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Abstract. In this work, the distributions of some acid-
sensitive two-pore-domain K* channels (TASK-1, TASK-
2 and TASK-3) were investigated in the rat and human
cerebellum. Astrocytes situated in rat cerebellar tissue
sections were positive for TASK-2 channels. Purkinje
cells were strongly stained and granule cells and astro-
cytes were moderately positive for TASK-3. Astrocytes
isolated from the hippocampus, cerebellum and cochlear
nucleus expressed TASK channels in a primary tissue

culture. Our results suggest that TASK channel expres-
sion may be significant in the endoplasmic reticulum of
the astrocytes. The human cerebellum showed weak
TASK-2 immunolabelling. The pia mater, astrocytes,
Purkinje and granule cells demonstrated strong TASK-1
and TASK-3 positivities. The TASK-3 labelling was
stronger in general, but it was particularly intense in the
Purkinje cells and pia mater.
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Introduction

Based upon sequence similarities between the pore-form-
ing (or ) subunits of the K* channels, three major classes
(known as superfamilies) are distinguished. Besides the
voltage-gated and inward rectifier K* channels [for re-
views see 1, 2], a new superfamily with four transmem-
brane domains has been described more recently [3]. In
these channels, the functional channel is a dimer [4],
where the subunits consist of a tandem of pore-forming
domains; hence these channels are often referred to as
tandem-pore-domain (TPD), two-P or PP domain chan-
nels. Several classes of the TPD channels have been de-
scribed in the past few years and more recently (TWIK
[4-6], TREK [7-10], TRAAK [11], TASK [12-19],
TALK [20, 21], THIK [22] and TRESK [23]) and the
number is continuously growing. Regulation of these
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channels seems to be extraordinarily complex, as they
may be gated by mechanical stretch of the membrane,
heat, free fatty acids, volatile anaesthetics, protein ki-
nases and various other chemical stimuli, including the
alteration of the intra- or extracellular pH.

TASK (or TWIK-related acid sensitive K*) channels are
particularly sensitive to changes in the extracellular pH
[12, 13, 15, 19]. Certain members of the TASK family
(TASK-1, TASK-3 and TASK-5) are more closely re-
lated to each other than to TASK-2 and TASK-4. In fact,
the latter two channels are now classified as members of
the TALK (TWIK-related alkaline-pH-activated K*
channel) group, and TASK-4 is often referred to as
TALK-2 [20, 21].

TASK (and in particular TASK-1) channels are generally
accepted to function as ‘background’ K* channels [12], be-
ing responsible for the high K* conductance of the various
cells at rest, crucially determining, therefore, their resting
membrane potential. The standing outward K* current of
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cerebellar granule cells (Ix,,; [24]) is also generated by the
activity of TASK-1 channels [25]. Moreover, a recent study
has demonstrated that TASK-3 channels play crucial roles
in the K*-dependent apoptosis of cerebellar granule neu-
rones in culture [26]. Considering the broad physiological
functions of the TASK channels, it is not surprising that the
presence of TASK-specific nucleic acid sequences has
been reported in several different tissues, such as brain,
lung, testis, pancreas and kidney [19, 27]. Besides physio-
logical functions, TASK-3 channels may have oncogenic
potential [28] and increased expression of the TASK-3 en-
coding KCNK9 gene has been reported in a significant
portion of breast cancers [29].

When the distribution of TASK channels in the central
nervous system was investigated, some rather interesting
experimental results were obtained. In human brain, both
TASK-1- and TASK-3-specific mRNA was noticed in a
crude extract, in contrast to the almost complete lack of
TASK-2 mRNA [27]. On the other hand, using immuno-
histochemical methods, both TASK-1 [30] and TASK-2
immunopositivities [31] were observed in the central ner-
vous system of the rat. Particularly noteworthy is that
while neurones, glial cells and ependymal cells all ex-
pressed TASK-1 channels, TASK-2 positivity was re-
ported on neurones only and neither glial nor ependymal
cells showed noticeable TASK-2 immunopositivity.
These data suggested that there might be significant dif-
ferences in the tissue distribution of the various TASK
channels even within the same species. As for the human
brain, the data available concern the presence (or ab-
sence) of TASK-specific mRNA, and this cannot provide
information about the localisation of TASK channels at
the cellular level, hence a more detailed investigation of
the distribution of TASK-specific immunreactivity seems
to be important in the human central nervous system.

In the present study, we demonstrate the immunohisto-
chemical distribution of TASK-1, TASK-2 and TASK-3
in the human cerebellum, and an interspecies comparison
is performed between human and rat. Moreover, using rat
astrocytes maintained in tissue culture, we provide evi-
dence that both GluR- and GluT-type astrocytes express
strong TASK-1 immunoreactivity. Somewhat weaker but
nevertheless present TASK-2 and TASK-3 immunoreac-
tions were also found in both types of astrocyte. The re-
sults obtained in astrocyte tissue culture were confirmed
by Western blotting and RT-PCR methods.

