
Pharmacological characterization of a non-inactivating outward
current observed in mouse cerebellar Purkinje neurones

*,1,2Trevor Bushell, 2Catherine Clarke, 2Alistair Mathie & 1,2Brian Robertson

1Neuronal Excitability Group, Biochemistry Section, Department of Biological Sciences, Imperial College of Science,
Technology and Medicine, London SW7 2BW and 2Neuronal Excitability Group, Biophysics Section, Department of Biological
Sciences, Imperial College of Science, Technology and Medicine, London SW7 2BW

1 Whole-cell patch clamp recordings were used to investigate the properties of a non-inactivating
outward current observed in mouse cerebellar Purkinje neurones at a holding potential of 720 mV.

2 Increasing the external potassium (K+) concentration from 3 mM to 20 mM produced a
rightward shift in the observed reversal potential of *30 mV or *40 mV for a K+-or a caesium
(Cs+)-based intracellular solution respectively, indicating the outward current was a K+ current.

3 The outward current was partially inhibited by the K+ channel blocker, tetraethylammonium
(TEA; IC50=0.15 mM). Subsequently, the background or TEA-insensitive current was measured in
the presence of 1 mM TEA.

4 The background current was reversibly inhibited by barium (Ba2+; 300 mM, 50%) and
potentiated by the application of arachidonic acid (AA; 1 mM, 62%).

5 The volatile anaesthetic, halothane (1 mM), and the neuroprotectant, riluzole (500 mM), both
reversibly inhibited the background current by 54% and 36% respectively.

6 The background current was insensitive to changes in both intracellular and extracellular
acidi®cation.

7 The GABAB and m-opioid receptor agonists, baclofen and [D-Ala2, N-MePhe4-Gly-ol5]
enkephalin (DAMGO) both reversibly potentiated the outward current by 42% and 26%
respectively. In contrast, the metabotropic glutamate receptor and acetylcholine receptor agonists,
(S)-3,5-dihydroxyphenylglycine (DHPG) and muscarine both reversibly inhibited the outward
current by 48% and 42% respectively.

8 These data suggest that cerebellar Purkinje neurones possess a background current which shares
several properties with recently cloned two-pore K+ channels, particularly THIK-1.
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amino-4-phosphonobutyrate; NBQX, 2,3-Dioxo-6-nitro-1, 2,3,4-tetrahydrobenzo [f] quinoxaline-7-) sulphona-
mide; TEA, tetraethylammonium; TTX, tetrodotoxin; 2PK, two-pore potassium channel; 4-AP, 4-aminopyridine.

Introduction

Membrane potential and excitability in neuronal and non-
neuronal cells is largely regulated by a large family of pore-

forming proteins, which are selectively permeable to
potassium (K+) ions, i.e. K+ channels (e.g. see Coetzee et
al., 1999 for review). Cloning studies have revealed that the

K+ channel superfamily can be divided into distinct
subgroups depending on their structural basis. It is proposed
that all K+ channels are made up of four pore forming (P)

segments (Coetzee et al., 1999). However, the number of
transmembrane domains associated with each P segment may
vary. The inwardly rectifying subgroup of K+ channels are
distinguished by their two transmembrane domains, whereas

voltage-gated K+ channels have six transmembrane domains.

More recently, a third subgroup of K+ channels with four
transmembrane domains has been cloned which have been

shown to have two-pore forming domains in each subunit
(2PKs; Lesage & Lazdunski, 1999; North, 2000; Patel &
HonoreÂ , 2001).

Currently, fourteen mammalian 2PKs have been cloned
(Patel & HonoreÂ , 2001; Goldstein et al., 2001). In expression
systems, these exhibit selective K+ conductance although

their permeability and gating properties may di�er. They
have been named in relation to the ®rst channel cloned,
TWIK-1, i.e. Tandem of P domains in a Weak Inward
recti®er K+ channel (Lesage et al., 1996). A 2PK with similar

sequence homology and properties to TWIK-1 has been
identi®ed, namely TWIK-2 (Chavez et al., 1999; Patel et al.,
2000). A number of 2PKs have been shown to be acid-

sensitive and thus are termed TWIK related acid-sensitive K+

channels (TASK-1, -2, -3, -4 and 5; Duprat et al., 1997;
Reyes et al., 1998; Kim et al., 2000; Rajan et al., 2000;
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Decher et al., 2001; Ashmole et al., 2001; Kim & Gnatenco,
2001). Closely related to TASK-2 are the recently cloned
TWIK related alkaline pH activated K+ channels (TALK-1

