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Cerebellar granule (CG) neurons form synapses with

Purkinje cells and provide a major excitatory input via

parallel fibres in the molecular layer of the cerebellum.

Cerebellar granule neurons express an outwardly rectifying

K+ current that is responsible for the large negative resting

membrane potential recorded in these cells (Watkins &

Mathie, 1996). This K+ current is referred to as ‘the standing

outward’ current (IK,SO), and is inhibited by activation of G

protein-coupled receptors such as the muscarinic receptor

(Watkins & Mathie, 1996; Boyd et al. 2000). IK,SO is also

inhibited markedly by lowering the pH of the extracellular

solution (Millar et al. 2000). Therefore, inhibition of IK,SO

by receptor agonists and extracellular acidosis will

enhance the excitability of granule neurons and their firing

rate, producing an increased excitatory synaptic input to

Purkinje cells (Ross et al. 1990; North, 2000).

The electrophysiological and pharmacological properties

of IK,SO are similar to those of TASK-1, a member of the

tandem-pore K+ channel family (Millar et al. 2000). Thus,

they both are active across the physiological range of

membrane potentials and show little or no inactivation,

characteristics that are typical of background K+ currents

(Lesage & Lazdunski, 2000; Goldstein et al. 2001). Both

IK,SO and TASK-1 are inhibited by muscarinic receptor

activation, by acidosis and by millimolar concentrations of

Ba2+, but are not inhibited by K+ channel blockers such as

tetraethylammonium (Watkins & Mathie, 1996; Millar et
al. 2000). These studies, together with the finding that

TASK-1 mRNA is expressed in CG neurons, have led to the

reasonable assumption that IK,SO is the functional correlate

of TASK-1. More recently, however, another tandem-pore

K+ channel (TASK-3) with properties similar to TASK-1

was cloned (Kim et al. 2000; Rajan et al. 2000) and its

mRNA also found to be expressed in the cerebellar granule

layer (Brickley et al. 2001; Talley et al. 2001). Another

tandem-pore K+ channel, TREK-2 (Bang et al. 2000;

Lesage et al. 2000), was also expressed in cerebellar granule

layer, although its pH sensitivity was different from that of

TASK-1 (Bang et al. 2000; Talley et al. 2001). These studies

indicate that IK,SO might be composed of several K+

channels, one of which might be TASK-1.
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Cerebellar granule neurons express a standing outward (background) K+ current (IK,SO) that

regulates the resting membrane potential and cell excitability. As several tandem-pore (2P) K+

channel mRNAs are highly expressed in cerebellar granule cells, we studied whether, and which, 2P

K+ channels contribute to IK,SO. IK,SO was highly sensitive to changes in extracellular pH and was

partially inhibited by acetylcholine, as reported previously. In cell-attached patches from cultured

cerebellar granule neurons, four types of K+ channels were found to be active when membrane

potential was held at _50 mV or +50 mV in symmetrical 140 mM KCl. Based on single-channel

conductances, gating kinetics and modulation by pharmacological agents and pH, three K+

channels could be considered as functional correlates of TASK-1, TASK-3 and TREK-2, which are

members of the 2P K+ channel family. The fourth K+ channel (Type 4) has not been described

previously and its molecular correlate is not yet known. Based on the measurement of channel

current densities, the Type 2 (TASK-3) and the Type 4 K+ channels were determined to be the major

sources of IK,SO in cultured cerebellar granule neurons. The Type 1 (TASK-1) and Type 3 (TREK-2)

activities were relatively low throughout cell growth in culture (1–10 days). Similar to TASK-1 and

TASK-3, the Type 4 K+ channel was highly sensitive to changes in extracellular pH, showing a 78 %

inhibition by changing the extracellular pH from 7.3 to 6.3. The results of this study show that three

2P K+ channels and an additional pH-sensing K+ channel (Type 4) comprise the IK,SO in cultured

cerebellar granule neurons. Our results also show that the high sensitivity of IK,SO to extracellular pH

comes from the high sensitivity of Type 2 (TASK-3) and Type 4 K+ channels.
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In this study, we sought to determine the molecular

identity of IK,SO by studying the electrophysiological and

pharmacological properties of resting K+ channels that are

active in CG neurons. Specifically, we wished to test the

hypothesis that several tandem-pore (2P) K+ channels,

including TASK-1, TASK-3 and TREK-2, contribute to the

resting K+ conductance in CG neurons and thus the IK,SO.

By recording single-channel currents from cultured CG

neurons, we have identified four different K+ channels that

may give rise to IK,SO. Three of these K+ channels possessed

biophysical and pharmacological properties similar to

those of TASK-1, TASK-3 and TREK-2. The fourth K+

channel was an acid-sensing K+ channel similar to TASK-1

and TASK-3, but its molecular identity is not known. The

contribution of TASK channels to IK,SO became greater as

the period of growth of neurons in culture became longer,

at least up to 10 days. Our results also show that in cultured

CG neurons, the high sensitivity of IK,SO to extracellular pH

is mainly due to two types of K+ channels: the K+ channel

with properties similar to TASK-3 and the acid-sensing

fourth K+ channel.

METHODS
Cerebellar granule neuron culture and isolation
All animals were used in accordance with the Guide for the Care and
Use of Laboratory Animals (DHEW Publication no. NIH85-23).
The cerebellum was isolated from rapidly decapitated P6–P8 rat
pups, and washed with oxygenated physiological buffer solution
(PBS) at 4 °C. The cerebellar cortex was cut into 500 mm or thinner
sections and incubated for 15 min in a solution containing papain
(12 U ml_1; Worthington, Lakewood, NJ, USA), albumin
(0.2 mg ml_1) and DL-cysteine (0.2 mg ml_1). After digestion, the
tissue was washed twice with PBS solution and resuspended in a
solution containing DNase I (1000 Kunitz unit ml_1; Worthington).
After gentle trituration of the solution using a fire-polished glass
pipette, the suspended cells were gently passed through a
3 cm3/25 g syringe. The suspension was layered on top of sterilized
fetal bovine serum and centrifuged at 100 g for 10 min. The pellet
was resuspended in plating medium that contains NeuroBasal
Media supplemented with B-27 (10 ml ml_1; Life Technologies,
Rockville, MD, USA), glutamic acid (2.5 mM), glutamine (20 mM),
gentamicin (50 mg ml_1) and fungizone (2.5 mg ml_1). The cells
were plated on glass coverslips coated with poly-L-lysine at a
density of 1 w 105 cells cm_2. After a 24 h period for cell attachment,
the medium was changed every 3 days with new plating medium
containing B-27 (20 ml ml_1), glutamine, gentamicin and fungizone
in Neurobasal Medium. Cells were kept for 10 days at 37 °C in a
humidified incubator gassed with a 95 % air–5 % CO2 mixture.
Neurons from 4-week-old rats were freshly isolated using the
same protocol except that the suspended cells were plated onto
polylysine-coated glass coverslips and used within 4 h.