Materials and methods

Enzymatic isolation and tissue culture of astrocytes

The enzymatic dissociation of the hippocampus, cerebel-
lum and cochlear nucleus was performed using a tech-
nique similar to that described earlier [32] (the procedure
was authorised by the Ethical Committee of the Univer-
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sity of Debrecen). In short, 3- to 8-day-old Wistar rats
were decapitated, their brain removed in ice-cold dissect-
ing medium (D1; in mM: NaCl, 136; KCl, 5.2;
Na,HPO,- H,0, 0.64; KH,PO,, 0.22; glucose, 16.6; su-
crose, 22; HEPES, 10; plus 0.06 U/ml penicillin and
0.06 pg/ml streptomycin). All chemicals were purchased
from Sigma (St. Louis, Mo.), unless stated otherwise. En-
zymatic dissociation of brain tissue was achieved by em-
ploying D1 solution containing trypsin (0.025 g/ml;
30 min, 37°C). At the end of the incubation period, the
now gelatinous tissue pieces were transferred to mini-
mum essential medium (MEM) supplemented with 10%
fetal calf serum (FCS) for 5 min (room temperature). In-
dividual cells were obtained by applying very gentle agi-
tation with fire-polished Pasteur pipettes. The cell sus-
pension was diluted for a density of 100,000 cells/ml, and
0.5 ml of this suspension was transferred onto cover-slips
situated in 12 wells of a 24-well tray (the marginal wells
were not used in order to reduce the risk of infection). The
cells were allowed to grow at 37 °C in a 5% CO, atmos-
phere. The feeding medium (MEM supplemented with
10% FCS) was changed on the following day and every
other day thereafter. Under these conditions most of the
neurones died, while the astrocytes kept on dividing and
growing. Immunocytochemistry was usually conducted
on 4- to 5-day-old cultures by which time 70—80% con-
fluence was reached.

Fluorescent immunochemistry

Fluorescent immunochemistry was employed on astro-
cyte cultures. Prior to the immunochemistry, the cells
were fixed with 4% paraformaldehyde (15 min, room
temperature), then washed with phosphate-buffered
saline (PBS) containing 100 mM glycine. Permeabilisa-
tion was carried out by bathing the cells in PBS contain-
ing Triton X-100 (0.1%) for 10 min followed by washing
with PBS. Aspecific binding was prevented by incubating
the cells in PBS containing bovine serum albumin (BSA,
1%) for 30 min. The cells were then incubated with the
primary antibodies (table 1) for 60 min at room tempera-
ture or overnight at 4°C. The cells were rinsed in PBS
(3 X 5 min), incubated with the appropriate secondary an-
tibody (table 2) for 60 min at room temperature, followed
by rinsing in PBS again (3 X 5 min). At the end of the pro-
cedure, the nuclei were stained with DAPI followed by
cover-slip mounting.

Non-fluorescent immunostaining

When tissue samples from rat or human cerebellum were
investigated, non-fluorescent immunohistochemistry was
used. Formaldehyde-fixed, paraffin-embedded sections
were prepared from the human tissue, while both
formaldehyde-fixed (24 h) and frozen (in liquid nitrogen)
sections were employed for rat cerebellum. The human
cerebellar tissue blocks were obtained from the histo-
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Table 1. List of the primary antibodies employed.

TASK channels in the rat and human cerebellum

Antibody Specificity Dilution Raised in Obtained from
Anti-TASK-1 rat 1:50; 1:500; 1:1000 rabbit Alomone, Jerusalem, Israel
Anti-TASK-2 rat 1:50 rabbit Alomone

Anti-TASK-1 human 1:10 goat Santa Cruz, Calif.
Anti-TASK-2 rat, human 1:10 goat Santa Cruz

Anti-TASK-3 rat, human 1:10 goat Santa Cruz

Anti-GFAP human 1:400 rabbit DAKO, Glostrup, Denmark
Anti-GFAP rat, human 1:100 goat Santa Cruz

Anti-NFP human 1:50 mouse DAKO

GFAP, glial fibrillary acidic protein; NFP, neurofilament protein.

pathology specimen of a 78-year-old female patient dy-
ing as a consequence of acute cardiac failure (the tissue
sample was obtained with the written approval of the pa-
tient’s husband and daughter, the procedure was also au-
thorised by the Ethical Committee of the University of
Debrecen). The basic steps of the immunostaining were
the same for both the frozen sections and formaldehyde-
fixed, paraffin-embedded slices. In the cases of formalde-
hyde-fixed sections, antigen retrieval (AR) was achieved
using either pronase treatment (0.1%, 3 min) or by incu-
bating the tissue specimen in 0.01 M Tris buffer (pH 8.8)
in a microwave oven (3 X 5 min).

