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Background: The inwardly rectifying potassium channel subunit Kir4.1 is specifically expressed in astrocytes, which mediates spatial K*
buffering and is implicated in the pathogenesis of convulsive epileptic disorders (i.e. generalized tonic-clonic (GTC) and temporal lobe
seizures).

Objectives: This study aimed to explore the pathophysiological role of Kir4.1 channels in modulating absence seizure incidence, using a
spontaneously epileptic animal model.

Materials and Methods: Groggy rats, a rat model of human absence seizures, and Slc:Wistar (control) rats, were used in this study. Cortical
and hippocampal EEG were recorded to confirm the seizure incidence in Groggy rats. The expression levels of Kir subunits (i.e. Kir4.1, Kir5.1
and Kir2.1) in ten brain regions were analyzed by Western blotting.

Results: Groggy rats showed a high incidence (ca. 350 seconds total duration/15 minutes observation period) of absence-like seizures,
which were characterized by a sudden immobile posture and synchronously-associated spike and wave discharges. However, Western blot
analysis revealed that Kir4.1 expression in Groggy rats was not significantly different from that of control rats in any of the brain regions
examined (e.g. cerebral cortex, striatum, hippocampus, diencephalon, midbrain, pons/medulla oblongata and cerebellum). In addition,
expressional levels of Kir5.1and Kir2.1, which are also expressed in astrocytes, were unaltered in Groggy rats.

Conclusions: The present results suggest that unlike GTC and temporal lobe seizures, pathophysiological alterations (e.g. dysfunction
and/or expressional changes) of Kir4.1 are not linked to non-convulsive absence seizures.
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1. Background ataxia, mental retardation, and electrolyte imbalance)
syndrome consisting of generalized tonic-clonic (GTC)
seizures, ataxia, hearing loss and abnormal renal excre-
tion of electrolytes (13, 14). All of the mutations in pa-
tients with EAST syndrome cause drastic decreases in K*

the brain (1-7). These channels include; Kir4.1 channels, buffering currents mediated by bOtl_l Kir4.1 anq Ki.r4.1/5.1
homo-tetramers of Kir4.1 subunits, and Kir4.1/5.1 chan- ~ channels, implying that the impaired functioning of
nels, hetero-tetramers of Kir4.1 and Kir5.1 subunits, and ~ Kir4.1 disrupts spatial K* buffering and causes epileptic
conduct inward K* currents in response to a local eleva- seizures (15-17). In addition, it has also been shown that
tion of extracellular K* concentration. In addition, spatial ~ expressional levels of Kir4.1 were altered in animal mod-
K* buffering is linked to glutamate uptake by astrocytes,  €ls of epilepsy (18,19), as well as in patients with temporal
which also influences neural excitability (8-12). lobe epilepsy (20-22). All these findings strongly suggest

Recent clinical studies provide direct evidence that mu-  that Kir4.1 channels are involved in the pathogenesis of
tations in the human gene KCNJ10 encoding Kir4.1evoke ~ GTC and/or temporal lobe seizures. However, there is no
EAST (epilepsy, ataxia, sensorineural deafness, and tubu-  information as to whether Kir4.1 channels modulate non-
lopathy) or SeSAME (seizures, sensorineural deafness,  convulsive epileptic seizures, especially absence seizures.

Inwardly rectifying potassium (Kir) channels are spe-
cifically expressed in astrocytes and mediate spatial K*
buffering, which removes excess extracellular K* at the
synapses and maintains normal neuronal activities in

Implication for health policy makers/practice/research/medical education:
This paper provides important information for our understanding of the role of astrocytic Kir4.1 channels in the pathogenesis of epilepsy.

Copyright © 2014, Tehran University of Medical Sciences. This is an open-access article distributed under the terms of the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
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2. Objectives

Therefore, in the present study, we performed Western
blot analysis for Kir4.1 and Kir5.1 subunit expression us-
ing the Groggy rat, a newly developed animal model of
absence seizures (23-25), to clarify the pathophysiological
alterations of astrocytic Kir channels in absence seizures.
The expressional level of the Kir2.1 subunit was evaluated
since Kir2.1 channels are also known to be expressed in
astrocytes even at low density (26, 27).

3. Materials and Methods

3.1. Animals

Groggy rats (GRY/Idr) of either sex at 17-19 weeks of age
were obtained from the National BioResource Project
for the Rat (NBRPR#0368) in Japan. Age-matched male
Slc:Wistar rats (SLC Japan, Shizuoka, Japan), the original
strain of Groggy rats, were used as the control. Animals
were housed in air-conditioned rooms under a 12 hour
light/dark cycle (light on: 6:00 AM) and allowed ad libi-
tum access to food and water. The housing conditions
and the animal care methods complied with the guide
for the care and use of laboratory animals of the Ministry
of Education, Science, Sports and Culture of Japan. The
experimental protocols of this study were approved by
the Experimental Animal Research Committee at Osaka
University of Pharmaceutical Sciences.