and TALK-2), with TALK-2 being identical to the earlier
cloned TASK-4 (Girard et al., 2001). In addition, TWIK
related K+ channel (TREK-1 and TREK-2; Fink et al., 1996;
Bang et al., 2000) and TWIK related arachidonic acid

sensitive K+ channel (TRAAK; Fink et al., 1998) are
potentiated by arachidonic acid (AA). A 2PK channel that
is inhibited by halothane has been cloned, Tandem pore

domain Halothane Inhibited K+ channel (THIK-1), as well
as a structurally related homologue, THIK-2 (Rajan et al.,
2001). Finally, a 2PK clone, KCNK7, shows sequence

homology to the other 2PKs but to date does not form
functional channels when heterologously expressed alone or
in combination (Salinas et al., 1999). The 2PK channels may

be partially distinguished by pharmacological means,
although due to the absence of selective and speci®c blockers
of the individual channels, their precise roles and functions in
the control of neuronal excitability are still to be determined.

Several studies have shown that background currents in
neurones are susceptible to modulation by various pharma-
cological agents, for example activation of G-protein coupled

receptors (Fisher & Nistri, 1993; Takeshita et al., 1996, Rouse
et al., 2000) and by volatile anaesthetics (Lopes et al., 1998).
In addition, recent work has shown that the background

current present in a variety of neurones was carried, at least
in part, by a 2PK channel. The voltage dependence,
sensitivity to various speci®c pharmacological agents and

channel distribution studies suggested the background
conductance is carried by a TASK-like channel (Buckler et
al., 2000; Millar et al., 2000; Sirois et al., 2000; Talley et al.,
2000).

Certain K+ conductances in Purkinje neurones are
potentiated by AA, and by the activation of GABAB

receptors (Premkumar et al., 1990a, b). More recently, it

has been shown that antibodies selective for the AA-sensitive
2PK channels, TREK-1, TRAAK and TASK-1 (Hervieu et
al., 2001; Kindler et al., 2000; Reyes et al., 2000) stained

heavily in the Purkinje cell layer.
The aim of the present study is therefore to investigate a

non-inactivating outward current observed in mouse cere-
bellar Purkinje neurones. At a holding potential of 720 mV,

our data suggest that the non-inactivating outward current is
carried mainly by K+ ions. Further characterization of the
non-inactivating outward current using a wide variety of K+

channel blockers indicates that the current comprises of at
least two components, a TEA-sensitive and a TEA-insensitive
background component. Further investigation into the TEA-

insensitive background current reveals that it shares certain
properties with 2PKs.

Methods

Slice preparation

Male mice (3 ± 5 weeks old) were humanely killed by cervical
dislocation and decapitated according to U.K. Home O�ce

guidelines. The brains were rapidly removed and placed in
ice-cold sucrose-based arti®cial cerebrospinal ¯uid (ACSF).
Parasaggital slices (300 mM) were then cut using a Campden

vibroslice and placed in a holding chamber containing ACSF
bubbled with 95% O2/5% CO2 at room temperature. The
slices were then transferred to a submerged recording

chamber, after at least a 1 h equilibration period at room
temperature, and perfused with ACSF at a rate of
2 ml min71 at room temperature (21 ± 258C). The ACSF
contained (in mM): NaCl 124, KCl 3, NaHCO3 26, NaH2PO4

2.5, MgSO4 2, CaCl2 2 and D-Glucose 10 and bubbled with
95% O2/5% CO2, pH*7.3. The sucrose-based ACSF was
identical to the above except NaCl was substituted for

sucrose to preserve isosmolarity. In experiments where the
K+ concentration was increased to 20 mM, NaCl concentra-
tion was reduced accordingly.