Following AR, the endogenous peroxidase activity was
blocked by 3% H,O, solution (10 min, room tempera-
ture). Aspecific binding was prevented by incubating the
cells with Protein Block Serum Free Reagent (DAKO,
10 min, room temperature) followed by washing with
PBS. The tissue sections were then exposed to the appro-
priate primary antibody (60 min; table 1) followed by
rinsing with PBS (3 X5 min), the application of the bi-
otin-labelled secondary antibody (30 min; table 2) and
rinsing with PBS again at room temperature. The tissue
samples were then exposed to horseradish peroxidase-
conjugated streptavidin (streptavidin/HRP; 1:500; room
temperature) for 30 min, rinsed with PBS, then incubated
with alkaline phosphatase-conjugated streptavidin (1:50;
30 min). The immunoreaction was visualised using either
VIP (SK4600; Vector) or a diamino-benzidine kit (DAB;
Vector). At this point, the procedure was either termi-
nated with the application of a slight counterstaining
(haematoxylin) or the slices were subjected to another,

Table 2. List of the secondary antibodies employed.

Antibody Dilution Obtained from
Anti-rabbit FITC 1:200 Vector, Burlingame, Calif.
Anti-goat FITC 1:200 Vector

Anti-goat Texas Red 1:200 Vector

Anti-goat biotin 1:500 DAKO

Anti-rabbit biotin 1:300 DAKO

Anti-mouse biotin 1:300 DAKO

glia- or neurone-specific immunoreaction. In these cases,
the blocking solution was employed again for 10 min, fol-
lowed by the application of the second primary antibody
(30 min). The sections were rinsed in Tris-buffered saline
(TBS) both prior to and after the application of the sec-
ondary antibodies (30 min, room temperature). The sam-
ples were then incubated in alkaline phosphatase-conju-
gated streptavidin (1:50; 30 min), and the immunoreac-
tion was visualised using New Fuchsin.

In cases where primary antibodies raised in rabbit were
used in the cerebellar sections, the EnVision visualisation
method (DAKO) was also used. The immunoreactions
were investigated employing a Nikon Eclipse 600W mi-
croscope (Nikon, Tokyo, Japan), equipped with an RT
Color CCD camera. The images were acquired and pro-
cessed using the Spot RT v3.5 software. Pixel analysis
was performed using the Image-Pro Plus software. Con-
focal microscopy images were acquired using a Zeiss
LSM 510 microscope (Oberkochen, Germany).

Transfection of the cultured astrocytes

In some cases, the astrocytes maintained in tissue culture
were transfected with the pDsRed2-ER vector (BD Bio-
sciences, Palo Alto, Calif.) when the culture was 50 % con-
fluent. This vector (size: 4.7 kb) was designed for fluores-
cent labelling of the endoplasmic reticulum (ER) in living
cells [33, 34]. The DNA sequence encodes a red fluores-
cent protein, an ER-targeting sequence and an ER retention
sequence. The astrocyte culture was fixed in formaldehyde
24 h after the transfection, and the immunolabelling of the
TASK channels was performed as described before. The
red fluorescence clearly indicated the ER in those cells
where the transfection was successful.

Reverse transcription PCR

The expression of mRNA for TASK-1, -2 and -3 in cul-
tured rat astrocytes was determined by RT-PCR. Total RNA
was extracted from the cultured astrocytes using TRIzol
(Invitrogen, Paisley, UK) following the manufacturer’s
procedure. Usually, 3 pg RNA was reverse transcribed
with 5 mM MgCl,, 1 reverse transcription buffer (10 mM
Tris-HCI, 50 mM KCI, 0.1 % Triton X-100, pH 9 at 25 °C),
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1 mM dNTP mix, 1 U/pl recombinant RNasin RNAse in-
hibitor, 15 U/pl AMV reverse transcriptase and 0.5 pg
oligo(dT),s primers (all from Promega, Mannheim, Ger-
many). Subsequent PCR amplification (95 °C for 5 min;
35 cycles of 95 °C for 1 min, 58 °C for TASK-1 or 65 °C for
TASK-2 and TASK-3 for 1 min, 72 °C for 1 min; 4 °C for
5 min) was performed on the GeneAmp PCR System 2400
(Perkin Elmer Wellesley, Mass.) with the following
primers (all from Invitrogen): TASK-1, 5’-CAC CGT CAT
CAC CAC AAT CG-3’ and 5"-TGC TCT GCA TCA CGC
TTC TC-3’ (predicted size, 515 bp); TASK-2, 5-TGG
GCG CCT CTT CTGTGT CTT CTA-3’ and 5’-TCC CCT
CCCCCACTT GTTTTC ATT-3’ (predicted size, 629 bp);
TASK-3, 5’-ATG AGA TGC GCG AGG AGG AGA AAC-
3" and 5-ACG AGG CCC ATG CAA GAA AAG AAG-3’
(predicted size, 414 bp) [35]. The PCR products were vi-
sualized on a 2% agarose gel with ethidium bromide and
visualized by Image-Pro Plus software (Media Cybernet-
ics, Silver Spring, Md.).

