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ABSTRACT

In the present study, we performed an analysis of tandem of P domains in a weak inwardly
rectifying K* channel (TWIK)-related acid-sensitive K* (TASK)-1 channel immunoreactivity in
the rat hippocampal complex following pilocarpine-induced status epilepticus (SE). In control
animals, TASK-1 immunoreactivity was strongly detected in astrocytes in the hippocampal
complex. One day after SE, TASK-1 immunoreactivity in astrocytes was markedly reduced only
in the molecular layer of the dentate gyrus. One week after SE, loss of astrocytes was observed
in the molecular layer of the dentate gyrus. At this time point, TASK-1 immunoreactive cells
were detected mainly in the subgranular region. These cells had bipolar, elongated cell bodies
with fusiform-shaped nuclei and showed vimentin immunoreactivity. Four weeks after SE (when
spontaneous seizure developed), typical reactive astrogliosis was observed in the dentate gyrus
and the CA1 region. Almost no astrocytes in the molecular layer showed TASK-1 immunoreac-
tivity, whereas astrocytes in the CA1 region showed strong TASK-1 immunoreactivity. These
findings indicate that, after SE, TASK-1 immunoreactivity was differentially altered in astro-
cytes located in different regions of the hippocampal complex, and these changes were caused by
astroglial degeneration/regeneration. Therefore, alteration in TASK-1 immunoreactivity may
contribute to acquisition of the properties of the epileptic hippocampal complex. J. Comp. Neurol.
510:463—-474, 2008.  © 2008 Wiley-Liss, Inc.
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Status epilepticus (SE) is a medical emergency with
significant mortality (DeLorenzo et al., 1995). SE has been
defined as continuous seizure activity, and SE involves
severe and prolonged hypoxia, enough to induce a sus-
tained encephalopathy (Rossetti et al., 2007). Therefore,
SE causes neuronal cell death (Fujikawa, 1995; Rice and
DeLorenzo, 1998), epileptogenesis (Rice and DeLorenzo,
1998), and learning impairment (Stewart and Persinger,
2001). SE also induces astroglial death, which plays a role
in the epileptogenic mechanism and in determining the
pathophysiological profiles of the epileptic hippocampal
complex (Bacci et al., 1999; Kang et al., 2006). Some pre-
vious studies have demonstrated that various astroglial
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molecule expression levels are also altered following SE.
For example, loss or down-regulation of glutamine syn-
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thase (GS), glutamate dehydrogenase (GDH), and
vy-aminobutyric acid (GABA) transporter-3 (GAT-3) were
pronounced in the hippocampi of epilepsy patients and
experimental temporal lobe epilepsy models (Fields and
Stevens-Graham, 2002; Eid et al., 2004; van der Hel et al.,
2005; Kang et al., 2006). Furthermore, the functional
properties (responsiveness to glutamate, characteristics of
Ca®" oscillations and K" buffering) of astrocytes in the
epileptic hippocampal complex are also distinct from those
in normal astrocytes (Lee et al., 1995; Gabriel et al., 1998).
K™ channels are ubiquitously expressed in multicellular
and unicellular organisms and are among the most heter-
ogeneous group of ion channels identified in terms of
structure and function. K" channels are multimeric mem-
brane proteins capable of allowing the passage of K™ ions
across the membrane down their electrochemical potential
gradient. Among the subfamily of two P domain K* chan-
nels, tandem of P domains in a weak inwardly rectifying
K" channel (TWIK)-related acid-sensitive K* (TASK)-1
channels act as outwardly rectifying K" channels, which
are characterized by four putative transmembrane do-
mains. These channels are thought to underlie the leak or
background K" conductance. This conductance maintains
the passive properties of the cell. They have also been
implicated in the regulation of excitability by neurotrans-
mitters (Duprat et al., 1997; Leonoudakis et al., 1998;
Reyes et al., 1998; Kim et al., 2000; Niemeyer et al., 2006).
In the present study, we investigated the possibility
that SE induces a differential expression of TASK-1 chan-
nel in astrocytes at different locations in the hippocampal
formation, which plays a role in the functional properties
of the epileptic hippocampal complex. Here, we show a
spatial/temporal differential expression of astroglial
TASK-1 in pilocarpine-induced experimental SE, which
extends our understanding of the roles of astrocytes in the
properties of the epileptic hippocampal complex.