Electrophysiology

Purkinje cells were visualized using water-immersion lens
mounted on an Olympus BXW510 microscope and identi®ed
by their large soma size and distinctive distribution.
Recordings were made using the whole-cell voltage clamp

technique utilizing borosilicate glass electrodes (Clark Elec-
tromedical, U.K.) of 4 ± 7 MO resistance, ®lled with an
intracellular solution containing (in mM): CsCl or KCl 140,

MgCl 1, CaCl2 1, EGTA 10, HEPES 10 and Na-ATP 3,
pH 7.2. Recordings were made using an EPC-9 ampli®er
(HEKA Electronik, Lambrecht, Germany), with Pulse soft-

ware running on a MacIntosh computer. Series resistance was
515 MO and compensated by 50 ± 65%. The non-inactivat-
ing outward current was investigated by a 300 ms step from

the holding potential of 720 mV to 780 mV every 30 s and
monitored on-line by measuring the holding current at
720 mV. Voltage-ramp protocols consisted of 400 ms ramp
between 7110 mV and 40 mV from the holding potential of

720 mV. Step data was digitized at 10 kHz whereas ramp
data was digitized at 5 kHz, both ®ltered at one third of the
sampling frequency. O�-line data analysis was performed

using Pulse®t software (HEKA). All data are expressed as
mean+s.e.m., where n=number of cells. All statistics were
performed on raw data using ANOVA and Tukey tests with

P50.05 considered signi®cant.

Pharmacological agents

All drugs utilized were made as a minimum of 100X stock
solutions and stored at 7208C. Prior to application they
were diluted to the required concentration in the appropriate

ACSF and applied via the perfusate. All salts and sucrose
were obtained from BDH chemicals (Poole, U.K.). 4-
aminopyridine (4-AP), tetraethylammonium (TEA), barium

chloride (BaCl2), lactic acid (LA), muscarine, noradrenaline,
baclofen and bicuculline methiodide were all obtained from
Sigma (Poole, U.K.). (S)-3,5-Dihydroxyphenylglycine

(DHPG), 2R, 4R-4-aminopyrrolidine-2, 4-dicarboxylate (2R,
4R-APDC), (S)-2-amino-4-phosphonobutyrate (L-AP4), 2,3-
Dioxo-6-nitro-1, 2,3,4-tetrahydrobenzo [f] quinoxaline-7-)
sulphonamide (NBQX) and [D-Ala2,NMePhe4,Gly-ol]-enke-

phalin (DAMGO) were obtained from Tocris (Bristol, U.K.).
Tetrodotoxin (TTX) and iberiotoxin were from Alomone
Laboratories (Jerusalem, Israel). Arachidonic acid and

riluzole were from Calbiochem (Nottingham, U.K.). [D-
Pen2,D-pen5)enkephalin (DPDPE) was obtained from Ba-
chem (St. Helens, U.K.). WIN 55.212-2 and CP 55,940 were
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kind gifts from Dr Iain James at Novartis (London, UK).
The volatile anaesthetic, halothane, was a gift from Professor
N. Franks, Biophysics Section, Department of Biological

Sciences, Imperial College, London. The stock solution for
the anaesthetic was prepared as described previously (Lopes
et al., 1998).

Results

Cerebellar Purkinje neurones exhibit a non-inactivating
outward current carried by K+ ions

Experiments were carried out using a similar step protocol to
that described previously when investigating a background
current, IK(SO), in cerebellar granule cells (Watkins & Mathie,

1996). With a K+/ATP+ -based intracellular solution, a non-
inactivating outward current was observed when the Purkinje
cells were held at 720 mV. To investigate whether the non-
inactivating outward current was carried by K+ ions, we

increased the extracellular K+ concentration, [K+]o, to
20 mM from the standard ACSF concentration of 3 mM.
We conducted the experiments in the presence of various ion

channel blockers in an attempt to reduce the e�ects of
increased neurotransmitter release. In the presence of the
non-NMDA receptor antagonist (NBQX, 5 mM), the GABAA

receptor antagonist (bicuculline, 10 mM), the Na+ channel
blocker (TTX, 0.5 ± 1 mM) and the Ca2+ channel blockers
(cadmium, 100 mM and nickel, 50 mM), an increase in [K+]o,

from 3 mM (EK=797.1 mV) to 20 mM (EK=749.2 mV)
gave a rightward shift in the reversal potential of
26.7+0.9 mV (n=3; Figure 1). Whilst conducting these
experiments, `rundown' of the outward current was observed

in approximately 90% of the cells tested. These problems
with `rundown' were overcome by using a Cs+ /ATP -based
intracellular solution. Using the same protocols, non-

inactivating outward currents were still observed and a
rightward shift in the reversal potential of 43.8+1.6 mV
(n=3; Figure 1B) was observed by increasing [K+]o to