Transfection in COS-7 cells
Rat TASK-1, TASK-3 and TREK-2 were cloned previously in this
laboratory (Kim et al. 1999, 2000; Bang et al. 2000). The coding
regions of rat TASK-1, TASK-3 and TREK-2 were subcloned into
pcDNA3.1 vector (Invitrogen, Carlsbad, CA). COS-7 cells were
seeded at a density of 2 w 105 cells per 35 mm dish 24 h prior to
transfection in 10 % bovine serum in Dulbecco’s modified Eagle’s
medium (DMEM). COS-7 cells were co-transfected with a 2P K+

channel DNA and pcDNA3.1/GFP using LipofectAMINE and
OPTI-MEM I Reduced Serum Medium (Life Technologies).
Green fluorescence from cells expressing green fluorescent
protein (GFP) was detected with the aid of a Nikon microscope
equipped with a mercury lamp light source. Cells were used
1–10 days after transfection.

Electrophysiological studies
Electrophysiological recording was performed using a patch
clamp amplifier (Axopatch 200, Axon Instruments, Union City,
CA, USA). All recordings were performed at room temperature
(24 °C). Single-channel currents were digitized with a digital data
recorder (VR10, Instrutech, Great Neck, NY, USA), and stored on
video tape. The recorded signal was filtered at 5 kHz using an 8-
pole Bessel filter (_3 dB; Frequency Devices, Haverhill, MA, USA)
and transferred to a computer (Dell) using the Digidata 1200
interface (Axon Instruments) at a sampling rate of 20 kHz.
Threshold detection of channel openings was set at 50 %. Whole-
cell currents were recorded after cancelling the capacitive transients.
Whole-cell and single-channel currents were analysed with the
pCLAMP program (version 7). For single-channel analysis, the
filter dead time was 100 ms (0.3/cutoff frequency) such that events
shorter than 50 ms in duration would be missed. Data were
analysed to obtain a duration histogram, amplitude histogram
and relative channel activity (relative NPo, where N is the number
of channels in the patch, and Po is the probability of a channel
being open). NPo was determined from ~1 min of current
recording. The single-channel current tracings shown in the
figures were filtered at 2 kHz. In experiments using excised
patches, pipette and bath solutions contained 140 mM KCl, 1 mM

MgCl2, 5 mM EGTA and 10 mM Hepes. The pH was adjusted using
KOH to 7.3. In whole-cell recordings, bath solution contained
135 mM NaCl, 3 mM KCl, 0.5 mM CaCl2, 1 mM MgCl2 and 10 mM

Hepes. The pH was adjusted to 7.3 using NaOH. Arachidonic acid
was dissolved by sonicating for 5 min (Heat Systems-Ultrasonics,
Inc. W-380, Farmingdale, NY, USA) in bath recording solution at
a desired concentration. All other chemicals were purchased from
Sigma Chemical Co. (St Louis, MO, USA). For statistics, Student’s
t test was used with P < 0.05 as a criterion for significance. Data are
represented as means ± S.D.

RESULTS
Properties of the standing outward K+ current
Granular cells were identified by their small size (2–3 pF)

and cells with short dendrites were used. The standing

outward K+ current (IK,SO) in cultured cerebellar granule

(CG) neurons has been well characterized previously

(Watkins & Mathie, 1996; Millar et al. 2000). IK,SO is a non-

inactivating K+ current that is open at rest, and therefore

can be identified by a pulse protocol, as illustrated in

Fig. 1A. When the membrane potential of the whole cell

was held at _20 mV for a few seconds and then repolarized

to _80 mV, an instantaneous decrease in current was

present. Upon step depolarization, a transient outward

current was often present and this was followed by

inactivation to a steady-state level that is referred to as IK,SO.

In our cultured CG neurons (7–9 days in culture),

application of 10 mM ACh reduced IK,SO by 47 ± 6 %

(n = 5). ACh reduced the non-inactivating current and

not the transient outward current, in keeping with earlier

J. Han, J. Truell, C. Gnatenco and D. Kim432 J. Physiol. 542.2
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findings (Watkins & Mathie, 1996). When the membrane

potential was held at _80 mV and a ramp pulse from

_120 mV to _20 mV applied, an outwardly rectifying current

was typically observed, as seen in Fig. 1B. Under this

condition, where IK,SO should also be fully active, application

of ACh also produced a decrease in outward current, as

expected. The effect of ACh on IK,SO was rapid and fully

reversible. As reported previously, 1 mM TEA failed to

affect IK,SO (4.9 ± 6.0 % change, n = 5). Another important

property of IK,SO is its sensitivity to extracellular pH (pHo).

As shown in Fig. 1C, lowering pHo caused a significant

decrease in whole-cell current. On average, decreasing the

pHo from 7.3 to 6.3 reduced the current by 78 ± 15 %

(n = 5) in CG neurons grown in culture for 7–10 days

(Fig. 1D). Raising the extracellular pH produced an increase

in current but the effects were generally small compared

with the decrease produced by acid pHo. Thus, IK,SO exhibits

properties that are similar to those of TASK-1, which is a

member of the 2P K+ channel family, shows non-

inactivating resting K+ current, and is inhibited by

muscarinic receptor agonists and acid conditions (Millar

et al. 2000; Talley et al. 2000).

Background K+ channels observed in cell-attached
patches
To identify all K+ channels that might contribute to IK,SO, we

recorded single K+ channel currents from cell-attached

patches of cultured CG neurons (n > 1000) using small tip

pipettes (~5 MV tip resistance). From these experiments, we

found four different types of channels that were active when

membrane potential was held constant at values ranging

from _100 mV to +80 mV, and designated them Types 1–4.

This was done primarily based on the differences in their

single-channel conductances and opening characteristics

(Fig. 2A and Table 1). All four channels were K+ selective, as

judged by the 32–36 mV and 52–56 mV positive shifts when

140 mM K+ in the bath was changed to 35 and 15 mM,

respectively, in inside-out conditions (see below). Also, four

channel types with kinetics and conductances

indistinguishable from those shown in Fig. 2 were observed

when KCl in the pipette and bath solutions was replaced with

potassium glutamate. When patch pipettes with larger tip

diameter were used (2–3 MV tip resistance), we could

observe simultaneous openings of two of these K+ channels

in the same patch membrane and could easily identify them

according to their channel kinetic properties (Fig. 2B).

