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TASK-1 encodes an acid- and anaesthetic-sensitive
background K+ current, which sets the resting mem-
brane potential of both cerebellar granule neurons
and somatic motoneurons. We demonstrate that
TASK-1, unlike the other two pore (2P) domain K+

channels, is directly blocked by submicromolar con-
centrations of the endocannabinoid anandamide,
independently of the CB1 and CB2 receptors. In cere-
bellar granule neurons, anandamide also blocks the
TASK-1 standing-outward K+ current, IKso, and
induces depolarization. Anandamide-induced neuro-
behavioural effects are only partly reversed by antag-
onists of the cannabinoid receptors, suggesting the
involvement of alternative pathways. TASK-1 consti-
tutes a novel sensitive molecular target for this endo-
cannabinoid.
Keywords: acidosis/CB1 receptor/cerebellum/2P domain
K+ channels

Introduction

Leak or background K+-selective channels, as de®ned by a
lack of voltage- and time-dependency, play an essential
role in setting the neuronal resting membrane potential and
input resistance. The molecular identity of several back-
ground K+ channels has now been elucidated (Fink et al.,
1996, 1998; Lesage et al., 1996, 2000; Duprat et al., 1997;
Leonoudakis et al., 1998; Reyes et al., 1998; Chavez et al.,
1999; Kim et al., 1999, 2000; Salinas et al., 1999; Bang
et al., 2000; Patel et al., 2000; Rajan et al., 2000). These
belong to the family of two pore (2P) domain K+ channels
with four transmembrane segments (TMS), two P domains,
an extended M1P1 external loop (60±70 residues) and
intracellular N- and C-termini (Lesage and Lazdunski,
1999). These channels can be classi®ed into three distinct
functional classes: (i) the weak inward recti®ers TWIK-1
and TWIK-2 (Lesage et al., 1996; Chavez et al., 1999;
Patel et al., 2000); (ii) the mechano-gated K+ channels
TREK-1 [the mammalian functional homologue of the
Aplysia S channel (Siegelbaum et al., 1982)], TREK-2 and
TRAAK, which are also opened by polyunsaturated fatty
acids (Fink et al., 1996, 1998; Patel et al., 1998; Bang
et al., 2000; Lesage et al., 2000); and (iii) the acid-
sensitive background K+ channels TASK-1, TASK-2 and
TASK-3 (Duprat et al., 1997; Leonoudakis et al., 1998;

Reyes et al., 1998; Kim et al., 1999, 2000; Rajan et al.,
2000).

TASK-1 is differentially expressed in the brain, with
high mRNA levels found in cerebellar granule neurons, as
well as in brainstem and spinal cord motoneurons (Duprat
et al., 1997; Talley et al., 2000). The TASK-1 K+ current is
blocked by mild external acidosis in the range of the
physiological pH (Duprat et al., 1997; Leonoudakis et al.,
1998; Kim et al., 1999). Recently, TASK-1 has been
proposed to underlie the acid-sensitive standing-outward
background K+ current (IKso) in both rat cerebellar
granule cells and hypoglossal motoneurons (Millar et al.,
2000; Sirois et al., 2000; Talley et al., 2000). IKso is
reversibly inhibited by stimulation of Gaq-coupled
receptors (Millar et al., 2000; Talley et al., 2000). In
cerebellar granule cells, activation of the muscarinic M3
receptor with acetylcholine inhibits IKso and provokes
cell depolarization and action potential ®ring (Millar et al.,
2000). TASK-1 is directly opened by inhalational
anaesthetics including halothane and iso¯urane (Patel
et al., 1999; Sirois et al., 2000). In somatic motoneurons,
locus coeruleus cells and type I carotid body cells,
anaesthetics open a TASK-1-like background K+ current
(Buckler et al., 2000; Sirois et al., 2000). The hyperpolar-
ization induced by volatile anaesthetics is probably an
important component to the mechanism of general anaes-
thesia (Franks and Lieb, 1999). The decrease in cell
excitability associated with K+ stimulation in motoneurons
is likely to contribute to anaesthetic-induced immobiliza-
tion, and in the locus coerulus it may support analgesic and
hypnotic actions attributed to these neurons (Sirois et al.,
2000).