20 mM. As expected, this increased in [K+]o also lead to a
decrease in the outward current as shown in Figure 1C.
Comparison of the shift in the reversal potential with the

theoretical value of 47.2 mV calculated from the Nernst

equation, shows that K+ ions do indeed underlie the non-
inactivating outward current. Di�erences between the
theoretical and the observed shift in the reversal potentials

using a K+-based intracellular solution could be explained by
the observed `rundown' of the outward current. Experiments
with the Cs+-based intracellular solution suggest there may

be a ®nite permeability of the background current to other
ions. In addition, a contribution from other activated, non-
K+ mediated currents cannot be ruled out. With the

increased stability of the outward current when using a
Cs+-based intracellular solution, all experiments described
below were carried out under these conditions.

TEA-sensitive K+ channels underlie part of the overall
non-inactivating outward current

To investigate the molecular entities that underlie the non-
inactivating outward current, initial experiments were carried
out using the `classical' K+ channel blocker, TEA. To avoid

increased neurotransmitter release, these experiments were

performed with the cocktail of blockers described above.
TEA (1 mM) inhibited the non-inactivating outward current
by 60.5+3.4% (n=11; P50.001; Figure 2A). A concentra-

tion-response curve revealed TEA had an IC50 of 0.15 mM

(Figure 2B). Use of the earlier described voltage ramp
protocol showed that TEA blocked with greater potency at

more depolarized potentials. The TEA-sensitive current
accounted for 35% of the total current at +40 mV which
is reduced to 17% at 780 mV, suggesting that the TEA-
sensitive component is voltage-activated (Figure 2C,D). BK

channels were unlikely to be involved since iberiotoxin
(100 nM; n=3; Figure 2E), was without e�ect on the outward
current. The relatively low IC50 for TEA and voltage-

dependence possibly suggests the functional activation of
either Kv3-like subunits (Rudy et al., 1999) or KCNQ2-like
subunits (Wang et al., 1998). In order to investigate whether

KCNQ-like channels were involved, we applied a high
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Figure 1 The non-inactivating outward current is carried by K+

ions. Increasing extracellular [K+]o to 20 mM from the control value
of 3 mM produced a rightward shift of the reversal potential. (A)
Voltage-ramp protocols in the presence of transmission blockers with
a K+-based intracellular solution. The inset illustrates the voltage
protocol used and the current versus time trace obtained prior to
converting to a current versus voltage trace. (B) Using a Cs+-based
intracellular solution, the rightward shift in reversal potential is in
agreement with theoretical value of 47.2 mV. (C) Representative time
course for the depression of the non-inactivating outward current at
720 mV by increasing extracellular [K+]o.
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concentration of the KCNQ inhibitor, linopirdine (Selyanko
et al., 1999). Linopirdine (50 mM) only produced a small yet
signi®cant depression of the outward current, with a
depression of 10.3+1.5% (n=3; P50.05; Figure 2E).

Furthermore, KCNQ channels are relatively insensitive to
1 mM 4-AP and we observed a depression of the non-
inactivating current of 67.5+13.5% (n=4; P50.01; Figure

2E), thereby discounting KCNQ-like channels and indicating
the possible involvement of Kv3-like subunits. Thus, to
isolate the background current, experiments described below

were performed in the presence of 1 mM TEA (unless
otherwise indicated).

Ba2+ blocks the background current

Ba2+ and quinidine have been shown to inhibit a variety of
K+ channels (Hille, 1992). In the presence of 1 mM TEA,

Ba2+ (300 mM) produced an inhibition of the background
current of 50.3+10.9% (n=4; P50.05; Figures 3A,B)

whereas quinidine (300 mM) was ine�ective (17.3+3.7%;
n= 5; P=0.133; Figure 3B). Application of Ba2+ (300 mM)
also reversibly inhibited the outward current in the absence of

TEA by 45.3+10.6% (n=6; P50.01). Quinidine (300 mM)
proved to be more e�ective in the absence of TEA
(71.8+7.6%, n=5, P50.01), indicating a greater potency
on the TEA-sensitive component.