Tandem-pore K+ channel in cerebellar granule cellsJ. Physiol. 542.2 433

Figure 1. The standing outward K+ current in cerebellar
granule neurons
A, whole-cell current was activated by a step pulse protocol as
shown. After holding the cell for 4 s at _20 mV, membrane
potential was changed to _80 mV and then back to _20 mV. ACh
(10 mM) was applied to the extracellular perfusion solution. GTP
(100 mM) and ATP (1 mM) were present in the pipette solution for
all whole-cell experiments. B, whole-cell current was activated by a
1 s duration ramp pulse protocol (_100 mV to _20 mV). ACh
(10 mM) was applied to the extracellular perfusion solution.
C, whole-cell currents were recorded at different extracellular pH
values. The ramp protocol was the same as that in B. D, the bar
graph shows the effect of extracellular pH on the whole-cell current
measured at _20 mV. Each bar is the mean ± S.D. of five
determinations. *Significant difference from the corresponding
control value observed at pH 7.3 (P < 0.05).

Figure 2. Single-channel currents recorded from cell-
attached patches
A, four types of channels with distinct opening kinetics are shown
(Type 1–Type 4). Dotted lines indicate the open states. B, cell-
attached patches show a mixture of channels, as indicated. The cell
membrane potential was held at _50 mV. Pipette and bath
solutions contained 140 mM KCl.
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During the course of these experiments, we noted that the

functional expression of the K+ channels was dependent

on the growth period in culture. To assess such growth-

dependent changes in K+ channel expression, we first

recorded the magnitude of the whole-cell current present

at 0 mV under physiological conditions (i.e. 3 mM KCl in

the bath solution). As shown in Fig. 3A, the average

current increased steadily from ~150 pA at day 1 to 500 pA

at day 8, and did not significantly increase further for the

next 48 h. To determine the growth-dependent changes in

the functional expression of the four K+ channels, we

recorded channel openings in 40–50 cell-attached patches

for each day of culture at both _50 and +50 mV in

symmetrical 140 mM KCl solution. During the first 1–3 days

in culture, a small fraction of cell-attached patches

(~20 %) showed no channel openings. However, during

the next 4–10 days in culture, every patch had some

channel activity. Figure 3B and C shows the growth-

dependent profiles for each of the four types of K+ channels

during the 10 days in culture from eight separate cultures.

Average channel activity per patch was calculated for each

K+ channel type. Type 1 and Type 3 K+ channels were

generally low in activity throughout the culture, although

Type 1 showed a small increase towards the end of the 10-

day period. Channel activity of Type 2 started out low and

increased markedly during days 5–8, and remained

elevated for the next 48 h. The Type 4 K+ channel was most

consistently observed throughout the culture period and

showed an increase in activity during days 1–5. These

changes in channel activity were generally similar at both

_50 mV and +50 mV. The higher averaged channel activity

of the Type 4 channel at +50 mV than that at _50 mV was

due to the voltage dependence of channel open probability

(see below). These results show that the Type 4 K+ channel

is mainly responsible for the IK,SO during the first few days

in culture, whereas both Types 2 and 4 K+ channels are

responsible for the IK,SO after several days in culture. The

gradual increase in IK,SO during culture is therefore due to

an early increase in Type 4 K+ channel activity and a late

increase in Type 2 K+ channel activity. Although the Type 1

channel activity showed a late rise, its contribution to IK,SO,

even at this stage, was less than 10 %. All of the single-

channel data are based on the measurement of channel

density on the cell body of CG neurons. Therefore, a

possibility remains that dendrites express different amounts

of the four types of K+ channel in CG neurons.

The Type 1 K+ channel is similar to TASK-1
As described above, the open probability of the Type 1

channel in CG neurons was typically low (Po < 0.03). Close

examination of Type 1 channel kinetics suggested that it

might be the functional correlate of TASK-1. Typical

single-channel openings of the Type 1 K+ channel in a CG

neuron at _60 mV and +60 mV are shown in Fig. 4A. The

amplitude histogram of channel openings at _80 mV

showed a major single peak at 1.2 ± 0.1 pA (n = 3; Fig. 4B).

The openings were short in duration with a mean open

time of 0.7 ± 0.1 ms at _60 mV (Fig. 4C). The current–

voltage relationship plotted using mean peak values from

the amplitude histograms at different membrane potentials

showed a weak inward rectification (Fig. 4D). The single-

channel conductances were 15.6 ± 1.3 pS at _60 mV and

8.6 ± 1.1 pS at +60 mV (n = 4). In inside-out patches,

changing the bath [KCl] from 140 mM to 35 mM and 15 mM

shifted the reversal potentials from zero to 34 ± 3 mV and

52 ± 4 mV (n = 3), respectively, close to the calculated

Nernst values (36 mV and 58 mV) for a K+-selective ion

channel.

TASK-1 transiently expressed in COS-7 cells showed

kinetic properties indistinguishable from those of the

Type 1 channel (see Table 1). The pharmacological properties

were also similar for Type 1 channel and TASK-1 (Table 2).

J. Han, J. Truell, C. Gnatenco and D. Kim434 J. Physiol. 542.2

Figure 3. Changes K+ channel activity during culture
A, whole-cell currents were activated by a ramp pulse protocol
(_100 to 0 mV) similar to that in Fig. 1B, and the peak currents at
0 mV determined from cells grown in culture for day 1 to day 10.
B, approximately 40 patches per day were analysed for four types of
K+ channels during cell growth in culture. The channel activity was
determined from each cell-attached patch and averaged to give
channel activity per patch. Each point is the mean ± S.D. of 35–42
determinations. Cell membrane potential was held at _50 mV.
C, same experiment as B except that the membrane potential was at
+50 mV to measure outward currents.
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For example, both TASK-1 and Type 1 channels were

unaffected by 1 mM tetraethylammonium (TEA), 1 mM 4-

aminopyridine and 100 nM apamin (P > 0.05; n = 5).

Type 1 channel currents were reduced by 65 ± 8 % by

3 mM Ba2+ and by 45 ± 8 % with 100 mM quinidine (n = 4).

TASK-1 current in COS-7 cells was also reduced to similar

degrees by Ba2+ (69 ± 8 %, n = 5) and quinidine (52 ± 6 %;

n = 4). Arachidonic acid (10 mM) reduced the Type 1 and

TASK-1 K+ channel activities by 32 ± 6 and 36 ± 8 %,

respectively (n = 4). TASK-1 is highly sensitive to extra-

cellular acidic conditions due to the presence of a histidine

residue in the pore region (Lopes et al. 2001). In three

outside-out patches that showed only Type 1 K+ channels,

reducing the pH of the bath solution caused a marked

decrease in channel activity (Fig. 4E). These effects of pH

in CG neurons were not significantly different from those

observed with TASK-1 expressed in COS-7 cells

(P > 0.05). Recent studies have shown that TASK-1 mRNA

is expressed in CG neuron culture and the granular layer of

the cerebellum (Brickley et al. 2001; Talley et al. 2001).