Anandamide, the amide of arachidonic acid isolated in
brain (Figure 1A), reproduces most of the effects of D9-
tetrahydrocannabinol (D9-THC), including hypothermia,
hypokinesia, analgesia and catalepsy (Dewey, 1986;
Di Marzo et al., 1998; Mechoulam et al., 1998;
Chaperon and Thiebot, 1999). Anandamide is one member
of a putative family of endogenous cannabinoids (CBs),
including 2-arachidonyl glycerol, which bind and activate
cannabinoid receptors. The two CB receptor subtypes
identi®ed so far, CB1 and CB2, belong to the superfamily
of G-protein-coupled membrane receptors (Dewey, 1986;
Di Marzo et al., 1998; Mechoulam et al., 1998; Chaperon
and Thiebot, 1999). Although CB1 receptors are expressed
throughout the body, they are particularly abundant in the
central nervous system, where no other subtypes have been
identi®ed. The high and restricted expression of the CB2
receptor in the immune system suggests that it contributes
to the potential immunosuppressant and anti-in¯ammatory
effects of cannabinoids (Klein et al., 1998). Some of the
effects of anandamide are independent of CB receptors
and are likely to be due to the modulation of other still
unknown targets (Crawley et al., 1993; Compton and
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Martin, 1997; Adams et al., 1998; Chakrabarti et al., 1998;
Lichtman et al., 1998; Chaperon and Thiebot, 1999; Jarai
et al., 1999; Zygmunt et al., 1999).

In the present report we provide evidence that sub-
micromolar concentrations of anandamide selectively and
directly block the background K+ channel TASK-1.

Results

In the present study, we compared the effects of 3 mM
anandamide on eight members of the mammalian 2P
domain K+ channel family [KCNK7 fails to express a
signi®cant current (Salinas et al., 1999)] (Figure 1A). The
weak inward recti®ers TWIK-1 and TWIK-2, as well as
the mechano-gated K+ channels TREK-1, TREK-2 and
TRAAK, are not sensitive to 3 mM anandamide, while the
acid-sensitive K+ channel TASK-1 is completely inhibited.
The onset effect of anandamide is fast, and block is
reversible upon wash with a solution containing lipid-free
bovine serum albumin (BSA) (Figure 1B, inset). The
effect of anandamide at a concentration of 3 mM is
selective, as the other members of the acid-sensitive group,
TASK-2 and TASK-3, are not signi®cantly altered by
anandamide (Figure 1A). An identical concentration of
arachidonic acid has no signi®cant effect on TASK-1 (I/
Icontrol: 0.86 6 0.01, n = 14). Increasing anandamide
concentration to 10 mM produced a partial, although
signi®cant block of TASK-3 (I/Icontrol: 0.38 6 0.03,
n = 8), but again failed to signi®cantly alter the other 2P
domain K+ channels (n = 8). In both physiological and

symmetrical K+ gradients, anandamide produces a strong
voltage-independent inhibition of TASK-1 (Figure 1B
and C).

We next investigated the effect of various cannabino-
mimetic molecules on TASK-1 (Figure 2A). The inhib-
ition of TASK-1 with anandamide is not mimicked by the
other endocannabinoid, 2-arachidonyl glycerol (2 AG),
nor by the active compound of marijuana, D9-THC
(Figure 2A). Moreover, TASK-1 is not signi®cantly
affected by palmitoylethanolamide (Figure 2A). Anand-
amide hydrolysis is not involved, as the non-hydrolysable
analogue methanandamide is similarly effective
(Figure 2A±C). The synthetic CB1/CB2 receptor agonists
WIN552122 and CP55940 (Chaperon and Thiebot, 1999)
also produce signi®cant inhibition of TASK-1. However,
the other powerful CB1/CB2 agonist HU210 (Chaperon
and Thiebot, 1999) is not effective (Figure 2A). The
threshold concentration for the inhibition of TASK-1 by
methanandamide is 100 nM and half inhibition is obtained
at 700 nM (Figure 2B and C).

