and propagation of FV, fEPSP and PS. The interaction
among 10 uM Dup996, 10 uM bicuculline and 40 .M DNQX on
amplitude and propagation of Schaffer collateral-evoked FV (A),
fEPSP (B) and PS (C) in rat hippocampal CA1 region are repre-
sented. Left side ordinates indicate the amplitude (mV) of FV,
fEPSP and PS, and right side ordinates indicate the propagation
areas (counts of responsible electrodes) of FV, fEPSP and PS.
The differences between amplitude (circles) or propagation
(squares) values, during superfusion with (opened marks) or
without (closed marks) 10 wM Dup996, were analyzed by
repeated measurement of AVOVA with Tukey’s multiple
comparison or Friedman'’s test with Tukey’s multiple compari-
son, respectively (*P < 0.05; **P < 0.01).
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The enhancement of excitatory neurotransmission and/or
reduction of inhibitory neurotransmission, produced seizure
activity. In addition, the mechanism of epileptic seizure has
been recognized to be the result of a disturbance of balance
between the excitatory and inhibitory neurotransmission
systems [3]. KCNQ-channels control membrane excitability
by being the only sustained current in the range of action
potential initiation [8]. Dup996 inhibits KCNQ2/KCNQ3
and KCNQ3/KCNQS5 heterometric channels selectively
without affecting Erg-related M-currents. This study
demonstrated that inhibition of KCNQ-channels stimulated
neuronal excitability. Dup996 enhanced propagation of
presynaptic response of FV and postsynaptic response of
fEPSP, without affecting amplitude of them, in CAl
regions. Furthermore, Dup996 enhanced K *-evoked neuro-
transmitter release, but unaffected fEPSP-amplitude. This
contradiction suggests that inhibition of KCNQ-channels
increase the gross count of responsible synapses which
can transmit Glu without affecting the volume of neuro-
transmitter release per synapse, resulting in the enhance-
ment of level of Glu release monitored by microdialysis.

The EEG showed no differences between wild-type and
heterogenous KCNQ2 knock-out mice, whereas the hetero-
genous KCNQ2 knock-out mice were more sensitive to a
proconvulsant, petylentetrazole [20]. Taken together with
this evidence, the present results, bicuculline enhanced the
stimulatory effects of Dup996 on propagation of FV, fEPSP
and PS, suggest that slight reduction of KCNQ-channels
alone cannot produce seizure activity, even though it can
facilitate seizure activity under conditions of unbalanced
neurotransmission. In other words, under the normal
balance of neurotransmission, dysfunction of KCNQ-chan-
nels cannot yield seizure activity. On the other hand, it has
been demonstrated that the immature neuron could be read-
ily depolarized by GABA [12]. Therefore, the present study
suggests that mechanism for spontaneous improvement of
BFNC may be produced by the normalization of imbalances
that occur in neurotransmission during the period of neuro-
development, and the mechanisms of BFNC occurrence
may be the result of cooperative interaction between
dysfunction of the KCNQ-channels and imbalances of
neurotransmission that occur in immature CNS. Our labora-
tory is in the process of conducting further investigation to
clarify this hypothesis.

This study was supported by a Grant-in-Aid for Scientific
Research from the Japanese Ministry of Education, Science
and Culture (05454309 and 11770532), a grant from Hiro-
saki Research Institute for Neurosciences, a grant from
Pharmacopsychiatry Research Foundation and a grant
from Japan Epilepsy Research Foundation. We sincerely
thank associate Professor K. Ito of Department of Physiol-
ogy, Yamagata University, for his scientific advises.

[1] Biervert, C., Schroeder, B.C., Kubisch, C., Berkovic, S.F.,
Propping, P., Jentsch, T.J. and Steinlein, O.K., A potassium

[2

[3

4

[5

[10]

[11]

[12]

[13]

[14]

[15]

channel mutation in neonatal human epilepsy, Science, 279
(1998) 403-406.

Hirose, S., Zenri, F., Akiyoshi, H., Fukuma, G., Iwata, H.,
Inoue, T., Yonetani, M., Tsutsumi, M., Wada, K., Kaneko,
S. and Mitsudome, A., A novel mutation of KCNQ3
(c925T > C) in a Japanese family with benign familial
neonatal convulsions (BFNC2), Ann. Neurol., 47 (2000)
822-826.

Hirose, S., Okada, M., Kaneko, S. and Mitsudome, A.,
Are some idiopathic epilepsies disorders of the ion chan-
nels?: a working hypothesis, Epilepsy Res., 41 (2000) 191-
204.

Kaneko, S., Okada, M., Hirano, T., Kondo, T., Otani, K. and
Fulushima, Y., Carbamazepine and zonisamide increase
extracellular dopamine and serotonin level in vivo, and
carbamazepine does not antagonize adenosine effects in
vitro: Mechanisms of blockade of seizure spread, Jpn. J.
Psychiatry Neurol., 47 (1993) 371-373.