Therefore, our results show that the Type 1 K+ channel is

most likely to be encoded by the TASK-1 gene in CG

neurons.

The Type 2 K+ channel is similar to TASK-3
The Type 2 K+ channel was observed most frequently in

neurons grown in culture for at least 5 days. Figure 5A
shows single-channel openings of the Type 2 K+ channel in

CG neurons and TASK-3 expressed in COS-7 cells.

Amplitude histograms of channel openings showed a single

peak at each membrane potential (_80 to +80 mV). Thus, at

_60 mV, the amplitude was 2.0 ± 0.1 pA (Fig. 5B). Similar

to TASK-1, the Type 2 K+ channel and TASK-3 opened in

short bursts with mean open times of 1.7 ± 0.1 ms and

1.8 ± 0.1 ms (n = 4) at _60 mV, respectively (Fig. 5C). The

single-channel conductances of the Type 2 K+ channel were

33.0 ± 2.4 pS at _60 mV and 16.3 ± 1.2 pS at +60 mV

(n = 3; see Table 1). The single-channel conductances of

TASK-3 were 36.0 ± 2.4 pS at _60 mV and 17.1 ± 1.4 pS at

+60 mV (n = 3). These values for TASK-3 are slightly higher

than those reported in earlier studies, and are due to the low

extracellular divalent concentration (1 mM) used in this

study (Kim et al. 2000; Rajan et al. 2000). Thus, both

channels have nearly identical current–voltage relation-

ships, showing a mild inward rectification in a symmetrical

140 mM KCl solution (Fig. 5D). The current–voltage relation-

ship for TASK-1 is also shown for comparison. In inside-out

patches, changing the bath [KCl] from 140 mM to 35 mM

and 15 mM, shifted the reversal potentials from zero to

32 ± 3 mV and 53 ± 5 mV (n = 3), respectively. These values

are close to the expected potentials calculated from the

Nernst relationship (36 mV and 58 mV) for a K+-selective

channel.

Similar to the Type 1 K+ channel and TASK-1, the Type 2

channel did not respond significantly to 1 mM TEA, 1 mM 4-

aminopyridine and 100 nM apamin when tested in inside-

out patches (P > 0.05; n = 5; see Table 1). High

concentrations of Ba2+ (3 mM) applied to the cytoplasmic

side in inside-out patches blocked the Type 2 K+ channel

Tandem-pore K+ channel in cerebellar granule cellsJ. Physiol. 542.2 435

Table 1. Kinetic parameters of native and cloned K+ channels

Type1 TASK-1 Type 2 TASK-3 Type 3 TREK-2 Type 4

Conductance (pS)
+60 mV 8.6 ± 1.1 9.2 ± 1.1 16.3 ± 1.2 17.1 ± 1.4 67 ± 8 65 ± 6 30 ± 2
_60 mV 15.6 ± 1.3 16.2 ± 1.3 33.0 ± 2.4 36.0 ± 2.4 107 ± 7 104 ± 6 32 ± 2

Mean open time (ms)
(_60 mV) 0.7 ± 0.1 0.8 ± 0.1 1.7 ± 0.1 1.8 ± 0.1 0.9 ± 0.1 1.0 ± 0.1 2.4 ± 0.2

Each value represents the mean ± S.D. of 3–6 values. When values determined for the Type 1 K+ channel and
TASK-1, the Type 2 K+ channel and TASK-3, and the Type 3 K+ channel and TREK-2 were compared, none
was significantly different from each other (P > 0.05). For more details, see text.

Table 2. Responses to drugs of native and cloned K+ channels shown as percentage inhibition

Type 1 TASK-1 Type 2 TASK-3 Type 3 TREK-2 Type 4

Ba2+ (3 mM) 65 ± 8 69 ± 8 62 ± 5 58 ± 7 45 ± 12 52 ± 11 95 ± 3
TEA (1 mM) 6 ± 6 8 ± 7 3 ± 5 2 ± 3 2 ± 3 0 ± 3 90 ± 10
4-AP (out;1 mM) 4 ± 6 5 ± 5 1 ± 4 0 ± 3 1 ± 3 0 ± 4 8 ± 9
Apamin (out;100 nM) 2 ± 5 3 ± 4 6 ± 7 5 ± 6 3 ± 4 1 ± 3 1 ± 4
Quinidine (0.1 mM) 45 ± 8 52 ± 6 40 ± 7 38 ± 6 8 ± 6 6 ± 4 86 ± 12
Bupivacaine (0.1 mM) — — 58 ± 11 54 ± 8 52 ± 6 — —
AA (10 or 20 mM) 32 ± 6 36 ± 8 69 ± 6 63 ± 7 (12 ± 4) (16 ± 6) (4.9 ± 1.7)
GTPgS (10 mM) — — 32 ± 4 38 ± 6 10 ± 4 8 ± 3 5 ± 6

Each value represents the mean ± S.D. of 3–6 values. Each agent was applied to the cytoplasmic side of the
membrane unless indicated otherwise. All mean values above 20% were significantly different from their
respective controls (P < 0.05). Values in parentheses indicate ‘fold’ increase, not percentage inhibition. For
more details, see text. AA, arachidonic acid.
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activity by 62 ± 5 % when the membrane potential was held

+50 mV (n = 4). Quinidine (100 mM), lidocaine (1 mM) and

bupivacaine (100 mM) produced inhibition of the Type 2

channel activity by 40 ± 7 %, 66 ± 8 % and 58 ± 11 %,

respectively (n = 5). As shown in Table 2, the inhibitory

effects of these drugs on the Type 2 K+ channel were similar

to those found on TASK-3 expressed in COS-7 cells

(P > 0.05). Application of 10 mM GTPgS to the cytoplasmic

side of inside-out patches produced a 32 ± 4 % decrease in

channel activity, suggesting that the G-protein pathway is

involved in this inhibitory response. Arachidonic acid

(10 mM) produced a 69 % inhibition of the Type 2 K+ channel

activity mainly by reducing the open-time duration from

1.7 ± 0.1 ms to 0.5 ± 0.1 ms (n = 4). Methanandamide

(1 mM) applied to the extracellular side of the membrane in

outside-out patches failed to significantly affect the Type 2

channel activity (n = 6), but caused a marked inhibition

from the cytoplasmic side of the membrane (55 ± 8 %

inhibition; n = 4).