The potent CB1 receptor antagonist SR141716A pro-
duces a mild inhibition of TASK-1 at 10 mM but does not
prevent the effects of anandamide and WIN552122
(Figure 3A). The lack of effect of several CB1/CB2
agonists, including D9-THC, HU210 and 2-AG, and the
resistance to the CB1 antagonist SR141716 suggest that
anandamide-mediated TASK-1 inhibition is independent
of both CB1 and CB2 cannabinoid receptors. Activation of
CB receptors modulates various phosphorylation path-
ways including protein kinase A (PKA) and protein kinase

Fig. 1. TASK-1 is selectively inhibited by anandamide. (A) Effects of 3 mM anandamide on the 2P domain K+ channel currents (as indicated)
measured at 0 mV. Mock-transfected cells are transfected with an empty expression vector. The arachidonic acid and anandamide molecules are
illustrated. (B) Effects of 3 mM anandamide on TASK-1 currents recorded in a physiological K+ gradient (5 mM external K+ and 150 mM internal
K+). The inset shows the time course of the effect of 3 mM anandamide on TASK-1 current amplitude measured at 0 mV (different cell from B). The
control solution contains 1 mg/ml lipid-free BSA. (C) The same cell as (B), in a symmetrical K+ gradient (155 mM external K+ and 150 mM internal
K+). Currents are recorded in transfected COS cells with the whole-cell patch±clamp con®guration. The holding potential is ±80 mV and cells are
stimulated with voltage ramps of 800 ms, duration from ±130 mV up to 100 mV. The Student's t-test was used with p: *<0.05; **<0.01; and
***<0.001. The number of cells studied is indicated in the histogram.
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C (PKC), and releases internal Ca2+. A TASK-1 deletion
mutant lacking most of the C-terminal region, which
comprises all the putative phosphorylation sites, is
inhibited by anandamide (Figure 3B±C). Moreover,
TASK-1 is not affected by internal Ca2+ (Duprat et al.,
1997; Leonoudakis et al., 1998; Kim et al., 1999; our
unpublished results). TASK-1 inhibition by anandamide is
also observed in CHO and HEK cells, demonstrating that
the effect is not restricted to COS cells (Figure 3D). Most
importantly, anandamide-induced reversible inhibition of
TASK-1 occurs in excised outside-out patch experiments
with an internal medium lacking free Ca2+ and nucleotides
(Figure 3E) (I/Icontrol: 0.07 6 0.02, n = 7). In the excised
outside-out patch con®guration, basal TASK-1 current
activity is extremely weak (mean current amplitude at
±80 mV in a symmetrical K+ gradient: ±0.19 6 0.03 pA,
n = 18) and tends to rundown rapidly. Interestingly, the
chimera associating the core of TASK-1 and the entire

C-terminus domain of TREK-1 (TA242/TR293) gives
robust and stable currents in the excised outside-out patch
con®guration (mean current amplitude at 0 mV in a
physiological K+ gradient: 72.3 6 17.8 pA, n = 25)
(Figure 3F). Methanandamide (3 mM) produces a strong
and reversible block of the chimera TA242/TR293 in the
outside-out patch con®guration (I/Icontrol: 0.24 6 0.09,
n = 5). Intracellular addition of 1 mM GDP-bs, which
impairs G-protein functioning, does not prevent anand-
amide-induced TA242/TR293 channel block (I/Icontrol:
0.19 6 0.04, n = 10) (Figure 3F). These results strongly
suggest that anandamide directly blocks TASK-1, inde-
pendently of both CB receptors and G-proteins. We
swapped the extracellular M1P1 loop of TASK-1 (anand-
amide sensitive) and TREK-1 (anandamide resistant). The
TREK-1 mutant containing the TASK-1 loop (amino acids
68±135 of TREK-1 replaced by amino acids 30±85 of
TASK-1) (22.1 6 7.5 pA/pF at 0 mV in a physiological
K+ gradient, n = 11) is not sensitive to 10 mM anandamide
(I/Icontrol: 1.18 6 0.11, n = 7) (data not shown). The
corresponding TASK-1 mutant containing the TREK-1
loop is not functional.

Considering that TASK-1 is an acid-sensitive K+

channel, we investigated whether anandamide inhibition
might be affected by pH. Anandamide produces a similar
inhibition at pH 7.4 and 8.4, and mimics the effect of an
external acidosis to pH 6.4 (Figure 4A and C). We next
investigated the effect of anandamide in the presence of
halothane, an opener of TASK-1 (Patel et al., 1999; Sirois
et al., 2000). Halothane produces a stimulation of TASK-1
current amplitude, which is completely inhibited by
anandamide (Figure 4B and C).