MATERIALS AND METHODS
Experimental animals

This study utilized the progeny of Sprague-Dawley (SD)
rats obtained from the Experimental Animal Center, Hal-
lym University, Chunchon, South Korea. The animals
were provided with a commercial diet and water ad libi-
tum under controlled temperature, humidity, and lighting
conditions (22°C = 2°C, 55% = 5% and a 12:12-hour light/
dark cycle with lights). The procedures involving animals
and their care were conducted in conformity with the
institutional guidelines and were in compliance with in-
ternational laws and policies (NIH Guide for the care and
use of laboratory animals; NIH Publication No. 80-23,
1996).

Seizure induction

Male SD rats (9 weeks old, n = 35) were treated with
pilocarpine (380 mg/kg, i.p.) at 20 minutes after atropine
methylbromide (5 mg/kg, i.p.). Among pilocarpine-treated
rats, 32 showed acute behavioral features of SE (including
akinesia, facial automatisms, limbic seizures consisting of
forelimb clonus with rearing, salivation, masticatory jaw
movements, and falling). Diazepam (10 mg/kg, i.p.) was
administered 2 hours after onset of status epilepticus (SE)
and repeated as needed. The other animals (n = 3) showed
only acute seizure behaviors during 10—-30 minutes. These
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nonexperienced SE rats were not used in the present
study. After SE, animals were observed for 3—4 hours per
day in the vivarium for general behavior and occurrence of
spontaneous seizures for 4 weeks. In the acute period (1
day after SE, n = 10), animals seemed somnolent and
tended to lie down more than the control animals. In the
latent (epileptogenic or silent) period (1 week after SE,
n = 11), rats showed normal behavior. The onset of spon-
taneous seizure occurrence was approximately 3—4 weeks
after SE (n = 11). Spontaneous seizures were scored grade
3 or greater on the Racine (1972) Scale (i.e., forelimb
clonus =+ rearing * falling). These behavioral results were
consistent with our previous studies (Kang et al., 2006;
Kwak et al., 2006). Age-matched animals (n = 13) were
used as controls.

Tissue processing

At designated times (1 day, 1 week, and 4 weeks after
SE), animals were anesthetized (urethane, 1.5 g/kg 1.P.)
and perfused transcardially with phosphate-buffered sa-
line (PBS) followed by 4% paraformaldehyde in 0.1 M PB
(pH 7.4). Control animals were also perfused by the same
methods. The brains were removed and postfixed in the
same fixative for 4 hours. The brain tissues were cryopro-
tected by infiltration with 30% sucrose overnight. There-
after, the tissues were frozen and sectioned with a cryo-
stat at 30 wm, and consecutive hippocampal sections were
collected in six-well plates containing PBS. For stereologi-
cal study, all sections of the entire hippocampus were used
in some animals.

Antibody characterization

The TASK-1 antiserum was purchased from Chemicon
(Temecula, CA; catalog No. AB5250) and was raised in
rabbit against a highly purified peptide corresponding to
residues 252269 of human TASK-1. This epitope is spe-
cific for TASK-1 and is highly conserved in rat TASK-1
(17/18 residues identical). This antibody identifies a single
~50-kDa band on Western blots of rat brain tissue lysates
(manufacturer’s information) and has been reported to
identify rat astrocytes (Millar et al., 2000; Rau et al.,
2006). For negative control, the rat hippocampal tissues
were incubated with 1 pg of the antibody, which was
preincubated with 1 pg of purified peptide for 1 hour at
room temperature.