Potentiation of the background current by arachidonic
acid

We investigated the e�ects of AA on the background current.
AA has been shown to modulate a number of K+ channels,

for example some voltage-gated channels are activated (Zhu
et al., 2000) or inhibited (Villarroel & Schwarz, 1996) whereas
certain 2PK channels are activated (Fink et al., 1996; 1998;

Bang et al., 2000). No signi®cant e�ect of AA was observed
when concentrations as used in expression systems were
utilized, i.e. 10 mM (n=5). However, care needs to be taken
when using AA as it can be rapidly oxidized, especially so in

the highly aerated mixture required for CNS slice experi-
ments. In order to overcome this, we increased the AA
concentration to 100 mM and 1 mM. We still failed to see any
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Figure 2 Kv3-like K+ channels partially underlie the non-inactivat-
ing outward current. (A) The total outward current was sensitive to
the classical K+ channel blocker, TEA, whilst being relatively
insensitive to the actions of the selective KCNQ channel blocker,
linopirdine. (B) Concentration response curve for TEA on the total
outward current. (C) Current versus voltage traces in the presence
and absence of TEA. (D) Subtraction of the current remaining in the
presence of TEA from the control current (from the traces in C)
shows that TEA is more potent at depolarized potentials. (E) The
action of various K+ channel blockers on non-inactivating outward
current (**=P50.01).
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Figure 3 The background current is sensitive to block by Ba2+. (A)
In the presence of TEA, Ba2+ produces a signi®cant block of the
TEA-insensitive current. Representative traces are illustrated from
the time points indicated. (B) Inhibition by Ba2+ and quinidine in the
presence of TEA (*P50.05).
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potentiation with 100 mM AA (n=5), however, at 1 mM, AA
potentiated the background current by 62.5+6.3% (n=4;
P50.01; Figure 4B,C). Similar potentiation was observed in

the absence of TEA (59.7+7.3%; n=7; P50.01).

A volatile anaesthetic inhibits the background current

The exact mechanism by which volatile anaesthetics produce
their characteristic clinical actions remains uncertain. Several
volatile anaesthetics, for example, have been shown to

lengthen the decay time constant of GABAA IPSCs (Gage
& Robertson, 1985) and activate K+ currents (Lopes et al.,
1998). Anaesthetics have been shown to produce either an

activation (Patel et al., 1999) or an inhibition (Rajan et al.,
2001) depending on the 2PK under investigation. Thus, we
investigated the action of the volatile anaesthetic, halothane,

on the Purkinje cell background current.
In order to verify that halothane was reaching the Purkinje

cell, the decay time constant of spontaneous inhibitory
postsynaptic currents (IPSCs) was analysed. In all cells

studied, halothane signi®cantly increased the decay time
constant (control 5.9+0.3 ms v 15.4+1.0 ms in halothane
(1 mM); n=20 IPSCs for each; n=three cells; P50.001).

Halothane produced a reversible inhibition of the TEA-

insensitive background current of 54.0+10.1% (n=3;
P50.05; Figure 4C,D). Similar inhibitions were observed in
the absence of TEA (48.0+10.3%; n=5; P50.01).

The neuroprotective agent, riluzole, inhibits the
background current

The neuroprotective agent, riluzole, has been shown to elicit
complex e�ects on AA-sensitive 2PKs, potentially through
either a direct interaction with the channel itself or through

the activation of PKA (Duprat et al., 2000). Application of
riluzole (500 mM) produced a reversible inhibition of
35.7+8.7% of the Purkinje cell background current (n=4;

P50.05; Figures 5A,C). Thus riluzole produces similar e�ects
on the background current to those seen in AA-sensitive
2PKs in expression systems.

The background current is insensitive to both extracellular
and intracellular acidification

Both extracellular and intracellular acidi®cation modulate a
number of K+ channels (Duprat et al., 1997; Reyes et al.,
1998; Steidl & Yool, 1999; Kim et al., 2000; Rajan et al.,

2000), hence the e�ect of decreasing extracellular and
intracellular pH on the background current was investigated.
Decreasing the extracellular pH from 7.3 to 6.9 did not

signi®cantly alter the background current (5.5+2.2% of
control; n=3; Figures 5B,C). In addition, intracellular
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Figure 4 Arachidonic acid potentiates and halothane inhibits the
background current. (A) Representative traces from the timepoints
indicated in C. (B) Application of AA reversibly potentiates the
background current. (C) Halothane inhibits the background current.
(D) Summary of the actions of AA and halothane in the presence of
TEA (*P50.05; **P50.01).
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Figure 5 Riluzole inhibits, but small changes in pH have no e�ect
on the background current. (A) The background current is inhibited
by the application of the neuroprotective agent, riluzole. (B)
Decreasing extracellular pH did not signi®cantly modulate the
background current. (C) Summary of the actions of riluzole and
changes in intracellular and extracellular pH (*P50.05).
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acidi®cation with minimal change in extracellular pH,
achieved by the application of lactic acid (LA; Church et
al., 1998), did not signi®cantly a�ect the background current

(7.7+6.0%; n=3; Figure 5C).