3.2. EEG Recording

Surgical procedures for the electrode implantation and
EEG recordings were performed as described previously
(23, 28). Groggy rats (n = 4) were anesthetized with pen-
tobarbital (40 mg/kg, i.p.) and fixed in a stereotaxic in-
strument (Narishige SR-6, Tokyo, Japan). Small holes were
made in the skull and silver ball electrodes were placed
on the surface of the right or left frontal and occipital cor-
tex. Areference electrode was placed on the surface of the
frontal cranium. The electrodes were then connected to a
miniature plug and fixed to the skull with dental cement.
After a one week recovery period, animals underwent the
subsequent EEG experiments. On the day of the EEG re-
cording, the animals were placed in an electrically shield-
ed observation cage (28 cm x 45 cm x 20 cm). After a 15
minutes habituation period, EEG and the behavior of the
Groggy rats were simultaneously monitored for 15 min-
utes under freely-moving conditions, using an amplifier
(MEG-6108; Nihon Kohden) and a thermal array recorder
(RTA-1100; Nihon Kohden, Tokyo, Japan). Then the num-
ber of absence-like seizures (sudden immobile postures
accompanying spike and wave discharges (SWD), and the
total duration of SWD were calculated.

3.3. Western Blot Analysis

Groggy (n = 5), or control (Slc:Wistar, n = 6) rats were
deeply anesthetized with pentobarbital (80 mg/kg, i.p.),

and the brain was removed from the skull, then chilled in
ice-cold saline. Next, the brain was dissected into the fol-
lowing 10 regions; frontal cortex (fCx), parieto-temporal
cortex (ptCx), occipito-temporal cortex (otCx), striatum
(St), hippocampus (Hpc), thalamus (Th), hypothalamus
(Ht), midbrain (Mid), pons-medulla oblongata (P/MO)
and cerebellum (Cer). The brain samples were homog-
enized in an ice-cold lysis buffer (pH 7.5) containing: (in
mM) Tris 20, NaCl 150, MgCl, 10, EDTA 1.0, EGTA 1.0, 1% Tri-
ton X-100 and a mixture of protease inhibitors (leupeptin,
aprotinin, E-64, pepstatin A, bestatin, and 4-(2-amino-
ethyl) benzenesulfonyl fluoride hydrochloride) (Nacalai
Tesque, Kyoto, Japan). The homogenate was centrifuged
at15 000 g, 4°C for 30 minutes and the supernatant was
stored at-80°C for the Western blot analysis.

Western blotting was performed according to the pre-
viously described methods (18, 19). Briefly, samples were
incubated with a sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) sample buffer for five
minutes at 95°C. Each sample (20-40 ng/lane) was then
subjected to SDS-PAGE and the separated proteins were
transferred for 60 minutes to a PVDF membrane (GE
Healthcare, Buckinghamshire, UK). The membrane was
incubated first at room temperature for 60 minutes with
ablocking solution containing 0.3-2% skim milk in 25 mM
Tris, 150 mM NaCl, 0.1% Tween-20 (pH 7.5), then overnight
(4°C) with the corresponding primary antibodies, fol-
lowed by a 60 minutes-incubation with a goat anti-rabbit
IgG-HRP conjugate (1:2000, Santa Cruz Biotechnology,
CA) for Kir4.1, donkey anti-goat IgG-HRP conjugate (1:2
000, Santa Cruz Biotechnology) for Kir5.1, a donkey anti-
goat IgG-HRP conjugate (1:2 000, Santa Cruz Biotechnolo-
gy) for Kir2.1, or sheep anti-mouse IgG-HRP conjugate (1:2
000, GE Healthcare, Buckinghamshire, UK) for g-actin as
the secondary antibody. Final detection was performed
using the enhanced chemiluminescence method (Amer-
sham ECL Western blotting detection reagents and analy-
sis system, GE Healthcare, Buckinghamshire, UK) using
a lumino imaging analyzer (LAS-3000, FUJIFILM, Tokyo,
Japan). The primary antibodies used were a rabbit poly-
clonal antibody against Kir4.1 (1:500, Alomone Labs., Je-
rusalem, Israel), a goat polyclonal antibody against Kir5.1
(N-12) (1:400 Santa Cruz Biotechnology), a goat polyclonal
antibody against Kir2.1 (1:400, Santa Cruz Biotechnol-
ogy) and mouse monoclonal antibodies against -actin
(Sigma-Aldrich, St. Louis, MO). To normalize for protein
loading, the chemiluminescence of the bands in each
lane was standardized to the intensity of the p-actin band
in the same lane.