The glial fibrillary acidic protein (GFAP) antiserum was
also purchased from Chemicon (catalog No. MAB3402),
which identifies a single ~51-kDa band on Western blots
of brain lysates. This antibody was raised against purified
porcine GFAP. This antibody has been reported to identify
the astrocytes of various animals (manufacturer’s infor-
mation). For negative control, the rat hippocampal tissues
were incubated with only the secondary antibody without
GFAP antibody (Yang et al., 2005; manufacturer’s infor-
mation).

The vimentin (Vim) antiserum was purchased from
Dako Cytomation (Carpinteria, CA; catalog No. M0725).
This antibody was raised against purified vimentin from
porcine eye lens, and the specific cross-reactivity with rat
vimentin was previously tested by immunohistochemistry
(Pecchi et al., 2007). Vim antibody labels a single band of
57 kDa corresponding to vimentin. As demonstrated by
immunocytochemistry, the antibody cross-reacts with the
vimentin-equivalent protein in man, cow, dog, hamster,
horse, rhesus and African green monkeys, rabbit, rat, and
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TASK-1 GFAP Vim
Fig. 1. Results for the hippocampus in the negative control test. The immunohistochemical controls
show the absence of any immunoreactivities in all structures. A: TASK-1. B: GFAP. C: Vimentin. Scale
bar = 400 pm.
rat kangaroo (manufacturer’s information). For negative point grid (100 X 100 pm? in this study), t,,. is the

control, the rat hippocampal tissues were incubated with
Dako Cytomation mouse IgG1 (catalog No. X 0931) diluted
to the same concentration as the primary antibody (man-
ufacturer’s information). All negative controls for immu-
nohistochemistry resulted in the absence of immunoreac-
tivity in any structure (Fig. 1).

Immunohistochemistry and double
immunofluorescent staining

The sections were first incubated with 3% bovine serum
albumin in PBS for 30 minutes at room temperature.
Sections were then incubated in the following primary
antibodies in PBS containing 0.3% Triton X-100 overnight
at room temperature: mouse anti-GFAP IgG (Chemicon;
diluted 1:200) or rabbit anti-TASK-1 IgG (Chemicon; di-
luted 1:200). The sections were washed three times for 10
minutes each with PBS, incubated sequentially, in biotin-
ylated horse anti-mouse or goat anti-rabbit IgG (Vector,
Burlingame, CA) and ABC complex (Vector), diluted 1:200
in the same solution as the primary antiserum. Between
incubations, the tissues were washed with PBS three
times for 10 minutes each. The sections were visualized
with 3,3’-diaminobenzidine (DAB) in 0.1 M Tris buffer
and mounted on gelatin-coated slides. The immunoreac-
tions were observed under an Axiophot microscope (Carl
Zeiss, Oberkochen, Germany). All images were captured
with an Axiocam HRc camera and Axio Vision 3.1 soft-
ware.

Double immunofluorescent staining for TASK/GFAP
was also performed. Brain tissues were incubated in mix-
ture of rabbit anti-TASK-1 IgG (Chemicon; diluted 1:50)/
mouse anti-GFAP IgG (Chemicon; diluted 1:100) over-
night at room temperature. After washing three times for
10 minutes with PBS, sections were also incubated in a
mixture of FITC- and Cy3-conjugated secondary antisera
(Amersham, Arlington Heights, IL; diluted 1:200) for 1
hour at room temperature. Sections were mounted in
Vectashield mounting medium with DAPI (Vector). All
images were captured using an Axiocam HRc camera and
Axio Vision 3.1 software.

Stereology

The hippocampal volumes (V) were estimated according
to a formula based on the Cavalieri method: V= XP X a X
thom X 1/ssf, where P is the number of test points falling
on the region of the delineated subfield, a is the area of a