Western blotting

Cultured astrocytes were washed with ice-cold PBS, har-
vested in homogenization buffer [20 mM TRIS-HCI,
5 mM EGTA, I mM 4-(2-aminoethyl)benzenesulfonyl
fluoride, 20 pM leupeptin, pH 7.4; all from Sigma] and
disrupted by sonication on ice [36]. The protein content
of samples was measured by a modified BCA protein as-
say (Pierce, Rockford, Ill.). Total cell lysates were mixed
with SDS-PAGE sample buffer and boiled for 10 min at
100 °C. The samples were subjected to SDS-PAGE ac-
cording to Leammli [37] (8% gels were loaded with
20—-30 pg protein per lane) and transferred to nitrocellu-
lose membranes (BioRad, Vienna, Austria). Membranes
were then blocked with 5% dry milk in PBS and probed
with goat polyclonal primary antibodies against TASK-1,
-2, or -3 (all from Santa Cruz). A peroxidase-conjugated
rabbit anti-goat IgG antibody (BioRad) was used as a sec-
ondary antibody and signals were then amplified using an
anti-rabbit Vectastain ABC kit (Vector). In control exper-
iments, specificity of staining was assessed by incubating
the membrane with antibodies pre-absorbed with the cor-
responding synthetic blocking peptides (Santa Cruz), a
procedure which completely prevented the immunosignal
in all cases (data not shown). The immunoreactive bands
were visualised by an ECL Western blotting detection kit
(Amersham, Little Chalfont, UK) on light-sensitive films
(AGFA, Brussels, Belgium).

Results

TASK-channel-specific immunoreactions in the rat
cerebellum

Figure 1 demonstrates the TASK immunopositivity pat-
tern observed in the cerebellum of the rat. Figure A,, B,
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and C, show the results of TASK-1, TASK-2 and TASK-3
immunopositivities, respectively, in paraffin-embedded
sections. The Purkinje cells and the pia mater showed par-
ticularly strong TASK-1 positivity (fig. 1A,), although
the molecular and granule cell layers were also clearly
positive. (Note that the distribution of TASK-1 im-
munoreaction has already been reported by Kindler et al.
[30] and is presented here for direct comparison of the
immunopositivity pattern of the TASK-1, -2 and -3 chan-
nels in the rat cerebellum and between the rat and human
cerebellum.) TASK-2 immunoreactivity (which was pre-
viously studied by Gabriel et al. [31]) was somewhat
weaker (fig. 1B,), especially in the cases of the pia mater
Purkinje cells and granule layer. TASK-3 immunopositiv-
ity could also be detected in the rat cerebellum (fig. 1C,).
Similar to the TASK-1 and TASK-2 immunoreactions,
Purkinje cells showed distinct positivity for TASK-3,
which was also found in the molecular and granule cell
layers, while the pia mater did not seem to express
TASK-3 channels at all. Strong TASK-3 positivity could
be detected in the white matter of the rat cerebellum. In-
terestingly, a small portion of the Purkinje cells showed
only weak or no immunopositivity for TASK-1 and
TASK-2. Although uneven distribution of the TASK-spe-
cific antibodies cannot be ruled out completely as the rea-
son for this finding, the markedly positive immunoreac-
tion of the neighbouring Purkinje cells makes this possi-
bility very unlikely. In fact, this finding might suggest
that the Purkinje cells are not uniform in terms of TASK
channel expression.

As figure 1A,, 1B, and 1C, demonstrate, TASK channel
expression of the cerebellar astrocytes was also investi-
gated. In these experiments 4-pm-thick frozen sections
were prepared and glial fibrillary acidic protein (GFAP)
TASK double staining was performed, because the appli-
cation of the GFAP-specific antibody allowed the identi-
fication of the astrocytes in the tissue sections. In these
images, some spider-like, GFAP-positive (purple) cells
were clearly seen showing simultaneous TASK-1, -2 or
-3 positivity (brown). Figure 1A;, 1B; and 1C; illustrate
some astrocytes shown in the previous column of images
at higher magnification.

Generally, the validity of the positive immunoreactions
was confirmed in two ways. In some experiments, the pri-
mary antibodies were omitted from the solution to check
for the presence of non-specific binding of the secondary
antibody. Moreover, in a different set of experiments, the
primary antibodies were pre-incubated with their block-
ing peptides. Neither the former, nor the latter procedure
resulted in appreciable immunopositivity (see below).

TASK-channel-specific immunoreactions on

cultured astrocytes

The TASK- and GFAP-specific immunoreactions indi-
cated that the astrocytes of the rat cerebellum express all
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TASK channels in the rat and human cerebellum
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Figure 1. TASK immunoreactivity in the cerebellum of the rat. (4,) Formalin-fixed, paraffin-embedded histological section demonstrating
TASK-1 immunoreactivity (brown). The specimen was counterstained with haematoxylin. The molecular layer, granule layer and Purkinje
cells are clearly positive. (4,) Frozen section, demonstrating TASK-1 (brown) and GFAP (purple) positivity. No counterstaining was per-
formed. Arrows indicate some astrocytes showing both GFAP and TASK positivities. (4;) The same cells at higher magnification. The
structure of panels B and C are the same but show TASK-2 and TASK-3 immunoreactivities, respectively. Scale bars; 40 pm. pm, pia mater;
g, granule layer; m, molecular layer; w, white matter; Pu, Purkinje layer. The inset in 4, shows the result of the procedure in the absence of

the primary antibody.