3.4. Statistical Analysis

All data are expressed as mean = SEM. Expressional
changes in Kir channel subunits determined by Western
blot were compared with a Student’s t-test (parametric
two-group comparison). Differences were considered to
be statistically significant for values of P < 0.05.
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4. Results

4.1. Absence-like Seizures in Groggy Rats

We first checked the frequency (incidence rate) of ab-
sence-like seizures in Groggy rats. Groggy rats showed
ataxic gait with occasional extension of the hind limbs
when moving, but other behaviors (eg, alertness, explor-
ing and spontaneous activity) were generally normal. In
addition, Groggy rats often exhibited spontaneous ab-
sence-like seizures, which are characterized by a sudden
immobile posture with vacuous staring, accompanied by
synchronously-associated EEG discharges characterized
by 7-8 Hz SWD (Figure 1). The incidence of absence-like
seizures and the total duration of SWD in the Groggy rats
were 50.0 +7.08 times and 357 + 48.5 seconds/15 minutes
observation (n = 4), respectively.

Figure 1. Incidence of Absence-like Seizures and EEG Patterns in Groggy
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Groggy rats often exhibit spontaneous absence-like seizures with syn-
chronously-associated 7-8 Hz spike-wave discharges (SWD). A) Number
and total duration of absence-like seizures during a 15 minutes observa-
tion period. B) Typical EEG patterns recorded from the cerebral cortex (Cx)
and hippocampus (Hpc) during absence-like seizures.

4.2. Kir4.1 Expressional Levels in Groggy Rats

As previously reported by both our group (18, 19) and
other researchers (29, 30), Kir4.1 was detected primarily
as a tetramer (~160 kDa) in all brain regions examined
in Groggy and control (Slc:Wistar) rats (Figure 2). Levels
of Kir4.1 were relatively high in the thalamus (Th), hy-
pothalamus (Ht) and pons-medula oblongata (P/MO) in
both animal groups (Figure 3). However, no significant
differences in Kir4.1 expression were observed between
Groggy rats and control rats in any of the 10 brain regions
examined.
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Figure 2. Western Blot Analysis for Kir4.1, Kir5.1 and Kir2.1 Subunits in
Groggy Rats
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Figure 2 shows typical Western blots probed with the anti-Kir4.1, anti-
Kir5.1 and anti-Kir2.1 antibodies in Groggy and control (Slc:Wistar) ani-
mals. otCx, occipito-temporal cortex; Hpc, hippocampus; Th, thalamus;
Mid, Midbrain; Reference: p-actin.

Figure 3. Regional Expression of Kir4.1in Groggy Rats
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Kir4.1expression was expressed as relative optical density (ROD) to p-actin.
fCx, frontal cortex; ptCx, parieto-temporal cortex; otCx, occipito-temporal
cortex; St, striatum; Hpc, hippocampus; Th, thalamus; Ht, hypothalamus;
Mid, midbrain; P/MO, pons/medulla oblongata; Cer, cerebellum. Each val-
ue shows the mean + SEM of five (Groggy) or six (control) animals.

4.3. Kir5.1 Expressional Levels in Groggy Rats

As reported previously (18, 19), the Kir5.1 subunit was
detected mainly as a monomer (Kir5.1: 50 kDa) in all 10 re-
gions (Figure 2). Levels of Kir5.1 were relatively high in the
Th and midbrain (Mid) both in Groggy and control rats,
but no statistical significances were observed between
the two groups (Figure 4).
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4.4. Kir2.1 Expressional Levels in Groggy Rats

The Kir2.1 subunit was detected as a monomer (Kir2.1: 45
kDa) in all 10 regions (Figure 2). The levels of Kir2.1 were
relatively high in the Th. However, the Kir2.1 levels in the
10 brain regions were not significantly different between
the Groggy and control rats (Figure 5).

