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Cerebellar granule neurons (CGNs) are one of the most populous
cells in the mammalian brain. They express an outwardly rectifying
potassium current, termed a “standing-outward’” K* current, or
IKso, which does not inactivate. It is active at the resting potential
of CGNs, and blocking IKso leads to cell depolarization. IKso is
blocked by Ba2* ions and is regulated by activation of muscarinic
M3 receptors, but it is insensitive to the classical broad-spectrum
potassium channel blocking drugs 4-aminopyridine and tetraeth-
ylammonium ions. The molecular nature of this important current
has yet to be established, but in this study, we provide strong
evidence to suggest that IKso is the functional correlate of the
recently identified two-pore domain potassium channel TASK-1.
We show that IKso has no threshold for activation by voltage and
that it is blocked by small extracellular acidifications. Both of these
are properties that are diagnostic of TASK-1 channels. In addition,
we show that TASK-1 currents expressed in Xenopus oocytes are
inhibited after activation of endogenous M3 muscarinic receptors.
Finally, we demonstrate that mRNA for TASK-1 is found in CGNs
and that TASK-1 protein is expressed in CGN membranes. This
description of a functional two-pore domain potassium channel in
the mammalian central nervous system indicates its physiological
importance in controlling cell excitability and how agents that
modify its activity, such as agonists at G protein-coupled receptors
and hydrogen ions, can profoundly alter both the neuron’s resting
potential and its excitability.

O n the basis of sequence similarities, the pore-forming
a-subunits of K channels have been grouped into super-
families. The two principal superfamilies are the inward rectifier
or 2TM (for two transmembrane domains) superfamily and the
voltage-gated or 6TM superfamily. Most electrophysiologically
characterized native K channels are encoded by genes from one
or the other of these two superfamilies, although in most cases,
the exact subunit configuration that underlies each native cur-
rent is not clear (1-3). During the last 4 years, a third major
superfamily of K channels, the two-pore domain potassium
channel family (2-PK) (4), has emerged, initially identified from
yeast K channel sequencing (4, 5) and now identified in mam-
malian cells (6-14).

In mammals, six functional members of the 2-PK family with
4TM domains (or TWIK family) have been identified to date.
These are TWIK-1, TWIK-2, TREK-1, TASK-1, TASK-2, and
TRAAK (6-14). Despite a relatively low sequence similarity and
different functional properties, these 2-PK channels all produce
quasiinstantaneous and noninactivating currents (although
TASK-2 currents have relatively slow activation kinetics; ref. 13).
The 2-PK channels are presently classified into three distinct
functional subfamilies (13). TASK-1 and TASK-2 are sensitive to
small variations in external pH close to physiological pH; only
TASK-1 is expressed in the nervous system to any significant
degree (6, 9, 13). TREK-1 and TRAAK are arachidonic acid-
activated, mechanosensitive K channels (7, 8, 11, 12), whereas
TWIK-1 and TWIK-2 are weakly inward rectifying K channels
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(10, 14). To date, no functional correlates of 2-PK channels have
been identified in the mammalian nervous system.

Cerebellar granule neurons (CGNs) express an outwardly
rectifying potassium current, termed a “standing-outward” K*
current or IKgo, (15). IKso does not inactivate and is active at
the resting potential of CGNs; blocking IKso leads to cell
depolarization. IKso is insensitive to the classical broad-
spectrum potassium channel blockers 4-aminopyridine and tet-
raethylammonium, but it is blocked by Ba?" ions and regulated
by activation of G protein coupled receptors, such as muscarinic
Mj; receptors. In this study, we provide evidence to suggest that
IKso is the functional correlate of the 2-PK channel TASK-1.

Materials and Methods

CGNs. CGNs were isolated from 6- to 9-day-old Sprague—Dawley
rats and cultured as described (15), and cerebellar slices (250 um
thick) were prepared from 3- to 5-week-old male mice (TO
strain) as described (16).

Oocytes. Oocytes were injected with cRNA transcribed from
rTASK-1 cDNA, which was a kind gift from S. Yost (University
of California at San Francisco). RNA (2-10 ng) was injected
manually into oocytes that were kept for 3 days before
recordings.

Electrophysiological Recordings. For cultured cells, currents were
recorded in the whole-cell perforated patch-clamp configuration
with amphotericin B (240 ug/ml) as the permeabilizing agent
from CGNs between 7 and 10 days in culture. Recording
solutions have been described (15), and all experiments were
performed at room temperature. Solutions were applied by bath
perfusion at a rate of 4-5 ml'min—!, and complete exchange of
the bath solution occurred within 30—40 s. For slices, perforated
patch recordings were made from freshly prepared slices with
recording conditions and solutions as described (16). For oocyte
recordings, standard two-electrode voltage clamp measurements
were performed at room temperature.