TASK-1 has recently been proposed to encode the
standing-outward K+ current IKso in cerebellar granule
neurons (Millar et al., 2000). IKso shares the properties of
TASK-1 (Millar et al., 2000), as demonstrated by the
reversible block by external acidosis, time- and voltage-
independence, and the stimulation by inhalational anaes-
thetics (Figure 5A and B). In a K+-rich solution, IKso is
linear over the whole voltage range, demonstrating its
typical background TASK-like activity (Figure 5A).
About 50% of the pH-sensitive component of IKso is
blocked by 10 mM anandamide (Figure 5C and D), a
concentration that fully inhibits TASK-1 (Figure 2C). This
effect is not mimicked by an equivalent concentration of
arachidonic acid (Figure 5D). As observed for TASK-1,
anandamide-induced IKso inhibition is insensitive to the
CB1 receptor antagonist SR141716A (Figure 5D).
Anandamide (10 mM) depolarizes cerebellum granule
neurons (from ±83 6 2 mV to ±75 6 2 mV, n = 7) in the
presence of the CB1 receptor antagonist SR141716 (3 mM)
and mimics part of the effects of an external acidosis to
pH 6.4 (from ±83 6 2 mV to ±62 6 1 mV, n = 3).

Discussion

Anandamide, the amide of arachidonic acid with ethanol-
amine, is the ®rst endogenous ligand of CB receptor and
was puri®ed from porcine brain (Dewey, 1986; Di Marzo
et al., 1998; Mechoulam et al., 1998; Chaperon and
Thiebot, 1999). Anandamide reproduces most of the
physiological and neurobehavioural effects of the active
compound of marijuana, D9-THC, including sedation,

Fig. 2. Submicromolar concentration of anandamide inhibits TASK-1.
(A) Effects of various cannabinomimetic molecules at 10 mM (as
indicated) on TASK-1 currents measured at 0 mV. (B) Effects of
increasing concentrations of methanandamide (met) on TASK-1
currents. (C) Dose±effect curve of methanandamide on TASK-1
measured at 0 mV. The dose±effect curve is ®tted with a sigmoidal
relationship and the IC50 is 700 nM.
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analgesia and hypothermia (Dewey, 1986; Di Marzo et al.,
1998; Mechoulam et al., 1998; Chaperon and Thiebot,
1999). 2-AG has also been shown to behave as a natural
functional agonist of CB receptors (Di Marzo et al., 1998).
This paper demonstrates that submicromolar concentra-
tions of anandamide directly block the 2P domain K+

channel, TASK-1. This effect is not mimicked by several
high af®nity synthetic and natural CB1/CB2 receptor
agonists, nor is it sensitive to the speci®c CB1 receptor
antagonist SR141716A. Channel block is independent of
TASK-1 phosphorylation sites, intracellular Ca2+ and
G-proteins, and is observed in the excised patch con®g-
uration. These results suggest that anandamide-induced
TASK-1 channel block does not involve the CB1/CB2
receptors and is direct. The modulation of TASK-1 by
anandamide is speci®c among other natural agonists,
including 2-AG and D9-THC, and does not involve
hydrolysis.

In cerebellar granule neurons, about half of the acid-
sensitive IKso is blocked by 10 mM methanandamide,
suggesting that it might be related to TASK-1, as
previously proposed (Millar et al., 2000). The time course
of IKso inhibition by methanandamide is slower by a
factor of 5±10 as compared with inhibition of TASK-1
expressed in COS cells. The peripheral localization of
TASK-1 in the diffuse neuropil of the cerebellum (Kindler
et al., 2000) might explain the slow time course of
inhibition as anandamide was locally applied to the cell

body. Two other acid-sensitive 2P domain K+ channels
(TASK-2 and TASK-3) have been identi®ed (Reyes et al.,
1998; Kim et al., 2000; Rajan et al., 2000). TASK-2 is not
expressed in neurons, but TASK-3 is very abundant in
the cerebellum (Reyes et al., 1998; Chapman et al., 2000;
Kim et al., 2000; Rajan et al., 2000). TASK-3, which is
only partially blocked by 10 mM anandamide, might
thus encode the acid-sensitive anandamide-resistant
component of IKso in cerebellum granule neurons.
However, we cannot entirely rule out the participation of
other, still unknown acid-sensitive 2P domain background
K+ channels in these neurons. The divergence between
TASK-1 and TASK-3 (61% similarity) is in the extra-
cellular M1P1 loop as well as in the C-terminal region
(Kim et al., 2000; Rajan et al., 2000). Deletion of the
C-terminus of TASK-1 does not alter the block by
anandamide, demonstrating that this region is probably
not involved. The M1P1 loop of TASK-1 is thus a
candidate region possibly responsible for the anandamide
sensitivity. Fusing the M1P1 loop of TASK-1 to the core
of TREK-1 does not transfer anandamide sensitivity,
demonstrating that this region of the channel protein might
be necessary although not suf®cient.