nominal section thickness (30 wm in this study), and ssf'is
the fraction of the sections sampled or section sampling
fraction (1 in this study, because we used all sections in
the entire hippocampus). The subfield areas were delin-
eated with a X2.5 objective lens. The volumes are reported
as mm?® (Bedi, 1991; Madeira et al., 1995). The optical
fractionator was used to estimate the cell numbers. The
optical fractionator (combination of performing counting
with the optical disector, with fractionator sampling) is a
stereological method based on a properly designed system-
atic random sampling method that by definition yields
unbiased estimates of population number. The sampling
procedure is accomplished by focusing through the depth
of the tissue (the optical disector height, h; 15 pm in all
cases for this study). The number of each cell type (C) in
each of the subregions is estimated as: C = 3Q~ X t/h X
1/asf X 1/ssf, where Q  is the number of cells actually
counted in the disectors that fell within the sectional
profiles of the subregion seen on the sampled sections, and
asf'is the areal sampling fraction calculated by the area of
the counting frame of the dissector, a(frame) (50 X 50 pm,
in this study) and the area associated with each x,y move-
ment, grid (x,y step; 250 X 250 pwm, in this study) asf =
[a(frame)/a(x,y step)]. GFAP and TASK-1 immunoreactiv-
ity of the cytoplasm was the criterion followed to identify
each cells. The immunoreactive cells were counted with a
x40 objective lens. All immunoreactive cells were counted
regardless the intensity of labeling. In addition, analysis
of the ratio of TASK-1" asctrocytes in GFAP™ astrocytes
was performed. Cell counts were performed by two differ-
ent investigators who were blind to the classification of
tissues. SE-induced hippocampal atrophy is evident (Roch
et al., 2002; Niessen et al., 2005), so changes in cell num-
ber may be caused by an alterations in volume of the
hippocampus. Therefore, the total number of cells was
corrected by multiplying with appropriate correction fac-
tors (CF) representing the degree of shrinkage (or swell-
ing) compared with the control (Shetty and Turner, 2000).

Data analysis

All data obtained from the quantitative measurements
were analyzed by using a one-way ANOVA to determine
statistical significance. Bonferroni’s test was used for post
hoc comparisons. A P value below either 0.01 or 0.05 was
considered statistically significant.
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Fig. 2. A-E: The localization of TASK-1 (green) and GFAP (red) respectively. Blue is DAPI counterstaining. GL, granule cell layer; H,
signals in the control hippocampal complex. TASK-1 immunoreactiv-  hilus; ML, molecular layer; SO, stratum oriens; SP, stratum pyrami-
ity is contained within almost GFAP™" astrocytes in the hippocampal dale; SR, stratum radiatum; V, vessel. Scale bars = 200 pm in A; 50
complex. Panels 1, 2, and 3 are TASK-1, GFAP, and merged images, pm in B,D; 10 pm in C,E.
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TABLE 1. Counting Results From the Stereology of the CA1 Region®
C CE (C)
V (mm?) CF GFAP TASK-1 GFAP TASK-1
Control Mean 11.13 1 248,468 216,846 0.042 0.041
(n=5) SEM 0.89 17,393 19,516
CvV 0.08 0.07 0.09
1 Day Mean 11.84 0.94 266,468 226,468 0.039 0.040
(m =5) SEM 1.36 23,982 24,911
CvV 0.12 0.09 0.11
1 Week Mean 9.97 1.11 226,489 213,346 0.038 0.037
(n=5) SEM 1.21 24,913 17,068
CcvV 0.12 0.11 0.08
4 Weeks Mean 8.49% 1.31 213,234 198,681 0.048 0.046
(m =5) SEM 1.00 27,720 23,842
CvV 0.12 0.13 0.12

ISEM, standard error of the mean; CV, coefficient of variation; V, volume; CF, correction (shrinkage) factor; C, total number of cells; CE (C), coefficient of error of the total number

of cells.
2Significant differences from the controls, P < 0.05.