A well known property of TASK-3 is its sensitivity to pHo

(Kim et al. 2000; Rajan et al. 2000). Using outside-out

patches containing only Type 2 K+ channels, we studied

the effect of pHo on their activity. As shown in Fig. 5E, the

Type 2 K+ channels were markedly inhibited by acidic

conditions (pH 5.8–7.3) and augmented by alkaline

conditions (pH 7.3–8.3). Both the opening frequency and

single-channel current amplitude were reduced by a

decrease in pHo. The amplitudes measured at _60 mV were

2.2 ± 0.2, 1.7 ± 0.1 and 1.3 ± 0.1 pA at pHo values of 8.3,

7.3 and 6.3, respectively (n = 5). An identical experiment

was performed using COS-7 cells expressing TASK-3. In

outside-out patches of COS-7 cells, the single-channel

J. Han, J. Truell, C. Gnatenco and D. Kim436 J. Physiol. 542.2

Figure 4. Electrophysiological properties of the Type 1 K+ channel in cerebellar granule
neurons
A, openings of the Type 1 K+ channel in neurons and TASK-1 expressed on COS-7 cells are shown at three
different membrane potentials in cell-attached patches. The pipette solution contained 140 mM KCl.
B, amplitude histograms of Type 1 channel openings in a CG neuron and TASK-1 expressed in a COS-7 cell
show single peaks of 1.2 pA (_60 mV). C, duration histograms of Type 1 K+ channel openings in a CG
neuron and TASK-1 expressed in a COS-7 cell are shown. D, current amplitudes were determined at each
membrane potential and used to plot the current–voltage relationships. Each point is the mean ± S.D. of
three determinations. E, outside-out patches from CG neurons were formed and the effect of pHo

determined at three pH values. Tracings are inward currents observed at _50 mV in symmetrical 140 mM

KCl. Same experiment was done using COS-7 cells expressing TASK-1 (tracings not shown). Channel
activity was determined at each pH value and plotted (n = 3). *Significant difference from the corresponding
control value observed at pH 7.3 (P < 0.05).
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conductance of TASK-3 was also reduced by acidic

conditions, similar to that observed with the Type 2 K+

channel. At pHo values of 8.0, 7.3 and 6.3, the single-channel

current amplitudes measured at _60 mV were 2.3 ± 0.2,

1.8 ± 0.1 and 1.3 ± 0.1 pA, respectively (n = 5). The results

also showed that the pHo sensitivities of the Type 2 K+

channel and TASK-3 were not significantly different

(Fig. 5E). As reported previously, TASK-3 was reduced by

cytoplasmic application of 10 mM GTPgS and by arachi-

donic acid, similar to those observed with the Type 2 K+

channel (Table 2). These results, together with recent studies

showing a high level of expression of TASK-3 mRNA in the

cerebellar granule layer, suggest strongly that TASK-3

DNA encodes the Type 2 K+ channel.

Tandem-pore K+ channel in cerebellar granule cellsJ. Physiol. 542.2 437

Figure 5. Electrophysiological properties of the Type 2 K+ channel in cerebellar granule
neurons
A, openings of the Type 2 K+ channel in neurons and TASK-3 expressed on COS-7 cells are shown at five
different membrane potentials in cell-attached patches in symmetrical 140 mM KCl. B, amplitude
histograms of Type 2 channel openings in a CG neuron and TASK-3 expressed in a COS-7 cell show single
major peaks of 2.0 pA (_60 mV). C, duration histograms of channel openings in a granule cell and a COS-7
cell are shown. D, current amplitudes were determined at each membrane potential and used to plot the
current–voltage relationships for Type 2 channel, TASK-3. Current–voltage relationship for TASK-1 is also
shown for comparison (n = 3). E, outside-out patches from CG neurons were formed and the effect of pHo

determined at four pHo values. Inward currents observed at _50 mV in symmetrical 140 mM KCl are shown.
Same experiment was done using COS-7 cells expressing TASK-3 (traces not shown). Channel activity was
determined at each pH value and plotted. Each bar represents the mean ± S.D. of five determinations.
*Significant difference from the corresponding control value observed at pH 7.3 (P < 0.05).
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The Type 3 K+ channel behaves like TREK-2
TREK-2 was initially cloned from the rat cerebellum

cDNA library and is a member of the 2P K+ channel family

that is activated by membrane stretch, free fatty acids and

acidic pH conditions (Bang et al. 2000; Lesage & Lazdunski,

2000). TREK-2 expressed in COS-7 cells shows distinct

channel characteristics, including marked open channel

noise, opening in bursts, high single-channel conductance,

and an inward rectification that is stronger than that of

TASK-1 and TASK-3 (Fig. 6A). Figure 6 shows that the

kinetics of the Type 3 channel openings in CG neurons are

nearly identical to those of TREK-2. The mean open times

were 0.9 ± 0.1 and 1.0 ± 0.1 ms (_60 mV; n = 3) for the

Type 3 and TREK-2 channels, respectively (Fig. 6B). The

single-channel conductances of the Type 3 K+ channel and

TREK-2 were 107 ± 7 pS and 104 ± 6 pS at _60 mV, and

67 ± 8 pS and 65 ± 5 pS at +60 mV, respectively (n = 3;

Fig. 6C). In inside-out patches, changing the bath [KCl]

from 140 mM to 35 mM shifted the reversal potentials from

zero to 33 ± 3 mV (n = 3), as expected for a K+-selective

channel.

More notably, the Type 3 K+ channel could be activated by

application of negative pressure to the membrane patch

and by lowering the pH of the intracellular solution

(Fig. 6D). Application of arachidonic acid resulted in a

marked, reversible activation of TREK-2. Linoleic and

linolenic acids also produced similar effects in three

patches from CG cells (not shown). These findings are

consistent with our observation in Fig. 3 that TREK-2

activity is generally low under normal conditions and

becomes active when they are under stressed conditions.

Both Type 3 and TREK-2 were insensitive to 1 mM TEA,

100 mM quinidine, 1 mM lidocaine, 100 mM bupivacaine

and 100 mM glybenclamide (P > 0.05; n = 4; Table 2). Ba2+

(3 mM) inhibited the Type 3 K+ channel and TREK-2 by

45 ± 12 and 52 ± 11 %, respectively (n = 4). Methan-

andamide (1 mM) applied to the extracellular side of the

membrane in outside-out patches failed to activate or

significantly affect the Type 3 channel activity (n = 4).

Recent studies show that TREK-2 mRNA is also highly

expressed in the cerebellar granule layer (Talley et al.
2001). Taken together, these results show that the Type 3

K+ channel is most likely to be the functional correlate of

TREK-2.