Reverse Transcriptase-PCR (RT-PCR). Total RNA was prepared
from cell suspensions of CGNs from 10-day-old cultures with the
RNeasy miniprep kit (Qiagen, Chatsworth, CA). Samples of
RNA were DNase treated and reverse transcribed by using
Moloney murine leukemia virus-reverse transcriptase (Pro-
mega) and random hexamer primers. PCR was performed with
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Tag DNA polymerase (Promega) for 30 cycles. Two sets of
primer pairs for TASK-1 were used: 5'-CACCGTCATCACCA-
CAATCG (F1) with 5'-TGCTCTGCATCACGCTTCTC (R1)
and 5'-AGTACGTGGCCTTCAGCTTC (F2) with 5'-TGG-
AGTACTGCAGCTTCTCG (R2). Actin primers were
5'-TTGTAACGAACTGGGACGATATGG with 5-GATCT-
TGATCTTCATGGTGCTAGG. PCR products were gel ex-
tracted and purified, and their identities were confirmed by
sequencing.

Antibody Labeling. Anti-TASK-1, a polyclonal antibody raised in
rabbit against a highly purified peptide (TASK 252-269) corre-
sponding to residues 252-269 of human TASK-1 was obtained
from both Alomone Labs (Jerusalem) and Chemicon and used
at a dilution of 1:100. This epitope is specific for TASK-1 and is
highly conserved in mouse and rat TASK-1. Staining was
abolished by preabsorption of the antibody with 10 ug/ml of the
peptide. Glial cells were labeled in the same CGN cultures with
a mixture of mouse monoclonal antibodies against glial fibrillary
acidic protein (GFAP; clones 4A11, 1B4, and 2E1; PharMingen;
dilution 1:100). Primary antibodies were detected with FITC-
and Cy3-labeled secondary antibodies, respectively, and visual-
ized with an Olympus Fluoview laser scanning confocal micro-
scope (New Hyde Park, NY).

Results

It has been suggested that IKso in CGNs may result from
expression of ether-a-go-go channels (such as eag-1; refs. 17 and
18) or be related to the M current (ref. 19; now thought to be
formed from heteromultimers of KCNQ2 and KCNQ3, ref. 20).
However, these channels are members of the 6TM family of K
channels and have definable thresholds for voltage activation
(19, 21). By contrast, a key diagnostic feature of members of the
2-PK channel family is that they are open at all potentials. To
help determine the molecular nature of IKso, we have examined
the steady-state characteristics of the current over a range of
potentials to determine whether it has a defined activation
threshold.

The basic features of IKgo seen in CGNs from both rats and
mice are shown in Fig. la. IKso can be seen as a noninactivating
current when cells are held at —20 mV, which is reduced in
amplitude when the cell is hyperpolarized to —60 mV. The
current is rapidly and reversibly inhibited by 10 uM muscarine
(Fig. 1 a and b; 68 £ 2%, n = 51) acting on muscarinic
acetylcholine receptors. Current-voltage relations were obtained
by hyperpolarizing the cell in ramp waveforms as shown in Fig.
1c. After step voltage changes, IKso currents have been shown
to reach steady-state with a time constant of 0.5 ms (see ref. 15);
therefore, the ramp was sufficiently slow (10 ms/mV) to allow
IKso to reach steady-state at each potential. To ensure that IKso
was studied in isolation, we have exploited the sensitivity to
muscarine. The control current-voltage relation for IKso was
obtained by subtracting currents evoked by hyperpolarizing
ramps obtained in the presence of muscarine from those in its
absence (Fig. le). The current-voltage relation was outwardly
rectifying, and the reversal potential (—90 = 4 mV, n = 4) was
close to the predicted K* equilibrium potential (—98 mV) when
extracellular [K*] was 2.5 mM. The protocol was then repeated
when the extracellular [K*] was raised to 25 mM (Fig. 1 d and
e). This process revealed two things. First, the current must be
a selective K* current, because its reversal potential was shifted
in a depolarizing direction to —39 = 1 mV (n = 4) virtually
identical to that predicted by the Nernst equation (—40 mV).
Second, IKso showed no deactivation (did not switch off) over
the whole range of potentials tested, and therefore, it has no
threshold for activation between these potentials. When [K*]
was raised further to 100 mM (Fig. 1f), the reversal potential was
shifted further, and the current-voltage relationship linearized,
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exactly as predicted by the Goldman-Hodgkin-Katz equation
and in exactly the way seen for certain cloned 2-PK channels such
as TASK-1 (6, 9).