5. Discussion

Groggy rats, an ataxic mutant, were originally the prog-
eny of female Slc:Wistar rats which had been given meth-
ylnitrosourea at an early stage of the gestational period
(31). Groggy rats have thereafter been shown to carry a
missense mutation (M251K) in the gene encoding the a,,
subunit of the P/Q type voltage-dependent Ca?* channel
(Cacnaia), and exhibit absence-like seizures (24). Specifi-
cally, Groggy rats frequently show a sudden immobile
posture and synchronously-associated 7-8 Hz SWD in
EEG. In addition, absence-like seizures in Groggy rats
were selectively alleviated by medications for human ab-
sence seizures (i.e. ethosuximide and sodium valproate),
but not by phenytoin, which lacks anti-absence activity
(24). In the present study, we confirmed the incidence
of absence-like seizures in Groggy rats, of which the fre-
quency and duration for absence-like seizures were simi-
lar to those reported previously (23, 25). Since Groggy
rats frequently exhibited absence-like seizures, expres-
sion analysis in the present study seems to reflect the Kir
levels under an ictal state. However, neither expression
of Kir4.1 nor Kir5.1 were changed in any brain regions of
the Groggy rats, suggesting that Kir4.1 and Kir5.1 expres-
sion are not involved in epileptogenicity or consequent
pathological changes in absence seizures. In addition,
absence seizures also negligibly affected the expression
of Kir2.1, which even at low levels is also expressed in the
astrocytes of several brain regions (e.g. piriform cortex
and olfactory bulb) (26, 27).

It is now known that dysfunction or reduced expression
of Kir4.1 channels, due to gene mutations, induces GTC
seizures and ataxia (e.g. unstable gait and/or frequent
falls) in humans (13, 14). Although the detailed mecha-
nisms remain to be clarified, we previously demonstrat-
ed that expression of astrocytic Kir4.1 was significantly re-
duced in Noda epileptic rats (NER), an epileptic model for
GTC seizures, specifically in astrocytic foot processes in
the amygdaloid nuclei (i.e. medial amygdaloid nucleus
and basomedial amygdaloid nucleus) (18) (Table 1). In ad-
dition, recent clinical studies showed that Kir4.1 expres-
sion was significantly diminished in patients with tem-
poral lobe epilepsy (20-22). All these results suggest that
the reduced activity of astrocytic Kir4.1 channels evokes
GTC and/or temporal lobe seizures, probably by disrupt-
ing spatial K* buffering, which consequently elevates
extracellular K* and glutamate concentrations. Taken to-
gether, the present study revealed distinct roles of Kir4.1
in modulating convulsive and non-convulsive epileptic
seizures and, unlike GTC seizures, the incidence of ab-

sence seizures may not be affected by Kir4.1 or Kir4.1/5.1
channel activities and spatial K* buffering.

Figure 4. Regional Expression of Kir5.1 in Groggy Rats
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Kir5.1 expression was expressed as relative optical density (ROD) to p-actin.
fCx, frontal cortex; ptCx, parieto-temporal cortex; otCx, occipito-temporal
cortex; St, striatum; Hpc, hippocampus; Th, thalamus; Ht, hypothalamus;
Mid, midbrain; P/MO, pons/medulla oblongata; Cer, cerebellum. Each val-
ue shows the mean + SEM of five (Groggy) or six (control) animals.

Figure 5. Regional Expression of Kir2.1in Groggy Rats
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Kir2.1 expression was expressed as relative optical density (ROD) to p-actin.
fCx, frontal cortex; ptCx, parieto-temporal cortex; otCx, occipito-temporal
cortex; St, striatum; Hpc, hippocampus; Th, thalamus; Ht, hypothalamus;
Mid, midbrain; P/MO, pons/medulla oblongata; Cer, cerebellum. Each val-
ue shows the mean + SEM of five (Groggy) or six (control) animals.

Table 1. Alterations in Astrocytic Kir4.1 Expression in Animal
Models of Absence-like and Generalized Tonic-clonic (GTC)
Seizures & P

Brain Regions GRY (Absence NER (GTC
Seizures) Seizures)
Frontal cortex no change no change
Parieto-temporal cortex  no change no change
Occipito-temporal cortex no change 1€ (amygdala)
Striatum no change no change
Hippocampus no change no change
Thalamus no change l
Hypothalamus no change no change
Midbrain no change no change
Medulla-oblongata no change no change
Cerebellum no change no change

@ Abbreviation: NER, Noda epileptic rats. GRY, Groggy rats

The results for Kir4.1 expression in NER are quoted from our previous
study (18).
€ Reduced expression (down-regulation)

Arch Neurosci. 2014;1(3):e18651



HaradaYetal.

In conclusion, to explore the pathophysiological altera-
tions of Kir4.1 expression in absence seizures, Western
blot analysis was performed in Groggy rats, a rat model
of absence seizures. While Groggy rats showed a frequent
incidence of absence-like seizures, our results revealed
that neither the expression of Kir4.1, Kir5.1 nor Kir2.1 of
Groggy rats was significantly altered in any of the brain
regions examined (eg, cerebral cortex, striatum, hippo-
campus, diencephalon, midbrain, pons/medulla oblon-
gata and cerebellum). The present results suggest that
dysfunction of Kir4.1 is specifically linked to GTC and/or
temporal lobe seizures, but not to absence seizures.
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