TABLE 2. Counting Results From the Stereology of the Molecular Layer of the Dentate Gyrus®

C CE (C)
V (mm?) CF GFAP TASK-1 GFAP TASK-1
Control Mean 7.02 1 86,569 81,329 0.042 0.038
(n=5) SEM 0.63 7,791 8,376
cv 0.09 0.09 0.10
1 Day Mean 7.26 0.97 88,537 62,6512 0.041 0.039
(n =5) SEM 0.80 9,739 6,516
cv 0.1 0.11 0.10
1 Week Mean 6.48 1.08 36,9673 16,326° 0.039 0.042
(n=5) SEM 0.71 4,806 1,959
cv 0.11 0.13 0.12
4 Weeks Mean 5.97% 1.18 81,148 13,326° 0.048 0.047
(n=5) SEM 0.48 8,926 1,733
cv 0.08 0.11 0.13

1SEM, standard error of the mean; CV, coefficient of variation; V, volume; CF, correction (shrinkage) factor; C, total number of cells; CE (C), coefficient of error of the total number

of cells.
2P < 0.05 vs. control.
3P < 0.01 vs. control.

RESULTS
Control

CAI region. TASK-1immunoreactive (TASK-17) as-
trocytes were abundantly localized in the stratum
oriens, stratum radiatum, stratum lucidum, and stra-
tum lacunosum-moleculare of the CA1l region. Almost
GFAP-immunoreactive (GFAP"') astrocytes showed
TASK-1 immunoreactivity (Fig. 2A-C).

Dentate gyrus. TASK-1 immunoreactivity was
strongly detected in astrocytes in the molecular layer and
the hilus of the dentate gyrus. Almost GFAP™ astrocytes
showed TASK-1 immunoreactivity (Fig. 2A,D,E).

One day after SE

CALl region. The processes of TASK-17 astrocytes be-
came unevenly thick, with ragged edges in the CA1 region.
These TASK-1" astrocytes showed strong GFAP immuno-
reactivity (Fig. 3A—C). There was no difference in the total
number of TASK-1" astrocytes, the volume of the CA1l
region, and the ratio of TASK™" astrocytes in GFAP immu-
noreactive (GFAP™) astrocytes from control (Table 1, see
Fig. 4A).

Dentate gyrus. Similar to control animals, GFAP im-
munoreactivity was strongly detected in astrocytes in the
molecular layer and the hilus of the dentate gyrus (Fig.
3A,D,E). The total number of GFAP" astrocytes in the
dentate gyrus was similar to that of control animals (Ta-
ble 2). Because TASK-1 immunoreactivity in GFAP™" as-
trocytes was markedly reduced (Figs. 3A,D,E, 4B), the

total numbers of TASK-1" astrocyte were significantly
reduced compared with control animals (P < 0.05, Table
2). However, there was no difference in the volume of the
molecular layer from control (Table 2).

One week after SE

CAlI region. One week after SE (latent or epilepto-
genic period; Fig. 5), TASK-1" astrocytes in the CA1 re-
gion showed hypertrophy of the cell bodies and processes
of astrocytes. These hypertrophic TASK-1" astrocytes
showed strong GFAP™ immunoreactivity (Fig. 5A-C).
There was no difference in the total number of TASK-1*
astrocytes, the volume of the CAl region, or the ratio of
TASK" astrocytes in GFAP™" astrocytes from control (Ta-
ble 1, Fig. 4A).

Dentate gyrus. Consistently with our previous study
(Kang et al., 2006), loss of GFAP™ astrocytes was observed
in the molecular layer of the dentate gyrus at 1 week after
SE (P < 0.01 vs. control; Fig. 4B, Table 2). The disappear-
ance of GFAP™ astrocytes was pronounced from the inner
molecular layer to the outer molecular layer, indicating
that the network of astrocytes had been disrupted (Fig.
5A,D,E). Because of astroglial loss, TASK-1* immunore-
activity was also reduced in the molecular layer of the
dentate gyrus (Figs. 4B, 5A,D,E). Therefore, the total
number of TASK-1" astrocytes was significantly reduced
in the molecular layer of the dentate gyrus (P < 0.01 vs.
control; Table 2). There was no difference in the volume of
the molecular layer from control (Table 2). In contrast to
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Fig. 3. A-E: TASK-1 (green) and GFAP (red) signals in the hip-
pocampal complex at 1 day after SE. In the CA1 region (B,C), TASK-1
immunoreactivity is unaltered in GFAP" astrocytes compared with
controls. In the dentate gyrus (D,E), however, TASK-1 immunoreac-
tivity in GFAP™" astrocytes is markedly decreased. Panels 1, 2, and 3