three types of TASK channel. In the next step, astrocytes
were maintained in a primary tissue culture, and the ex-
pression of the TASK channels was investigated under
these conditions as well. As figure 2D demonstrates, the
cells could be identified as astrocytes on the basis of their
GFAP positivity. Note that in the absence of the primary
antibody, only the nuclei of the cells could be identified,
and no FITC positivity could be observed (insets). When
anti-TASK-1, -TASK-2 and -TASK-3 antibodies were
tried in these astrocyte cultures, positive immunoreaction
could be observed in all three cases (fig. 2A—C), similar
to our findings in cerebellar tissue sections. The intensity
of the TASK-1 immunoreaction was the strongest, while
TASK-2 and TASK-3 gave less powerful immunola-
belling [although they were much more intense than the
immunoreaction observed in the presence of the blocking
peptide (see insets) or in the absence of the primary anti-
body (not shown)]. Note that the image seen in figure 2B
was taken with a longer exposure time than those demon-
strated in figure 2A, C.

In the cell cultures, two types of astrocyte could be clearly
distinguished (figs. 2, 3). One type possessed numerous
thin processes and a relatively small cell body, which
gave the cell a rather characteristic, star-like appearance.
These cells showed strong GFAP positivity, and they were

Figure 2. TASK immunoreactivity of rat cerebellar astrocytes
maintained in tissue culture. TASK-1 (4), TASK-2 (B) and TASK-3
(C) immunolabelling, all at the same magnification. The insets of
each panel show the result of an immunising peptide block (left;
blocking peptide concentration 7 pg/ml for TASK-1 and TASK-2,
20 pg/ml for TASK-3) and the specific reactions in astrocyte cul-
tures obtained from the cochlear nucleus (right). (D) Result of the
glia-specific (anti-GFAP) immunoreaction. The insets show the
DAPI labelling of the nuclei (on the left) as well as the experimen-
tal result when no primary antibody was employed (on the right;
both insets show the same field of view). Scale bars, 20 pm.
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identified as GluT cells [38]. The other cell type gave
a somewhat weaker GFAP immunoreaction, possessed
many fewer and shorter processes, and had a characteris-
tic brick-like shape. On the basis of the morphological
features of the latter cell type and the less intense GFAP
positivity, these cells corresponded to GluR astrocytes
[38]. Regardless of the origin of the cell cultures, GluT
cells showed more intense TASK-1 positivity than the
GluR astrocytes (see fig. 2A). No such difference could
be observed in the cases of the TASK-2 and TASK-3 im-
munoreactions, but this may be explained by the gener-
ally weaker immunopositivities for these antibodies.
Astrocyte cultures were also prepared using cells iso-
lated from the cochlear nuclei and the hippocampus of
the rats, and these cultures behaved in the same way as
cerebellar astrocytes, suggesting that the TASK positiv-
ity is a general feature of the astrocytes, and not a spe-
cific feature of the cerebellar astrocytes only (for the
cochlear nucleus see the insets of fig. 2A—C, for hip-
pocampus see fig. 3).

The expression of TASK-1, -2 and -3 in cerebellar astro-
cyte cultures was also confirmed by RT-PCR and Western

Figure 3. TASK immunolabelling of cultured hippocampal astrocytes
of the rat. High-magnification image acquired with an immunofluo-
rescent microscope, where the fine structure of the intracellular
TASK-3-specific labelling is clearly visible (4). Confocal microscope
images for TASK-1 (B) and TASK-2 (C). Both were taken in a plane
which ran at about half the total height of the cells. Scale bars; 20 pm.
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Figure 4. Expressions of TASK-1, -2 and -3 in cultured cerebellar
astrocytes. (4) RT-PCR analysis of TASK-1, -2 and -3 mRNA ex-
pression in cultured cerebellar astrocytes. Lane 1, nucleotide stan-
dard (base pair, bp); lane 2, non-template control; lane 3, TASK-1;
lane 4, TASK-2; lane 5, TASK-3. (B) Western blot analysis of
TASK-1, -2 and -3 protein expression in cultured cerebellar astro-
cytes. Cells were harvested, similar amounts of protein were sub-
jected to SDS-PAGE, and Western immunoblotting was then per-
formed using goat antibodies as described in Materials and meth-
ods. Lanes 1, 3 and 5, TASK-1, TASK-2 and TASK-3, respectively;
lanes 2, 4 and 6; same primary antibodies but in the presence of
TASK-1, -2 and -3-specific blocking peptides, respectively. The
blocking peptide concentrations were 7 pg/ml for TASK-1 and
TASK-2, 20 pg/ml for TASK-3. The expected molecular size is ap-
proximately 60 kDa for TASK-1 and approximately 50 kDa for
TASK-2 and TASK-3. Two additional sets of experiments gave in
similar results.

blotting. As seen in figure 4, all channels investigated
were expressed both at the mRNA (fig. 4A) and at the
protein (fig. 4B) levels.