Of the six functional mammalian 2-PK domain channels
cloned thus far, only two, TREK-1 and TASK-1, show a number
of striking similarities to IKsp. IKso is insensitive to 4-amino-
pyridine (10 mM) and tetraethylammonium (5 mM) but blocked
by Ba* (see below), quinidine (100 uM; 43 = 4%, n = 6), and
Na™ substitution by N-methyl-D-glucamine in the external solu-
tion (55 = 4%, n = 7), all of which are features shared by TASK-1
and TREK-1 (6, 7, 9, 12). However, the two main diagnostic
features of TASK-1 (in contrast to TREK-1) are its sensitivity
to small changes in external pH and its lack of enhancement
by arachidonic acid (13).

Treatment of CGNs with arachidonic acid (10 uM) did not
enhance IKsp. This result argues against the idea that IKso
current is caused by expression of TREK-1 (12). Indeed, ara-
chidonic acid caused a transient inhibition of IKso (10.6 = 2.2%,
n = 9), but this inhibition was not maintained (steady-state
inhibition was 0.2 * 1.8%, n = 9), a result consistent with
previous observations of TASK-1 (12). Exposure to extracellular
solutions of pH 6.4 inhibited IKso by 77 = 3% (n = 10)
compared with control currents measured at —20 mV in pH 7.4
solution (Fig. 2 a and b). Changing to an external solution of pH
6.9 gave only 31 * 4% (n = 4) inhibition, whereas pH 7.9 slightly
increased IKso (7 = 3%, n = 5) compared with control values.
These results are very similar to the effects of changing external
pH on TASK-1 currents expressed in Xenopus oocytes (6, 9). In
our own experiments on heterologously expressed TASK-1 (see
Fig. 3a), reducing external pH from 7.2 to 6.2 inhibited TASK-1
currents by 72 * 7% (n = 3), whereas raising it from 7.2 to 8.2
enhanced TASK-1 currents by 25 *+ 9% (n = 3). Ramp voltage
protocols showed that the degree of inhibition of IKso by
acidification of the external solution was relatively independent
of voltage. In current-clamp recordings, exposure to pH 6.4
solution depolarized cells by around 19 mV (from —78 *= 4 to
=59 = 3 mV, n = 5; Fig. 2c¢). The input resistance of CGNs
around the resting potential of the cells (=70 to —90 mV)
substantially increased from 477 = 56 M in normal external
solution to 1,517 = 367 MQ (n = 5) at pH 6.4, indicating that
external acidification enhances the excitability of the neurons by
block of this resting conductance. Thus, block of IKso by
extracellular acidification will both depolarize CGNs directly
and enhance the effects of other depolarizing inputs, such as
glutamate acting on ionotropic glutamate receptors.

It is important to determine whether IKso seen in cultured
neonatal CGNs is also present in cells from more mature animals
maintained as closely as possible to conditions in vivo. Obser-
vations on cerebellar slices (250 wm thick) from 3- to 5-week-old
mice (where cerebellar synaptogenesis is almost complete; ref.
22) are illustrated in Fig. 3b. As with neonatal CGNs in culture
(see ref. 15 and Fig. 1), CGNs in acutely isolated slices possess
a rapidly activating, noninactivating potassium current with an
amplitude of 179 = 15 pA (n = 41) at —20 mV. As with IKso
in cultured CGNs, IKso in cerebellar slices is blocked by Ba?*
ions; in the slice experiment, the ICsy was 0.35 mM (Fig. 3c).

The currents resulting from expression of TASK-1 have been
studied previously by holding cells at negative potentials and
applying step or ramp depolarizations (6, 9). Herein, we show
that by holding TASK-1 expressing oocytes at a potential of —20
mV, the currents evoked show no appreciable inactivation over
a time scale of seconds between hyperpolarizing steps to —80
mV. Hyperpolarizing steps to —80 mV reduced TASK-1 currents
in proportion to the reduction in driving force, exactly as is seen
for IKso in neurons. Xenopus oocytes possess endogenous
muscarinic receptors thought to be primarily of the M3 subtype
(23, 24). Activation of these receptors by carbachol (100 uM)
produced fully reversible 52 + 6% (n = 4) inhibition of TASK-1
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Fig. 1.

IKsoinratcultured CGNsis active at all potentials and isinhibited by muscarine. (a) In perforated patch recordings, IKso is seen as a noninactivating current

at —20 mV and is instantaneously reduced in amplitude when cells are stepped to —60 mV for 800 ms once every 6 s. The current is inhibited by muscarine (10
uM). (b) Block and washout of block by muscarine is illustrated by measuring the standing-outward current at —20 mV. (c) Cells were held at —20 mV and then
hyperpolarized to —100 mV by means of a ramp waveform at 0.1 mV/ms over 800 ms once every 6 s in the presence and absence of 10 M muscarine. (d) Cells
were treated as described in ¢, except in raised external [K*] (25 mM). (e) The muscarine-sensitive current during ramps is obtained by subtraction and shown
in control and 25 mM [K™*]. (f) Cells were treated as described in e, except in control and 100 mM external [K*].

currents and an associated decrease in membrane conductance
(Fig. 3a). In addition to their pH and carbachol sensitivity,
TASK-1 currents were also inhibited by Ba* ions with an ICsg
value of 0.35 mM, identical to the inhibition found for IKso in
CGNs in mouse cerebellar slices (Fig. 3¢).