Modulation of the non-inactivating outward current by
G-protein coupled receptors

G-protein modulation of background conductances has been
reported in a number of neuronal preparations such as the

caudate putamen, hippocampus and trigeminal motorneurons
(e.g. Takeshita et al., 1996; Rouse et al., 2000).
We found that the activation of various G-protein coupled

receptors could indeed modulate the non-inactivating out-
ward current. The selective GABAB agonist, baclofen
(25 mM), and the selective m-opioid receptor agonist,

DAMGO (5 mM) both reversibly potentiated the current by
42.4+10.9% (n=11; P50.01; Figure 6A) and 26.3+8.7
(n=6; P50.05; Figure 6A) respectively. In contrast, the
selective group I metabotropic glutamate receptor agonist,

DHPG (50 mM) and the muscarinic acetylcholine receptor
agonist, muscarine (10 mM), inhibited the current by
48.0+10.8% (n=5; P50.01; Figure 6B) and 42.0+12.7%

(n=4; P50.05; Figure 6B) respectively. Agonists for other
G-protein coupled receptors were ine�ective at modulating
the current. The group II and III selective metabotropic

glutamate receptor agonists, APDC (10 mM; n=4) and L-AP4
(25 mM; n=6), were ine�ective. Additionally, the cannabinoid
receptor agonists, CP 55,940 (10 mM; n=5) and WIN 55.212-

2 (10 mM; n=5), and agonists at other opioid and orphan
opioid receptors DPDPE (2 mM; n=6), dynorphin (1 mM;
n=4) and orphanin FQ (500 nM; n=4) and the adrenergic
agonist, noradrenaline (50 mM; n=5), did not cause any

signi®cant modulation (Figure 6C).

Discussion

Background conductances are suggested to be involved in the

control of resting membrane potential and their modulation
may therefore alter neuronal excitability (Hille, 1992). The
molecular entities that underlie these potentially crucial
neuronal background conductances still remain unclear.

However, the recent cloning of 2PK channels has led to one
of these being proposed to underlie the leak conductance in a
variety of neurones (Millar et al., 2000; Sirois et al., 2000;

Talley et al., 2000). Here we have carried out experiments
designed to elucidate the nature of the non-inactivating
outward current in mouse cerebellar Purkinje neurones.

The TEA-sensitive component has similarities with
Kv3-like K+ channels

We have investigated the non-inactivating current observed in
Purkinje neurones at the depolarized holding potential of
720 mV.We have shown that the current is carried by K+ ions

and consists of two components: a TEA-sensitive and a TEA-
insensitive component. The TEA-sensitive component shares
several characteristics with the Kv3 sub-family of K+ channels,

a conclusion reached from the current's sensitivity to TEA and
4-AP and its voltage-dependence, together with its relative lack
of sensitivity to iberiotoxin and linopirdine. We also show that

the sensitivity to TEA decreases at more hyperpolarized
potentials. The channels underlying this conductance do not
deactivate or inactivate fully at this holding potential and,

signi®cantly, are not blocked by intracellular Cs+. The current
that we describe here is similar to those described in a recent
report of K+ currents in rat subthalamic nucleus neurones
(Wigmore & Lacey, 2000), which possess a `persistent outward'

current which was not inhibited by intracellular Cs+ and also
shared several characteristics with Kv3-like K+ channels. In
addition, the TEA sensitivity (IC50=0.15 mM) is in agreement

with a previous study from our laboratory (Southan &
Robertson, 2000), for the inhibition (IC50=0.17 mM) of the
Purkinje somatic voltage-gated K+ current by TEA. Hence,

Kv3-like subunits are the likeliest candidates for the observed
TEA-sensitive current.