TASK-channels are most likely expressed in the ER
of astrocytes

Figure 3 demonstrates a very intriguing feature of the
TASK expression of the astrocytes (this time yielded
from the hippocampus). Figure 3A shows a high-magni-
fication image produced by an immunfluorescence mi-
croscope, where a very fine, filament-like distribution of
the TASK-3 immunopositivity is clearly visible, which
apparently spares the nucleus of the cell. This pattern
raised the possibility that besides the surface membrane
of the astrocytes, all three investigated types of TASK
channel may be present intracellularly, perhaps linked to
the ER. Two techniques were utilised to confirm this pos-
sibility. Figure 3B, C demonstrate two confocal micro-
scope images, taken in a horizontal plane which runs at
about the middle of the total depth of the cells (4 pm from
the bottom of the astrocyte), where anti-TASK-1 (fig. 3B)
or anti-TASK-2 (fig. 3C) antibodies were used. As can be
seen, the immunopositivity was not confined to the sur-
face of the cells, but was also present intracellularly.

In the next step, a more direct approach was utilised to con-
firm the intracellular presence of the TASK channels. In
these experiments, the cultured astrocytes (obtained from
the hippocampus) were transfected with the pDsRed2-ER
plasmid, whose protein product is localised in the ER of the
transfected cells, and whose presence can be demonstrated
by showing its red fluorescence 24 h after the transfection
(fig. 5A)). As figure 5A, shows, not all cells expressed the
protein, while figure 5A, demonstrates the results of the
control experiment, where the cells were treated with the
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TASK channels in the rat and human cerebellum

Figure 5. Colocalisation of the TASK channels and the protein product of the pDsRed2-ER plasmid in cultured hippocampal astrocytes.
(A4,) Image of a cultured astrocyte where transfection with the ER-specific vector was successful, as indicated by the red fluorescence. (4,)
Same field of view, where the DAPI labelling of the nuclei (blue) is also visible. Note the other cells where the transfection was not suc-
cessful. (4,) An image acquired from a cover-slip, where only the solvent of the plasmid was employed. (4;) The same field of view with
DAPI labelling visible. (B,) TASK-1-specific immunoreaction on cultured hippocampal astrocytes. (B,) Same field of view but the prod-
uct of the pDsRed2-ER plasmid is visible. (B;) Co-localisation image. (C) As for B but with TASK-2 specific labelling and higher magni-

fication. Scale bars, 20 pm.

solvent of the plasmid only. Figure 5A; demonstrates the
cell nuclei (DAPI) found in the same region. Twenty-four
hours after the transfection, TASK-specific immunoreac-
tions were performed, and the results of the TASK-1-
(fig. 5B,) and TASK-2- (fig. 5C,) specific reactions are
shown. Figure 5B,, 5C, present the red immunofluores-
cence of the same regions, while figure 5B;, C; are the co-
localisation images. The orange colour observed here indi-
cates co-localisation, suggesting that the TASK channels of
the astrocytes are not only expressed on the surface mem-
brane, but are also present in the ER. Similar results were
obtained when TASK-3 expression was investigated in the
same way (data not shown). To quantify the co-localisa-
tion, a pixel analysis was performed, where the percentage
of pixels showing both green (TASK isoform) and red
(DsRed2-ER) positivity was determined, relative to the
number of all green pixels. The results showed that in the
case of TASK-1, 48+12% of the green (TASK-labelled)
pixels were red too. For TASK-2, 25 + 7% of the green pix-
els were red as well; while after the TASK-3 reaction,
23+£11% of the green pixels showed red fluorescence
(n=5 in each case; mean = SE; the cells were selected from
different staining runs).

TASK-specific immunopositivity in the human
cerebellum

After checking for the distribution of the TASK-1, -2 and
-3 immunoreactivities in the rat cerebellum, a similar
study was conducted in the human cerebellum (fig. 6). In
the case of the TASK-1 immunoreaction (fig. 6A), the
distribution pattern was similar to that observed in the rat;
namely, the Purkinje cells and the pia mater showed
strong positivity, and a somewhat weaker but nevertheless
present immunoreaction could be found in the molecular
and granule cell layers. As seen in figure 6C, the TASK-3
distribution was similar to that of TASK-1, but it ap-
peared to be stronger in all regions. The TASK-3 positiv-
ity was particularly pronounced in the Purkinje cells and
in the pia mater. Compared to the TASK-1 and TASK-3
immunoreactions, the TASK-2 immunopositivity of the
human cerebellum was weak, and only the Purkinje and
granule cells gave noticeable TASK-2 positivity.

The TASK channel expression of the human cerebellum
was also tested using double immunolabelling, (fig. 7).
As TASK-2 positivity was barely present, only the anti-
TASK-1 and anti-TASK-3 antibodies were employed in
these experiments, where the TASK-specific immunore-
action was combined with either NFP (fig. 7A,, B,) or
GFAP (fig. 7A,, B,). In figure 7A,, B, the strong anti-
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Figure 6. TASK-specific immunolabelling in the human cerebellum. Formalin-fixed, paraffin-embedded histological sections (4 pm) pre-
pared from human cerebellum. TASK-1 (4), TASK-2 (B) and TASK-3 (C) immunolabelling. Immunoreaction when the TASK-1 (4.), -2
(B) and -3 (C,) specific primary antibodies were pre-incubated with their blocking peptides (blocking peptide concentration, 20 pg/ml).
No counterstaining was employed. Scale bar, 100 pm. pm, pia mater; g, granule layer; m, molecular layer; Pu, Purkinje layer.