Kawata, Y., Okada, M., Murakami, T., Mizuno, K., Wada, K.,
Kondo, T. and Kaneko, S., Effects of zonisamide on K* and
Ca?" evoked release of monoamine as well as K* evoked
intracellular Ca?* mobilization in rat hippocampus,
Epilepsy Res., 35 (1999) 173-182.

Kretschmer, B.D., Goiny, M. and Herrera-Marschitz, M.,
Effect of intracerebral administration of NMDA and AMPA
on dopamine and glutamate release in the ventral pallidum
and on motor behavior, J. Neurochem., 74 (2000) 2049-
2057.

Lerche, C., Scherer, C.R., Seebohm, G., Derst, C., Wei, A.D.,
Busch, A.E. and Steinmeyer, K., Molecular cloning and
functional expression of KCNQ5, a potassium channel
subunit that may contribute to neuronal M-current diver-
sity, J. Biol. Chem., 275 (2000) 22395-22400.

Marrion, N.V., Control of M-current, Annu. Rev. Physiol., 59
(1997) 483-504.

Oka, H., Shimono, K., Ogawa, R., Sugihara, H. and Taketani,
M., A new planar multielectrode array for extracellular
recording: application to hippocampal acute slice, J.
Neurosci. Methods, 93 (1999) 61-67.

Okada, M., Wada, K., Kiryu, K., Kawata, Y., Mizuno, K.,
Kondo, T., Tasaki, H. and Kaneko, S., Effects of Ca®' channel
antagonists on striatal dopamine and DOPA release,
studied by in vivo microdialysis, Br. J. Pharmacol., 123
(1998) 805-814.

Okada, M., Kawata, Y., Mizuno, K., Wada, K., Kondo, T. and
Kaneko, S., Interaction between Ca?", K*, carbamazepine
and zonisamide on hippocampal extracellular glutamate
monitored with a microdialysis electrode, Br. J. Pharma-
col., 124 (1998) 1277-1285.

Owens, D.F., Boyce, L.H., Davis, M.B. and Kriegstein, A.R.,
Excitory GABA responses in embryonic and neonatal corti-
cal slices demonstrated by gramicidin perforated-patch
recordings and calcium imaging, J. Neurosci., 16 (1996)
6414-6423.

Pieniaszek Jr, H.J., Fiske, W.D., Saxton, T.D., Kim, Y.S.,
Garner, D.M., Xilinas, M. and Martz, R., Single-dose phar-
macokinetics, safety, and tolerance of linopirdine (DuP 996)
in healthy young adults and elderly volunteers, J. Clin.
Pharmacol., 35 (1995) 22-30.

Plouin, P., Benign familial neonatal convulsions and benign
idiopathic neonatal convulsions, In J. Engel Jr. and T.A.
Pedley (Eds.), Epilepsy: a Comprehensive Textbook, Lippin-
cott-Raven, Philadelphia, PA, 1997, pp. 2247-2255.
Schroeder, B.C., Kubisch, C., Stein, V. and Jentsch, T.J.,
Moderate loss of function of cyclic-AMP-modulated
KCNQ2/KCNQ3 K* channels causes epilepsy, Nature, 396
(1998) 687-690.



[16]

(171

(18l

G. Zhu et al. / Neuroscience Letters 294 (2000) 53-57 57

Selyanko, A.A., Hadley, J.K., Wood, I.C., Abogadie, F.C.,
Delmas, P., Buckley, N.J., London, B. and Brown, D.A,,
Two types of K(+) channel subunit, Ergl and KCNQ2/3,
contribute to the M-like current in a mammalian neuronal
cell, J. Neurosci., 19 (1999) 7742-7756.

Singh, N.A., Charlier, C., Stauffer, D., DuPont, B.R., Leach,
R.J., Melis, R., Ronen, G.M., Bjerre, |., Quattlebaum, T.,
Murphy, J.V., McHarg, M.L., Gagnon, D., Rosales, T.O., Peif-
fer, A., Anderson, V.E. and Leppert, M., A novel potassium
channel gene, KCNQ2, is mutated in an inherited epilepsy
of newborns, Nat. Genet., 18 (1998) 25-29.

Tinel, N., Lauritzen, |., Chouabe, C., Lazdunski, M. and

[19

[20

Borsotto, M., The KCNQ2 potassium channel: splice
variants, functional and developmental expression. Brain
localization and comparison with KCNQ3, FEBS Lett., 438
(1998) 171-176.

Wang, H.S., Pan, Z., Shi, W., Brown, B.S., Wymore, R.S.,
Cohen, 1.S., Dixon, J.E. and McKinnon, D., KCNQ2 and
KCNQ3 potassium channel subunits: molecular correlates
of the M-channel, Science, 282 (1998) 1890-1893.
Watanabe, H., Nagata, E., Kosakai, A., Nakamura, M.,
Yokoyama, M., Tanaka, K. and Sasai, H., Disruption of
epilepsy KCNQ2 gene results in neuronal hyperexcitability,
J. Neurochem., 75 (2000) 28-33.