Characteristics of the Type 4 K+ channel
First we show the electrophysiological properties of the

Type 4 K+ channel in Fig. 7. In symmetrical 140 mM KCl,

channel openings in a cell-attached patch are shown at

different membrane potentials (Fig. 7A). Inward currents

showed marked flickery openings within each burst,

whereas outward currents showed only a few closings

within each burst. Removal of Mg2+ from the extracellular

solution had no effect on channel opening characteristics,

suggesting that a gating mechanism intrinsic to the

channel protein is responsible for the flickering openings.

Channel openings could be fitted with a single exponential

function. The mean open time was 2.4 ± 0.2 ms at _50 mV

and 18.4 ± 1.8 ms at +50 mV (n = 3; Fig. 7B). The current–

voltage relationship was nearly linear, with a single-

channel conductance of 32 ± 2 pS at _60 mV (n = 3;

Fig. 7D). Open probability was dependent on membrane

potential such that it decreased progressively as the

membrane potential became more negative to the reversal

potential (Fig. 7E). In inside-out patches, changing the

bath [KCl] from 140 mM to 70 mM, 35 mM and 15 mM

shifted the reversal potentials from zero to 16 ± 2 mV,

33 ± 3 mV and 55 ± 4 mV (n = 3), respectively. These

values are close to the expected potentials calculated from

the Nernst relationship (18 mV, 36 mV and 58 mV) for a

K+-selective channel.

The Type 4 K+ channel showed a pharmacological profile

that was different from those of TASK and TREK-2

J. Han, J. Truell, C. Gnatenco and D. Kim438 J. Physiol. 542.2

Figure 6. Electrophysiological properties of the Type 3 K+

channel in cerebellar granule neurons
A, openings of the Type 3 K+ channel in neurons and TREK-2
expressed on COS-7 cells are shown at three different membrane
potentials in cell-attached patches in symmetrical 140 mM KCl.
B, duration histograms of channel openings in a granule cell and a
COS-7 cell are shown. C, current amplitudes were determined at
each membrane potential and used to plot the current–voltage
relationships for the Type 3 channel and TREK-2. Each point is the
mean ± S.D. of three determinations. D, inside-out patches were
formed from CG neurons and the effects of negative pressure, low
pHi and arachidonic acid were examined. Cell membrane potential
was held at _30 mV in symmetrical 140 mM KCl.
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channels (Table 2). In inside-out patches, Ba2+ (1 mM)

produced a nearly complete inhibition of the Type 4 K+

channel current when applied to the bath solution. Intra-

cellular TEA (1 mM), quinidine (100 mM) and bupivacaine

(100 mM) produced 90 ± 10 %, 86 ± 12 % and 52 ± 6 %

inhibition of the Type 4 channel activity, respectively (n = 4

each). Interestingly, TEA (1 mM) applied to the extracellular

side in outside-out patches had no significant effect on the

Type 4 K+ channel activity (P > 0.05; n = 5), consistent

with the finding that the whole-cell current is not affected

by 1 mM TEA. Thus, unlike the 2P K+ channels described

above, the Type 4 channel was highly sensitive to both Ba2+

and TEA, similar to classical inward rectifier (IRK) K+

channels. Other K+ channel blockers such as 4-amino-

pyridine (1 mM), apamin (100 nM), charybdotoxin (100 nM)

and terpiapin (10 nM) failed to affect the Type 4 channel

activity (P > 0.05; n = 5 each). Increasing intracellular

[Ca2+]i from ~10 nM to 10 mM and [Na+]i from 0 to 20 mM

showed no significant effect (P > 0.05; n = 4). In four

patches, application of 100 mM GTPgS to the cytoplasmic

side of inside-out patches had no significant effect on the

Type 4 channel activity, in contrast to the Type 2 K+ channel,

whose activity was reduced by 32 ± 4 %. Interestingly, the

Type 4 K+ channel activity was increased 4.9 ± 1.7-fold

(n = 5) by intracellular application of 20 mM arachidonic

acid, in contrast to the marked inhibition observed with

TASK-1 and TASK-3 (Kim et al. 2000). Methanandamide

(1 mM) applied to the extracellular side of the membrane in

outside-out patches failed to significantly affect the Type 4

channel activity (n = 5). Application of negative (_60 mmHg)

or positive pressure (+40 mmHg) to the pipette produced

no significant effect on the Type 4 channel activity. On

Tandem-pore K+ channel in cerebellar granule cellsJ. Physiol. 542.2 439

Figure 7. Electrophysiological properties of the Type 4 K+ channel in cerebellar granule
neurons
A, channel openings in a cell-attached patch at different membrane potentials are shown. Pipette and bath
solution contained 140 mM KCl. B, open-time histograms are obtained from channel openings at _50 mV
and +50 mV. C, amplitude histograms are obtained from channel openings at _50 mV (1.7 pA) and +50 mV
(1.8 pA). D, current amplitudes were determined at each membrane potential and used to plot the
current–voltage relationship. Each point is the mean ± S.D. of three values. E, channel activity is plotted as a
function of membrane potential. Each point is the mean ± S.D. of four values.
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searching the literature, we have not yet found a cloned K+

channel with electrophysiological and pharmacological

behaviour similar to that of the Type 4 K+ channel.

The Type 4 K+ channel is also a pHo-sensitive
channel
Since IK,SO shows high sensitivity to pHo and the Type 4 K+

channels provide a significant part of IK,SO, we hypo-

thesized that the Type 4 K+ channel is also pHo sensitive. To

test this directly, we obtained outside-out patches containing

only Type 4 K+ channels and changed the pH of the bath

solution in the range 5.8 to 8.3. Figure 8A shows channel

openings from an outside-out patch containing several

Type 4 K+ channels. The results show that changes in

extracellular pH produce large effects on the Type 4 K+

channel activity. The amplitude histograms of the first

open level show that the current amplitude is increased at

high pHo and reduced at low pHo compared with that at

pH 7.3. At pHo values of 5.8, 6.3, 7.3 and 8.3, the channel

current amplitudes measured at _50 mV were 1.1 ± 0.1,

1.2 ± 0.2, 1.6 ± 0.2 and 2.1 ± 0.2 pA, respectively (n = 4).

Thus, both the frequency of openings and the channel

current amplitude (thus the conductance) were affected by

pHo. A plot of the relative channel currents at different pHo

values shows that the Type 4 K+ channel behaves like

TASK-1 and TASK-3 with respect to its response to pHo.

We also examined the effect of changes in intracellular pH

on the Type 4 K+ channel activity using inside-out patches

while maintaining pHo constant at 7.3. Changing pHi from

7.3 to 6.3 and 8.3 produced only a ~7 % decrease (92.6 ±

0.12 % of control) and a ~14 % increase (113.6 ± 0.12 % of

control) in channel current, respectively. Thus, the Type 4

K+ channel shows a much greater sensitivity to pHo than to

pHi. These results indicate that the Type 4 K+ channel

belongs to the family of pHo-sensing K+ channels, and

further help to explain the basis for the high pHo sensitivity

of IK,SO.