are TASK-1, GFAP, and merged images, respectively. Blue is DAPI
counterstaining. GL, granule cell layer; H, hilus; ML, molecular layer;
SO, stratum oriens; SP, stratum pyramidale; SR, stratum radiatum.
Scale bars = 200 pm in A; 50 pm in B,D; 10 pm in C,E.
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Fig. 4. Comparison of the colocalization of TASK-1 immunoreac-
tivity in GFAP™ astrocytes following SE. A: The ratio of TASK-1*
immunoreactivity in GFAP" astrocytes in the CA1 region following
SE (mean = SEM). B: The ratio of TASK-1" immunoreactivity in

the molecular layer, TASK-1" cells were strongly detected
in the subgranular region (Fig. 6). These cells had bipolar,
elongated cell bodies with fusiform-shaped nuclei, and
these bipolar cells showed Vim immunoreactivity. Some
Vim™* cells with branched processes were also located in
the inner molecular layer of the dentate gyrus. However,
these Vim™" cells showed very weak TASK-1 immunoreac-
tivity.

Four weeks after SE

CAl region. After recurrent seizure onset (4 weeks
after SE; Fig. 7TA-C), GFAP™ astrocytes showed typical
reactive gliosis (hypertrophy and hyperplasia of cell bod-
ies and processes of astrocytes) in the CA1 region. GFAP™
astrocytes in the CAl region showed strong TASK-1 im-
munoreactivity. At this time point, animals showed atro-
phy of the CA1 region (76% of controls). These findings
were consistent with previous studies demonstrating re-
ductions in hippocampal volumes following SE (Roch et
al., 2002; Niessen et al., 2005). However, there was no
difference of the total number of TASK-1" astrocytes from
control (Table 1, Fig. 4A).

Dentate gyrus. GFAP" astrocytes showed typical re-
active gliosis in the dentate gyrus (Fig. 7A,D,E). At this
time point, the volume of the molecular layer of the den-
tate gyrus was 84.9% that of controls. However, the total
number of GFAP™ astrocytes in the dentate gyrus recov-
ered to the control level (Fig. 4B, Table 2). Approximately
16% of GFAP™" astrocytes in the molecular layer of the
dentate gyrus showed TASK-1 immunoreactivity (P <
0.01; Figs. 4B, 7D,E, Table 2).

DISCUSSION

Region-specific distribution of TASK-1 in
the hippocampal complex following SE

In the present study, TASK-1 immunoreactivity was
abundantly observed in astrocytes within the normal hip-
pocampal complex. These findings are consistent with pre-
vious studies demonstrating the localization of TASK-1 in

TASK-1" cells/ GFAP' cells

469

1.0
0.9
0.8
0.7
0.6
0.5
0.4
0.3
02
0.1
0.0 ! . !
1 wk

%

Control 1 day 4 wks

Dentate

GFAP" astrocytes in the dentate gyrus following SE (mean = SEM).
Unlike the CA1l region, TASK-1 immunoreactivity is reduced in
GFAP" astrocytes in the dentate gyrus following SE. Significant
differences from the controls, *P < 0.05, **P < 0.01.

the rat hippocampal complex (Kindler et al., 2000; Talley
et al., 2000). After SE, the total numbers of TASK-1*
astrocytes and GFAP™ astrocytes were unaltered in the
CA1 region, although the volume of CA1l region was re-
duced at 4 weeks after SE. These findings indicate that SE
may not affect astrocytes in the CA1 region.