Acid inhibits a TASK-1-like background K+ current in
cerebellar granule neurons, somatic motoneurons, locus
coeruleus cells, type I carotid body cells and in
glomerulosa cells of the adrenal cortex, producing
depolarization and an increase in excitability (Kim et al.,

Fig. 3. Anandamide directly blocks TASK-1 independently of the CB1/CB2 cannabinoid receptors. (A) Effects of the CB1 receptor antagonist
SR141716A, at a concentration of 10 mM, on TASK-1 inhibition induced by 3 mM WIN552122 and 3 mM methanandamide. (B) Effects of 10 mM
anandamide on a C-terminally truncated mutant of TASK-1 (TA248 deleted at His280) lacking all phosphorylation sites. Current densities measured
at 0 mV in a physiological K+ gradient are 8.4 6 1.1 pA/pF (n = 15) for DCt TASK-1 and 16.9 6 0.8 pA/pF (n = 119) for TASK-1 WT. (C) Effects
of 10 mM anandamide and external acidosis to pH 6.4 on the mutant TASK-1 DCt. (D) 3 mM methanandamide produces a similar block of TASK-1
expressed in COS, CHO and HEK transfected cells. TASK-1 currents are measured at 0 mV. The holding potential is ±80 mV and cells are stimulated
with voltage ramps of 800 ms duration, from ±130 mV up to 100 mV. (E) Effects of 3 mM methanandamide (met) on an outside-out patch expressing
TASK-1. The holding potential is ±80 mV and the external medium contains 155 mM K+. (F) Effects of 3 mM methanandamide (met) on an outside-
out patch expressing a chimera between the core of TASK-1 and the entire C-terminal region of TREK-1 (TA242/TR293). The holding potential is
±80 mV and cells are stimulated with voltage ramps of 800 ms duration, from ±130 mV up to 100 mV. Currents are recorded in a physiological K+

gradient and the intracellular medium contains 1 mM GDP-bs.
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1999; Buckler et al., 2000; Czirjak et al., 2000; Millar
et al., 2000; Sirois et al., 2000; Talley et al., 2000). High
levels of TASK-1 channel expression may suggest a
specialized role in acid sensing for these cells (Brown,
2000; North, 2000). This is particularly relevant in type I
carotid body cells, the chemoreceptors involved in sensing
blood pH (and oxygen) (Buckler et al., 2000).

TASK-1-like background K+ currents in motoneurons
and cerebellar granule neurons are inhibited by the
activation of several Gaq-coupled receptors, including
the muscarinic M3 receptor (Czirjak et al., 2000; Millar
et al., 2000; Talley et al., 2000). The fact that CB1 and
CB2 receptors are usually not coupled to Gq-proteins is
another argument against the possible involvement of CB

receptors in the down-modulation of TASK-1 by anand-
amide (Ho et al., 1999). TASK-1 is insensitive to both
PKC and PKA activation, to intracellular Ca2+ and to
arachidonic acid (Duprat et al., 1997; Leonoudakis et al.,
1998; Kim et al., 1999). The signal transduction pathway
by which Gaq-coupled receptors inhibit TASK-1 currents
remains unknown. Importantly, the C-terminus of
TASK-1, which comprises all the putative phosphoryl-
ation sites, is not required, ruling out the involvement of
TASK-1 phosphorylation in the mechanism of anand-
amide inhibition. Anandamide, which is released upon
receptor stimulation, could be considered as a candidate
second messenger mediating TASK-1 inhibition
(Giuffrida et al., 1999). However, a direct demonstration
of the involvement of anandamide would require a speci®c
phospholipase D inhibitor, which is unfortunately not
available. Closing of TASK-1 channels by neurotransmit-
ters will enhance excitability and amplify synaptic inputs
(Brown, 2000; North, 2000). On the contrary, opening of
background K+ currents by inhalational anaesthetics will
hyperpolarize neurons, reduce excitability and synaptic
inputs, and thus contribute to the phenomenon of general
anaesthesia (Franks and Lieb, 1999; Patel et al., 1999).