Are four types of K+ channels present in cerebellar
granule neurons from older rat brain?
So far, we have focused on identifying background K+

channels in CG neurons cultured from P6–P8 rats. It is of

interest to know whether such channels are also functionally

expressed in CG neurons from older rat brain. To address

this issue, we freshly isolated CG neurons by protease

digestion from 4-week-old rats. Of 112 patches tested, we

found 26 patches with Type 1 channel (TASK-1), 20 patches

with Type 2 channel (TASK-3), 22 patches with Type 3

channel (TREK-2), eight patches with Type 4 channel and

36 patches with no channel activity. The assignment of

channel types was based on current–voltage relationships,

and channel opening kinetics (open-time duration and

burst activity). All four channel types were found to be K+

selective, as judged by the 32–36 mV shift in reversal

potential when [KCl] in the bath solution was changed from

140 mM to 35 mM in the inside-out condition. We were

unable to test the pHo sensitivity due to difficulties in

obtaining outside-out patches with freshly isolated cells. In

12 cell-attached patches of CG neurons dissociated from a

6-month-old rat, we could clearly identify three patches

with Type 1 channel, two patches with Type 2 channel, one

patch with Type 3 channel and two patches with Type 4

channel. Recent studies using in situ hybridization have

shown that TASK-1, TASK-3 and TREK-2 are expressed in

the CG neurons in both young and adult rats (Brickley et
al. 2001; Talley et al. 2001). Taken together, these findings

strongly suggest that all four types of K+ channels are

functionally expressed in adult rat CG neurons. The

relative contribution of each channel type to IK,SO in adult

CG neurons was not determined in this study.

J. Han, J. Truell, C. Gnatenco and D. Kim440 J. Physiol. 542.2

Figure 8. Effect of pH on the Type 4 K+ channel current in
cerebellar granule neurons
A, openings of the Type 4 K+ channels in an outside-out patch are
shown at different pHo values. Amplitude histograms of the first
open level are shown on the right. B, a bar graph shows the relative
channel currents at different pHo values. Each bar is the
mean ± S.D. of four determinations. *Significant difference from
the control value observed at pH 7.3 (P < 0.05)
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DISCUSSION
The goal of this study was to characterize the biophysical

and pharmacological properties of background K+ channels

that give rise to IK,SO in CG neurons and thereby determine

whether they might be functional correlates of the recently

cloned tandem-pore K+ channels. The similar behaviours

of IK,SO and TASK-1 K+ current (Millar et al. 2000) have led

to the initial assumption that TASK-1 is the functional

correlate of IK,SO in CG neurons. Since the cloning of TASK-

1, however, two other members of the 2P K+ channel family

(TASK-3 and TREK-2) have been identified, and their

mRNA found to be highly expressed in the cerebellar

granule layer (Karschin et al. 2002; Talley et al. 2001). Like

TASK-1, TASK-3 is active at rest and shows a high sensitivity

to extracellular pH. Therefore, one cannot easily distinguish

between TASK-1 and TASK-3 simply on the basis of pH

sensitivities. TREK-2 is not very sensitive to changes in

extracellular pH in the 6.8–8.3 range, but is activated by

lowering intracellular pH (Bang et al. 2000; Kim et al.
2001b). Messenger RNA transcripts of TWIK-1 and

THIK-2, two putative 2P K+ channels, are also expressed in

the cerebellar granular layer (Lesage et al. 1996; Brickley

et al. 2001; Rajan et al. 2001). Therefore, the presence of

several 2P K+ channels in the granular layer of the

cerebellum suggested that the IK,SO could be composed of

several 2P K+ channels.

Four types of background K+ channels in CG
neurons
We found four types of K+ channels that could serve as

background K+ channels in CG neurons. We have analysed

the four types of K+ channel with respect to their bio-

physical and pharmacological properties, to help assign

them to their cloned counterparts. Based on single-channel

kinetics, conductances, pH sensitivities and responses to

various pharmacological agents, we suggest that Type 1, 2

and 3 K+ channels are most likely to represent TASK-1,

TASK-3 and TREK-2, respectively. Our results show that

native Type 1 and 2 K+ channels are likely to be functional

homomers of TASK-1 and TASK-3, respectively. However,

we cannot completely rule out the possibility that a TASK-

1–TASK-3 heteromer may form in these cells, as such a

heteromer has recently been reported to form a functional

channel in oocytes and HEK 293 cells (Czirjak & Enyedi,

2002; Talley & Bayliss, 2002). Of the several spliced variants

of TREK-2 discovered recently, the isoform present in CG

neurons is probably TREK-2c, which is abundantly expressed

in the cerebellar granular layer (Gu et al. 2002). We are not

yet able to assign the Type 4 K+ channel to a cloned

counterpart. Type 1–3 K+ channels found in CG neurons

are unlikely to belong to the inwardly rectifying Kir1–3

subfamilies, as nearly all members of the Kir1–3 families

are highly sensitive to block by Ba2+ (Isomoto et al. 1997).

The four types of K+ channels in CG neurons are not

markedly activated or inhibited by intracellular ATP,

suggesting that they are not members of the ATP-sensitive

K+ channel family (Kir6.x).

We also observed the presence of two additional K+

channels: the Ca2+-activated K+ channel (IK,Ca) and the G-

protein-activated K+ channel, usually referred to as IK,ACh.

These two types of K+ channels were generally not observed

in cell-attached patches unless they were activated by

ligands. IK,Ca could be activated by raising [Ca2+]i in inside-

out patches, and IK,ACh could be activated by g-amino-

butyric acid and baclofen, as shown previously (Navarro et
al. 1996; Nicoll et al. 1990; Slesinger et al. 1997). Both IK,Ca

and IK,ACh could be easily distinguished from the four types

of resting K+ channels that we describe above, based on well

known single-channel kinetics, conductance and rectification.

As both IK,Ca and IK,ACh are not active at rest, they are

unlikely to contribute to IK,SO.

We were unable to study CG neurons for longer culture

periods as the neurons died after day 10. It has been described

previously that CG neuron survival and differentiation is

greatly prolonged when [K+] in the growth medium is

maintained at > 20 mM (Gallo et al. 1987). The longer

neuronal survival is believed to be partly due to the adequate

supply of Ca2+ to the cells produced by K+-induced

depolarization. In this study, CG neurons were grown in

medium containing 3 mM KCl, and therefore may have

differentiated more slowly compared with cells grown in

25 mM KCl. Nevertheless, we observed a marked increase

in whole-cell current in cells grown in 3 mM KCl, a

phenomenon also observed in cells grown in high KCl. In

this study, we have not examined the density of the four

types of K+ channels in CG neurons grown in high K+.