RT-PCR experiments with two specific primer pairs for
TASK-1 indicated that the mRNA for TASK-1 is present in our
CGN cultures (Fig. 4a). Furthermore, by using specific anti-
TASK-1 antibodies, TASK-1 protein was seen to be expressed
in the cytoplasm and surface membrane of CGNs in 7-day-old
cultures (Fig. 4b). In contrast, negligible labeling for TASK-1
was seen in CGNs cultured for only 1 day, which is consistent
with our previous observation of a lack of any measurable IKso
in such cells (15). Double-labeling with antibodies against
GFAP indicated that TASK-1 protein was also expressed by
glial cells in culture (Fig. 4b) and in adult rat astrocytes in situ
(not shown).
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Discussion

In this study, we have shown that the noninactivating K current
in CGNss, IKgo, has all the properties predicted for a background
K channel belonging to the 2-PK family. Furthermore, its lack of
a defined voltage threshold for activation, its regulation by
muscarinic receptor activation, and its exquisite sensitivity to
changes in the pH of the extracellular solution strongly suggest
that IKso is the functional correlate of the 2-PK channel
TASK-1. Earlier in situ hybridization studies of Duprat et al. (6)
showed that TASK-1 mRNA was present in the granule cell layer
of the cerebellum. We have extended these observations with
RT-PCR and a selective TASK-1 antibody, and we now show that
TASK-1 is expressed in CGNs themselves and that the protein
is found in the plasma membrane of these cells. Furthermore,
protein expression is correlated with the magnitude of IKso.
The sensitivity of IKgo to small changes in extracellular pH is
of particular physiological importance, because extracellular

Millar et al.
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Fig. 2. IKsp in rat cultured CGNs is inhibited by extracellular acidification. (a) IKso current recorded as in Fig. 1a is inhibited by changing external pH from 7.4

to 6.4. (b) Block and washout of block by pH 6.4 external solution (control pH 7.4) is illustrated by measuring the standing-outward current at —20 mV. (c)
Current-clamp recordings show depolarization of a CGN after extracellular acidification.

acidification will both depolarize CGNs and increase their
excitability after block of IKgo. Substantial decreases in extra-
cellular pH (0.6 units) are known to accompany increases in
extracellular glutamate levels with ischemia and are also seen
during epileptic seizures (25). Furthermore, transient acid shifts

Remarkably, of more than 80 known potassium channel a-sub-
units identified to date from the sequence of the nematode Cae-
norhabditis elegans, over 50 belong to this emerging family of K
channels (27). It is likely, therefore, that the very few 2-PK channels
identified thus far in mammalian neurons are the forerunners of a

occur during the release of neurotransmitters from storage
vesicles (25), which are also highly acidic. These transient acidic
shifts are known to facilitate excitatory transmission in the
central nervous system (26).

large extended family. It has been suggested recently that they may
also represent an important target protein for general anaesthetic
agents, which can enhance the activity of certain 2-PK channels
thereby decreasing neuronal excitability (28, 29). This functional
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to —80 mV for 500 ms once every 10 s from a holding potential of —20 mV have the same current profile as IKso and are blocked by extracellular acidification
and by carbachol. Block by extracellular acidification and carbachol (100 uM) is illustrated (Lower) by measuring the standing-outward current at —20 mV. (b)
IKso, recorded from CGNs in mouse cerebellar slices, was determined by the same voltage protocol described for a. Block by 1 mM Ba?* is illustrated (Lower) by
measuring the standing-outward current at —20 mV. (c) Ba2* sensitivity of TASK-1 in oocytes and IKso in cerebellar slices.
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TASK-1 mRNA is present in CGN cultures and TASK-1 protein is expressed in the membrane of CGNs. (a) RT-PCR experiments identify the presence of

mMRNA for TASK-1 in CGNs cultures. (b) TASK-1 antibody (green) and GFAP (red) labeling in CGN cultures in the same field of view. TASK-1 protein appears to
be expressed in both the cytoplasm and surface membrane of CGNs. Note also the TASK-1 staining in GFAP-labeled glial cells.

demonstration of a mammalian 2-PK channel in neurons shows the
channel’s likely importance in controlling cell excitability and also
suggests a mechanism for how agents that modify its activity, such
as muscarinic receptor agonists and hydrogen ions, can profoundly
alter both the neuron’s resting potential and its excitability.
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