Natural (including anandamide) and synthetic cannabi-
noids provoke a series of physiological and behavioural
effects, including hypothermia, hypokinesia, analgesia and
catalepsy (Di Marzo et al., 1998; Mechoulam et al., 1998;
Chaperon and Thiebot, 1999). Although anandamide
produces most of the effects induced by other natural
and synthetic psychoactive cannabinoids, important dif-
ferences exist (Crawley et al., 1993; Compton and Martin,
1997; Adams et al., 1998; Chakrabarti et al., 1998;
Lichtman et al., 1998; Chaperon and Thiebot, 1999; Jarai
et al., 1999). For instance, the cognitive and memory
processes, anxiety-related behaviour and food consump-
tion observed with D9-THC remain unchanged with
anandamide (Crawley et al., 1993). In addition, D9-THC-
but not anandamide-induced hypothermia, antinociception
and immobility are reversed by the CB1 receptor antag-
onist SR141716A in rodents (Compton and Martin, 1997;
Adams et al., 1998). These observations suggest that some
of the pharmacological effects of anandamide are inde-
pendent of CB1/CB2 receptors.

Anandamide profoundly affects locomotion and the
effect is dose dependent, with a stimulation at low dose but
a depression at high dose (Chaperon and Thiebot, 1999).
At low dose, anandamide produces ataxia in the mouse
strain C57BL/6, which is not related to CB1 gene
expression (Chakrabarti et al., 1998). Furthermore, low
doses of anandamide stimulate mouse behavioural activ-
ities in the open ®eld and on the ring, and aggressive
behaviour in timid singly housed mice (Sulcova et al.,
1998). The direct modulation of TASK-1 by low doses of
anandamide might thus explain some of the bi-phasic
effects often observed with anandamide in vivo
(Chakrabarti et al., 1998; Sulcova et al., 1998). The
anandamide-sensitive channel TASK-1 is highly ex-
pressed in both somatic motoneurons and cerebellar
granule neurons. These neurons are involved in the control
and coordination of motor behaviour. It is thus possible
that direct block of TASK-1 and subsequent alteration of
excitability might be responsible for some of the non-CB1
receptor effects of anandamide on locomotion. Given the

Fig. 4. Methanandamide reverses TASK-1 opening by alkaline pH
and by the inhalational anaesthetic halothane. (A) Effects of 3 mM
methanandamide (met) on TASK-1 currents elicited at pH 8.4. External
acidosis to pH 6.4 mimics the effect of methanandamide at pH 8.4.
(B) Effects of 3 mM methanandamide (met) on TASK-1 currents in the
presence of 1.1 mM halothane. (C) Summary of the effects of 3 mM
methanandamide (met) at pH 8.4 and in the presence of 1.1 mM
halothane, measured at 0 mV. Currents are recorded in transfected COS
cells with the whole-cell patch±clamp con®guration. The holding
potential is ±80 mV and cells are stimulated with voltage ramps of
800 ms duration, from ±130 mV up to 100 mV.

Anandamide-sensitive K+ channel

51



high density of TASK-1 (Talley et al., 2000), the
remarkable abundance of anandamide and the scarcity of
CB1 receptor (Bisogno et al., 1999) in the brain stem,
regulation of TASK-1 by anandamide might thus also be
functionally important in this area.

A direct effect of anandamide on ionic channels is not
without precedent. Anandamide inhibits Kv channels
independently of the CB1 receptors (IC50 of 2.7 mM),
although, unlike TASK-1, this effect is mimicked by
arachidonic acid (HonoreÂ et al., 1994; Poling et al., 1996).
A non-CB receptor mechanism was shown to be respon-
sible for the powerful hypotensive effect of anandamide.
Arterial vasorelaxation induced by anandamide is insensi-
tive to the CB1 receptor antagonist SR141716A (Zygmunt
et al., 1999). However, it is reversed by capsazepine, a
capsaicin receptor antagonist (VR1) (Zygmunt et al.,
1999). A direct activation of the cationic channel VR1 by
anandamide was shown by patch±clamp, and was pro-
posed to lead to the release of the powerful vaso-relaxing
peptide CGRP from activated perivascular capsaicin-
sensitive sensory ®bres. Anandamide is thus a possible
endogenous ligand for VR1 (Zygmunt et al., 1999; Smart
et al., 2000), a channel that is of great importance for
sensing temperature and pH variations in the pain pathway
(Caterina et al., 1997).