Does the Type 4 K+ channel belong to the 2P K+

channel family?
The finding that the Type 4 K+ channel is also pHo sensitive

suggested that this K+ channel may also belong to the

subfamily of TASK K+ channels. However, the pharma-

cological profile suggests that the Type 4 K+ channel

probably belongs to a different K+ channel subfamily. This

is based on the results that the Type 4 K+ channel is highly

sensitive to Ba2+ and TEA, whereas all 2P K+ channels show

low sensitivity to these agents. We considered the possibility

that one of the several recently cloned 2P K+ channels

could encode the Type 4 K+ channel. However, close

examination of the electrophysiological and pharmacological

properties indicated that none of the functional 2P

channels cloned so far show characteristics similar to those

of Type 4 K+ channel. For example, TASK-2 and TASK-4

are not sensitive to arachidonic acid and are not inhibited

by 1 mM TEA (Reyes et al. 1998; Decher et al. 2001; Girard

et al. 2001). TASK-4 is weakly inhibited by acidic pH

conditions (Decher et al. 2001). TASK-5 shares 50 % amino

acid identity with TASK-3, but fails to form a functional

Tandem-pore K+ channel in cerebellar granule cellsJ. Physiol. 542.2 441
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current (Ashmole et al. 2001; Kim & Gnatenco, 2001;

Vega-Saenz de Miera et al. 2001). THIK-2 mRNA is highly

expressed in the cerebellar granule layer of rat brain, but

also does not form a functional K+ channel (Rajan et al.
2001). Whether TWIK-1 forms a functional K+ channel is

controversial and this may be due to the extremely low

single-channel conductance of TWIK-1. It is clear that

TWIK-1 does not form the Type 4 K+ channel whose single-

channel openings are clearly visible with a conductance of

32 pS. It has been reported that free fatty acids increase

background K+ current in CG neurons (Lauritzen et al.
2000), as well as in other types of neurons (Kim et al. 1995;

Colbert & Pan, 1999). The increase in K+ current in the CG

neurons by arachidonic acid is probably due to an increase

in the open probabilities of TREK-2 and the Type 4 K+

channel, as they are both activated by free fatty acids. The

single-channel characteristics of TREK-1 and TRAAK are

well defined (Kim et al. 2001a; Fink et al. 1996, 1998;

Maingret et al. 1999), and we have not seen either channel

in CG neurons, even after application of negative pressure

or arachidonic acid. Therefore, we speculate that the

Type 4 K+ channel is not one of the cloned 2P K+ channels.

On searching the ion channel literature, we have not yet

found a study that describes a Type 4-like K+ channel with

properties that have we described here. We speculate that

the Type 4 K+ channels could belong to an as yet

unidentified subfamily of K+ channels. Further studies are

clearly needed to address this question.

Is the Type 4 K+ channel sensitive to muscarinic
agonists?
In our cultured CG neurons, application of ACh reduced

IK,SO by ~50 % in cells grown for 7–10 days, but by less than

10 % in cells grown for 1–3 days. These results suggest that

ACh does not inhibit the Type 4 K+ current, since IK,SO in

cells grown for 1–3 days arises mostly from the Type 4 K+

channel activity. However, it is possible that M3 receptors

are not expressed or the coupling between the receptor and

G-protein is weak in cells grown for 1–3 days. The partial

inhibition of IK,SO observed in older cells clearly involves

reduction of TASK-3 and TASK-1 currents that are

sensitive to G-protein-dependent inhibition (Kim et al.
2000; Millar et al. 2000; Talley et al. 2000). Because the

molecular identity of the Type 4 K+ channel is not known,

we cannot provide direct evidence showing a lack of

inhibition of the Type 4 K+ current by ACh. Nevertheless,

our result that Type 4 K+ channels in inside-out patches are

not affected by GTPgS is also supportive of our view that it

is insensitive to muscarinic receptor agonists.

The mechanism of inhibition of TASK K+ channels by ACh

is not clear at present. It has been reported that the activity

of phospholipase C (PLC) is important, as the inhibitor of

this enzyme (U-73122) partially reduces the inhibition of

TASK-1, but intracellular Ca2+ mobilization does not appear

to be critical (Boyd et al. 2000; Czirjak et al. 2001). A recent

view is that PLC-induced breakdown of polyphospho-

inositides may be responsible for the inhibition of TASK-1

(Czirjak et al. 2001). In our cultured granular neurons,

application of ATP, which would elevate the level of

phosphoinositides in the cell membrane (Berberian et al.
1998), did not increase the Type 4 K+ channel activity.

Unlike TASK channels, the activity of the Type 4 K+

channels did not decrease with time (rundown) in inside-

out patches, as expected of a channel insensitive to the

concentrations of phosphoinositides in the membrane.

Direct application of PLC also failed to inhibit the Type 4

K+ channel activity. These observations also suggest that

the Type 4 K+ channel is not inhibited by ACh, and is

consistent with our result that ACh inhibits only about

50 % of the whole-cell current (IK,SO) in cultured CG

neurons. If the Type 4 K+ channel were inhibited by ACh

via G-protein, one would observe a larger inhibition of

IK,SO. The precise degree of inhibition of IK,SO by muscarinic

agonists may therefore depend on the magnitude of each

type of K+ channel current that exists in a particular

individual neuron.

Physiological significance
Our study clearly shows that IK,SO is the sum of four

different K+ channel currents, each with distinct properties

in cultured CG neurons and probably also in adult CG

neurons. These K+ channels would be involved in setting

the resting membrane potential, an important function in

excitable cells. TASK-1 and TASK-3 are targets of muscarinic

receptor agonists that increase excitability by reducing the

resting K+ conductance via G-protein signalling pathways.

TREK-2 has been reported to be modulated by Gs-, Gi-

and Gq-coupled receptors with positive and negative effects

(Lesage et al. 2000). TREK-2 may become particularly

important under pathophysiological situation as it is easily

activated by conditions that cause cell swelling, decrease in

intracellular pH and production of free fatty acids. Most

interestingly, three of the four K+ channels are highly

sensitive to extracellular pH, suggesting that protons may

be an important modulator of CG neuron function. A

small reduction in pHo may cause sufficient depolarization

of cells to fire and increase excitatory input to Purkinje

cells. Changes in pHo during ischaemia and hypoxia in the

brain are well established, but whether such changes occur

under physiological conditions is not well known. Further

studies will be necessary to understand the role of each K+

channel in the synaptic transmission of CG neurons and

within the cerebellum.
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