In contrast to the CA1l region, the total number of
TASK-1" astrocytes in the molecular layer of the dentate
gyrus was significantly reduced in the latent period (1 day
to 1 week after SE), although the volume was unaltered.
Based on our previous study (Kang et al., 2006), reduced
TASK-1 immunoreactivity in the molecular layer may be
due to astroglial degeneration. Furthermore, TASK-1*/
Vim™ astrocytes (bipolar elongated cells) were detected
mainly in the subgranular region. However, some Vim™
cells located in the inner molecular layer showed no
TASK-1 immunoreactivity. These findings indicate that
TASK-1 immunoreactivity was transiently increased in
immature astroglia. Immature Vim™ astrocytes appear to
be bipolar elongated cells, and the morphological organi-
zation and phenotype of these cells are modified during
the course of their maturation, which is accompanied by a
progressive increase in GFAP expression (Lendahl et al.,
1990; Sancho-Tello et al., 1995). Our previous study (Kang
et al., 2006) demonstrated that proliferative astroglia in
the subgranular zone migrate into the molecular layer of
the dentate gyrus. Furthermore, Bordey and Sontheimer
(1997) reported that immature astrocytes showed a strong
outwardly rectifying K* current, which was gradually de-
creased during postnatal development. Furthermore, the
outwardly rectifying K* current is important in growth
control and cell proliferation in astroglia (Sontheimer,
1994). With respect to these previous studies, our findings
indicate that transient TASK-1 expression in Vim™ astro-
cytes may be involved in the enhancement of outwardly
rectifying K* current in newly generated astrocytes,
which plays a role in the proliferation or migration after
astroglial loss.

Four weeks after SE (when spontaneous seizure devel-
oped), in the present study, the total number of GFAP™
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Fig. 5. A-E: TASK-1 (green) and GFAP (red) signals in the hip-
pocampal complex at 1 week after SE. In the CAl region (B,C),
hypertrophic astrocytes show strong GFAP and TASK-1 immunore-
activity. In dentate gyrus (D,E), both GFAP and TASK-1 immunore-
activity is rarely detected in the molecular layer. Panels 1, 2, and 3 are

E3

TASK-1, GFAP, and merged images, respectively. Blue is DAPI coun-
terstaining. GL, granule cell layer; H, hilus; ML, molecular layer; SO,
stratum oriens; SP, stratum pyramidale; SR, stratum radiatum. Scale
bars = 200 pm in A; 50 pm in B,D; 10 pm in C,E.
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Fig. 6. A-C: Double immunofluorescence for TASK-1 (green) and
vimentin (red) in the dentate gyrus at 1 week after SE. Vimentin-
positive astrocytes in subgranular region contain TASK-1 immunore-
activity (arrows). Blue is DAPI counterstaining. Panels 1, 2, and 3 are

astrocytes had recovered to control level, although the
volume of molecular layer of the dentate gyrus was re-
duced to 85% of control level. However, only 16% of reac-
tive astrocytes in the molecular layer of the dentate gyrus
showed TASK-1 immunoreactivity. These findings indi-
cate that the loss of TASK-1 immunoreactivity might not
be related to alterations in hippocampal atrophy or pro-
longed astroglial loss. In comparison with those of naive
astrocytes, the functional properties (i.e., responsiveness
to glutamate, characteristics of Ca®* oscillations and K*
buffering) of reactive astrocytes are quite distinct (Kimel-
berg et al., 1982; Kraig et al., 1986; Lee et al., 1995;
Lascola and Kraig, 1997; Gabriel et al., 1998; Matsushima
et al., 1998; Kang et al., 2006). Indeed, the loss or down-
regulation of GS is particularly pronounced in regions of
severe neuronal loss and astroglial proliferation within
the hippocampi of epilepsy patients (Eid et al., 2004; van
del Hel et al., 2005). Therefore, down-regulations of

TASK-1, vimentin and merge images, respectively. GL, granule cell
layer; H, hilus; ML, molecular layer. Scale bars = 50 pm in A; 10 pm
in B,C.

TASK-1 immunoreactivity in astrocytes within the den-
tate gyrus at 4 weeks after SE may be a consequence of
gliogenesis rather than the transient dedifferentiations of
naive astrocytes. Alternatively, persistent extracellular
acidosis induced by repeated spontaneous seizure might
also be involved in reduction in astroglial TASK-1 expres-
sion in the dentate gyrus (see below).