The present study identi®es the K+ channel TASK-1 as
another potentially important molecular target for anand-
amide. The closing of TASK-1, as well as the opening of
VR1, by anandamide will induce depolarization and

enhance excitability. This suggests that besides the
classical action on G-protein-coupled CB receptors,
anandamide can also act at low concentrations on a
variety of ionic channels. The direct closing of TASK-1
has to be taken into account when trying to understand the
powerful pharmacological and physiological effects of
anandamide.

Materials and methods

COS cell culture, transfection, site-directed mutagenesis and electro-
physiology procedures have been extensively described elsewhere (Fink
et al., 1996, 1998; Duprat et al., 1997; Patel et al., 1999; Lesage et al.,
2000).

Cell culture
COS-7 cells were maintained in Dulbecco's modi®ed Eagle's medium
supplemented with 10% fetal bovine serum. The 2P domain K+ channel
cDNAs hTWIK-1, rTWIK-2, mTREK-1, hTREK-2, mTRAAK,
hTASK-1, hTASK-2 and hTASK-3 were subcloned into the pIRES-
CD8 vector and transfected using the DEAE dextran procedure. Cells
were visualized 48 h after transfection using the anti-CD8 antibody-
coated beads method.

Solutions
For whole-cell and outside-out patch experiments with transfected COS
cells, bath solution contained 150 mM NaCl, 5 mM KCl, 3 mM MgCl2,
1 mM CaCl2, 10 mM HEPES pH 7.4 (with NaOH), and pipette solution
contained 150 mM KCl, 3 mM MgCl2, 5 mM EGTA and 10 mM HEPES
pH 7.2 (with KOH). Cerebellar granule cells were isolated from 9-day-old
Sprague±Dawley rats and cultured as described (Millar et al., 2000).
Whole-cell currents were recorded in the perforated con®guration with
amphotericin B (240 mg/ml) from neurons between 10 and 14 days in

Fig. 5. Anandamide blocks IKso in cerebellum granule neurons. (A) Identi®cation of IKso in cultured cerebellar granule neurons. Currents are
recorded in the perforated patch con®guration with voltage ramps of 600 ms duration, applied from a holding potential of 0 mV. IKso is inhibited at
pH 6.4 and stimulated by 740 mM halothane. In a symmetrical K+ gradient, the I±V relationship is linear and reverses at 0 mV. (B) Time course of the
effects of external acidosis and halothane on IKso recorded at ~0 mV. The inset shows that external acidosis to pH 6.4 reduces the steady outward
current recorded at 0 mV, but fails to affect the current recorded at ±80 mV. (C) Effects of 10 mM methanandamide (met) and external acidosis to
pH 6.4 on IKso recorded during a voltage ramp from 50 to ±120 mV. The holding potential is 0 mV. The time course of the experiment (monitored at
50 mV) is illustrated in the inset. (D) Effects of 10 mM methanandamide (met) on IKso in the absence and in the presence of 3 mM CB1 receptor
antagonist SR141716A. The addition of 10 mM arachidonic acid fails to affect IKso. IKso is recorded at 0 mV.
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culture. The external solution contained 120 mM NaCl, 2.5 mM KCl,
2 mM MgCl2, 0.5 mM CaCl2, 5 mM glucose, 10 mM HEPES pH 7.4 (with
NaOH), and pipette solution contained 125 mM KCl, 5 mM MgCl2,
0.1 mM EGTA and 5 mM HEPES pH 7.2 (with KOH). Cells were
continuously superfused with a microperfusion system during the time
course of the experiments (0.1 ml/min), as previously described (Patel
et al., 1998).

Chemicals
SR141716 [N-piperidino-5-(4-chlorophenyl)-1-(2,4-dichlorophenyl)-4-
methyl-3-pyrazole-carboxamide] (10 mM in DMSO) was a gift from
Sano® Recherche (Montpellier, France). R(+)-methanandamide and
2-AG were obtained from RBI. Anandamide, palmitoylethanolamide
(10 mM in DMSO), WIN552122 (100 mM in DMSO), HU210 (100 mM
in DMSO) and CP55940 (100 mM in DMSO) were obtained from
TOCRIS. D9-THC, arachidonic acid (100 mM in ethanol) and lipid-free
BSA were obtained from Sigma. Halothane was obtained from Belamont
and concentrations were determined as previously described (Patel et al.,
1999). Solvents were included in control solutions.
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