TASK-1 and anti-TASK-3 immunoreactions (brown) of
the Purkinje cells are clearly visible, along with their pos-
itivity for NFP. The dendrites of the Purkinje cells were
also TASK positive. Some smaller cells demonstrating
strong NFP positivity were also visible in the molecular
layer. These cells appeared to be TASK-1 positive, but

Figure 7. TASK-and-neurone as well as TASK-and-glia specific
immunolabelling in the human cerebellum. Formalin-fixed histo-
logical sections (4 pm). TASK-1 specific immunoreaction (4, 4,)
TASK-3-specific labelling (B, B,) (brown). In all cases double-
staining was performed. The TASK immunoreaction was combined
with a neurone-specific labelling (anti-NFP reaction) (4,, B,), or
with a glia-specific marker (anti-GFAP) (4,, B,). The neurone- and
glia-specific reactions are purple. No counterstaining was applied
in these cases. The pictures were taken using an oil-immersion ob-
jective with a magnification of x 60. Scale bar, 20 pm. g, granule
layer; m, molecular layer; w, white matter; Pu, Purkinje cell. Thin
arrows in 4, and B, demonstrate the clearly visible processes of
Purkinje cells. The thick arrows in B, show NFP-positive cells in the
molecular layer, which do not demonstrate TASK immunopositiv-
ity. The arrowheads in 4, and B, demonstrate GFAP-positive astro-
cytes showing simultaneous TASK positivity.

they did not demonstrate a TASK-3 immunoreaction. Fig-
ure 7A,, B, show the results when the TASK-1 and
TASK-3 labelling were combined with a GFAP immuno-
reaction. The multi-processed, spider-like cells, with dis-
tinct positivity for GFAP also demonstrated TASK posi-
tivity. Worth noting is that the TASK-1 positivity of the
astrocytes seemed to be stronger than their TASK-3 la-
belling, a finding in sharp contrast with the situation ob-
served in the cases of the Purkinje cells.

Discussion

This study investigated the distribution of the TASK-spe-
cific immunoreaction, primarily in the rat and human
cerebellum. Our results with the TASK-1 immunoreac-
tivity were effectively the same as those reported in an
earlier study [30], validating the experimental methods
we employed. The distribution of the TASK-2 immunore-
activity found in our study was also very similar to that
reported earlier [31]. However, in contrast to this earlier
report, we demonstrated a weak but nevertheless present
TASK-2 positivity of the astrocytes. However, to the best
of our knowledge, this is the first study to report on the
distribution of TASK-3 immunopositivity in the rat cere-
bellum, and we are the first to present data concerning the
TASK-1, -2 and -3 patterns of the human cerebellum. Our
work shows that the astrocytes not only express TASK
channels in situ, but they maintain their ability to do so in
tissue culture as well. The presence of TASK channels on
the astrocytes further emphasises their functions in the K*
handling of the central nervous system. Some of our re-
sults also raise the possibility that a significant number of
TASK channels are present in the ER. Further studies are
required, however, to determine whether these channels
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are only produced here or whether they are expressed in
the ER and trafficked between the ER and the surface
membrane as suggested in the cases of TASK-1-trans-
fected COS cells [39].

Similar to a study published earlier [30], strong TASK-1
positivity was noticed in the rat Purkinje cells, while a
somewhat milder but definite immunoreaction was seen in
the molecular and granular layers of the cerebellar hemi-
spheres. The pia mater also proved to be strongly TASK-1
positive. Strong TASK-1 positivity of the glial cells of the
cerebellum was reported in both studies. Moreover, similar
to the findings of Millar et al. [25] who demonstrated the
presence of TASK-1 immunoreactivity on cultured granule
cells and astrocytes isolated from the cerebellum of the rat,
we could also demonstrate that the astrocytes of the rat
cerebellum, hippocampus and cochlear nucleus showed
TASK-1 positivity. TASK-1 channel expression has previ-
ously been suggested in the cochlear nucleus [40], but no
information about the expression pattern at the cellular
level has been provided, and whether the glial cells of the
cochlear nucleus also express TASK-1 channels has also
not yet been demonstrated. Our results also showed that
both the GluR and GIuT types of astrocytes [38] expressed
TASK-1 channels.