Functional implication in the distinct
astroglial TASK-1 expression in the
hippocampal complex

It is well established that the epileptic hippocampal
complex shows differential properties between the dentate
gyrus and the CA1 region in various experimental models.
In the dentate gyrus, paired pulse inhibition is enhanced
(Doherty and Dingledine, 2001; Kobayashi and Buckmas-
ter, 2003; Cohen et al., 2003; Leroy et al., 2004; Kwak et



The Journal of Comparative Neurology

El

Fig. 7. A-E: Double immunofluorescent image of TASK-1 (green)
and GFAP (red) at 4 week after SE. In the CA1 region (B,C), reactive
astrocytes contain strong TASK-1 immunoreactivity. In the dentate
gyrus (D,E), TASK-1" astrocytes are rarely detected, although GFAP
immunoreactivity is strongly observed in reactive astrocytes in the

E3

molecular layer. Panels 1, 2, and 3 are TASK-1, GFAP, and merged
images, respectively. Blue is DAPI counterstaining. GL, granule cell
layer; H, hilus; ML, molecular layer; SO, stratum oriens; SP, stratum
pyramidale; SR, stratum radiatum. Scale bars = 200 pm in A; 50 pm
in B,D; 10 pm in C,E.
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al., 2006), but, in the CA1 region, it is markedly reduced
(Wu and Leung, 2003; Wozny et al., 2005; Kwak et al.,
2006). In addition, Xiong and Stringer (2000) have re-
ported that, in the CA1 region, recurrent epileptiform
activity results in biphasic pH shifts, consisting of an
initial extracellular alkalinization, followed by a slower
acidification. In contrast, in the dentate gyrus, seizure
activity induces only extracellular acidification. Further-
more, Xiong and Stringer suggested that the early extra-
cellular alkalosis might increase excitability in the CA1
region because of reductions in GABA, receptor inhibition
and enhancement in N-methyl-D-aspartate (NMDA) re-
ceptor currents, and the later extracellular acidosis might
be involved in seizure termination.

Four weeks after SE, in the present study, reactive
astrocytes in the molecular layer of the dentate gyrus
showed no TASK-1 immunoreactivity, whereas TASK-1"
reactive astrocytes were abundant in the CA1 region. In
agreement with the present data, we have recently re-
ported that, in the hippocampal complex of seizure-prone
gerbils (a genetic epilepsy model), TASK-1 immunoreac-
tivity in CA1 astrocytes was higher than that in astrocytes
within the dentate gyrus (Kim et al., 2007). Insofar as
TASK currents are highly sensitive to extracellular pH
[low extracellular pH (below 6.5) inhibits TASK currents,
whereas high extracellular pH (about 8.7) potentiates
them] (for review see Brown, 2000), it is conceivable that
the different expression patterns of TASK-1 between CA1l
and dentate gyrus might be involved in the differential
physiological properties and generation of seizure activity
between CA1 and dentate gyrus: After recurrent epilepti-
form activity, in the CA1l region, activation of TASK-1
channels by the initial extracellular alkalosis would in-
crease astroglial outwardly K" rectification. In this situ-
ation, extracellular K™ concentration would be elevated,
which prolongs neuronal depolarization. In contrast to the
CA1 region, down-regulation of astroglial TASK-1 chan-
nels (by either persistent extracellular acidification or
changed properties of newly generated astrocytes) in the
dentate gyrus could effectively contribute to rapid neuro-
nal repolarization by maintenance of low extracellular K*
level. Therefore, our findings indicate that the different
expression patterns of astroglial TASK-1 expression may
be involved in the differential physiological properties and
seizure susceptibilities between CA1 and dentate gyrus in
the hippocampal complex.

In conclusion, our findings indicate that TASK-1 immu-
noreactivity was differentially altered in astrocytes lo-
cated in different regions of the hippocampal com-
plex following SE, and this change was affected by astro-
glial degeneration/regeneration. Therefore, alteration in
TASK-1 immunoreactivity may contribute to acquisition
of the properties of the epileptic hippocampal complex.
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