The TEA-insensitive background current shares properties
with 2PKs

Unlike the TEA-sensitive component, the TEA-insensitive

background current is active at all potentials. The use of
various pharmacological agents that have been shown to
modulate 2PKs would indicate a potential role for these

channels underlying the background current. In the present
study, the background current is sensitive to block by Ba2+,
potentiated by arachidonic acid, inhibited by halothane and
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Figure 6 Potentiation and inhibition of the total outward current
by the activation of G-protein coupled receptors. (A) Potentiation of
outward current by activation of m-opioid and GABAB receptors. (B)
Inhibition of the outward current by activation of group I
metabotropic glutamate and muscarinic acetylcholine receptors. (C)
The actions of G-protein coupled receptor agonists on the total
outward current (*P50.05, **P5 0.01).
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insensitive to small changes in pH. These pharmacological
characteristics are similar to those shown by the recently
cloned 2PK channel, THIK-1 when expressed in Xenopus

oocytes (Rajan et al., 2001). Our electrophysiological data
would suggest, therefore, that either THIK-1, or a closely
related, yet to be cloned, channel, might underlie the
background current in Purkinje neurones. Distribution studies

for THIK-1, revealed by in situ hybridization, indicate strong
expression of THIK-1 in only a restricted number of regions
of the rat brain. The cerebellum is not one of these. However,

the closely related homologue, THIK-2, is expressed strongly
in the cerebellum but as yet has proved to be non-functional in
oocyte expression systems (Girard et al., 2001; Rajan et al.,

2001). Distribution studies would also seem to rule out other
anaesthetic-inhibited 2PKs (TALK-1, -2), which are only
found in the periphery (Girard et al., 2001). The immunohis-

tochemical data available reveals that Purkinje neurones
express TASK-1 (Kindler et al., 2000) and TRAAK (Reyes
et al., 2000) channels whilst mRNA localization studies have
revealed the presence of TREK-1 (Fink et al., 1996), TREK-2

(Bang et al., 2000) and TWIK-1 (Talley et al., 2001). However,
volatile anaesthetics activate rather than inhibit TREK 1 and
TREK-2 and little is known about the action of anaesthetics

on TWIK-1. Taken together, our data show that the
background conductance in cerebellar Purkinje neurons shares
many, but not all, of the characteristics of the cloned 2PK

channel, THIK-1. This might suggest that the molecular entity
underlying the TEA-insensitive non-inactivating outward
current may be related to THIK-1, which has yet to be cloned

or functionally characterized.

The potential role of the TEA-insensitive background
current

We have shown that the background conductance present in
mouse cerebellar Purkinje neurones is susceptible to modula-

tion by a number of neurotransmitters that act through G-
protein coupled receptors. The increase in the background
conductance by the activation of GABAB receptors is similar

to that seen by Premkumar and colleagues (Premkumar et al.,
1990a, b) who reported the activation of K+ channels by
arachidonic acid and through the activation of GABAB

receptors. Furthermore, the activation of m-opioid receptors
can potentiate the leak conductance, which may also be
mediated through the production of arachidonic acid. This
subtype of opioid receptor has been shown to increase levels

of arachidonic acid in expression systems (Fukuda et al.,
1996) and this transduction pathway has been suggested for
the inhibition of GABA-mediated transmission in the

periaqueductal grey region of the midbrain (Vaughan et al.,
1997). Activation of these two distinct neurotransmitter
receptors would decrease the excitability of the Purkinje

neurones through hyperpolarization of the membrane
potential and decreasing the neuronal input resistance. In
contrast, the background conductance is inhibited by the

selective group I mGluR agonist, DHPG and the acetylcho-
line receptor agonist, muscarine. Activation of these receptors
would lead to an increase in the excitability of these
neurones, an e�ect already suggested for muscarinic action

on TASK-1 in cerebellar granule cells (Millar et al., 2000)
and for thyrotropin-releasing hormone in rat motoneurons
(Fisher & Nistri, 1993; Talley et al., 2000).

In conclusion, the conductance investigated in the present
study comprises of two individual components, a TEA-
sensitive component, probably Kv3-like, and a TEA-

insensitive background current with many properties in
common with the 2PK channel, THIK-1. Manipulation of
the TEA-insensitive component could provide an important

mechanism for altering the neuronal excitability of Purkinje
neurones.

This work was supported by a Wellcome International Travelling
Fellowship to T. Bushell, the B.B.S.R.C. to C. Clarke and by the
Medical Research Council (U.K.) to A. Mathie and B. Robertson.
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