The results regarding the distribution of the TASK-2
channels in the rat cerebellum are also very similar to
those reported earlier [31]. More specifically, Purkinje
cells showed the strongest positivity for TASK-2, while
the immunoreaction was somewhat lower in the granular
and molecular layers. However, the immunopositivity of
the Purkinje cells was less intense in the present work.
The reason for this discrepancy is not clear, although we
cannot exclude the possibility that the counterstaining
applied in our case reduced the intensity of the immuno-
labelling. In the absence of counterstaining (see
fig. 1B,), the TASK-2-specific immunoreaction ob-
served in the rat cerebellum appeared to be stronger.
Moreover, in contrast to the results published before, we
found TASK-2 positivity in astrocytes, although it was
much less pronounced than their TASK-1 immunoreac-
tivity. As this result was definitely different from those
published previously, particular emphasis was laid upon
the confirmation of our findings, and several lines of ev-
idence indicate that the immunoreaction we found was
real and not an artifact:

1) The FITC- and DAB-conjugated immunoreactions
gave identical results. Moreover, when the primary an-
tibody was omitted, no immunoreaction could be ob-
served, indicating that the immunostaining reported
here was not the result of aspecific binding of the sec-
ondary antibodies.

2) Two different anti-TASK-2 primary antibodies, ob-
tained from different companies, were employed, and
both gave positive and specific immunoreactions.

TASK channels in the rat and human cerebellum

3) When the primary antibody obtained from either com-
pany was pre-incubated with its blocking peptide, the
intensity of the immunoreaction was markedly reduced.

4) The regional differences observed in the intensity of
the immunoreaction also suggested a specific rather
than aspecific immunostaining.

5) The other techniques employed (Western blot, RT-
PCR) confirmed the immunochemical results.

What, therefore, might be the possible reason for the dis-
crepancy between our findings and those published ear-
lier? Although the expression of TASK-1 channels shows
some correlation with the development of the tissue [41],
this is not likely to be the reason of the difference, be-
cause we investigated both adult and young animals,
with identical results (unpublished observations). Al-
though we cannot exclude that the different strain of rats
used by the two laboratories (Sprague-Dawley vs Wistar)
might explain the different results, it seems unlikely.
There is one very important issue, however, which
should be taken into consideration and may well explain
the discrepancy. When the TASK-specific immunoreac-
tions were investigated, several AR techniques were tried
out in our study, to achieve the best result [as suggested
in ref. 42]. These trials clearly showed that it was essen-
tial to use some sort of AR method was essential in the
cases of paraformaldehyde-fixed tissue slices to obtain
good and convincing immunolabelling. When the im-
munreaction was tried on tissue samples which were not
exposed to AR, it gave a significantly weaker reaction.
We cannot exclude the possibility, therefore, that the dif-
ference noticed in the TASK-2 positivity of the astro-
cytes was the result of the different AR methods applied
by the two laboratories.

In their comprehensive and indeed very thorough study,
Karschin et al. [40] did not report on the TASK-1- and
TASK-3-specific in situ hybridisation reaction in either
the Purkinje cells or the molecular layer of the cerebel-
lum, despite the fact that strong TASK-1 immunopositiv-
ity was found for both structures when the immunoreac-
tion against the protein product was investigated in both a
paper by Kindler et al. [30] and in our work. The expla-
nation of this discrepancy remains unclear.

As for the human expression of TASK channels in the
cerebellum, our results are in very good agreement with
the observations of Medhurst et al. [27]. They found that
the TASK-3-specific mRNA has the most significant ex-
pression in the human cerebellum, the quantity of the
TASK-1-specific mRNA is somewhat lower, although
still significant, while TASK-2-specific mRNA had the
lowest level. Despite the fact that the quantity of the
mRNA may not necessarily be the same as the amount of
the protein product, the correlation between our immuno-
histochemistry results and the previously reported RT-
PCR data is noteworthy.
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A particularly noteworthy observation in our study is that
the distribution of the TASK-1, -2 and -3 channels is not
necessarily identical, either within the cerebellum, or be-
tween human and rat. Although such a discrepancy be-
tween the TASK-1/3 and TASK-2 immunoreactivity is
not very surprising, since TASK-2 is remotely related to
the TASK-1 and TASK-3 channels (which, on the other
hand, are close relatives with 59.2% homology [15, 16,
43, 44]), the difference observed between the TASK-1
and TASK-3 distribution seems to be more exciting. For
example, in rats, the pia mater showed strong TASK-1
positivity along with the lack of a TASK-3 immunoreac-
tion. Further studies are required, however, to determine
the functional significance of the differential distribution
of TASK-1 and TASK-3 channels.

Moreover, when the distribution patterns of the TASK
channels in the rat and human cerebellum were com-
pared, some interesting interspecies differences seemed
to emerge. While in the rat cerebellum, the TASK-1 pos-
itivity was the strongest, in humans, TASK-3 seemed to
be more significantly expressed. We also noted that the
Purkinje cells of the rat were strongly positive for
TASK-2, while the human Purkinje cells did not show
particularly prominent TASK-2 positivity, although it was
definitely present. Moreover, unlike the rat pia mater
which showed strong TASK-1 immunopositivity, and no
TASK-3 immunoreactivity at all, in the human brain, the
TASK-3 channels seemed to dominate, while the signifi-
cance of the TASK-1 channels appeared to be less pro-
nounced. In the light of a recent paper [45], the strong
TASK-1 and TASK-3 positivity of the human cerebellum
(particularly at the level of the Purkinje cells) might sug-
gest that in addition to the homomeric channel formation,
TASK-1/TASK-3 heteromers are formed in the human
central nervous system.
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