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Identification of a region in the TASK3 two pore
domain potassium channel that is critical for its
blockade by methanandamide

EL Veale?, R Buswell?, CE Clarke® and A Mathie!’?

'Medway School of Pharmacy, Universities of Kent and Greenwich at Medway, Kent, UK; 2Biophysics Section, Blackett Laboratory,
Division of Cell and Molecular Biology, Imperial College London, London, UK and *Victor Chang Research Institute, University of
New South Wales, Sydney, Australia

Background and purpose: The TASK subfamily of two pore domain potassium channels (K2P) encodes for leak K currents,
contributing to the resting membrane potential of many neurons and regulating their excitability. TASKT and TASK3 channels
are regulated by a number of pharmacological and physiological mediators including cannabinoids such as methanandamide.
In this study, we investigate how methanandamide blocks these channels.

Experimental approach: Currents through wild type and mutated TASK1 and TASK3 channels expressed in modified HEK-293
cells were measured using whole-cell electrophysiological recordings in the presence and absence of methanandamide.

Key results: Methanandamide (3 uM) produced substantial block of hTASK1, hTASK3 and mTASK3 channels but was most
potent at blocking hTASK3 channels. Block of these channels was irreversible unless cells were washed with buffer containing
bovine serum albumin. Mutation of the distal six amino acids of TASK1 did not alter methanandamide inhibition, whilst C
terminal truncation of TASK3 channels caused a small but significant reduction of inhibition. However, deletion of six amino
acids (VLRFLT) at the interface between the final transmembrane domain and cytoplasmic C terminus of TASK3 channels gave
functional currents that were no longer inhibited by methanandamide or by activation of GPCRs.

Conclusions and implications: Methanandamide potently blocked TASK3 and TASK1 channels and both methanandamide
and G protein-mediated inhibition converged on the same intracellular gating pathway. Physiologically, methanandamide
block of TASKT and TASK3 channels may underpin a number of CNS effects of cannabinoids that are not mediated through
activation of CB; or CB, receptors.
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Introduction

Background, or leak, potassium currents play an important into six subfamilies on the basis of structural and functional

role in the regulation of the resting membrane potential and
excitability of mammalian neurons. The two-pore domain
potassium (K2P) channel family are open across the
physiological voltage range and are therefore believed to
account for many of these leak currents (Goldstein et al.,
2001; O’Connell et al., 2002; Lesage, 2003). There are
currently 15 members of this family, which can be divided
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properties (Goldstein et al., 2005; Kim, 2005; Alexander et al.,
2006). Among these subfamilies is the TWIK-related acid-
sensitive K (TASK) subfamily (TASK1 (K;p3.1), TASK3 (K3p9.1)
and TASKS (K,p15.1)). TASK1 and TASK3 K2P channels are
regulated by a wide variety of chemical stimuli including
activation of G protein-coupled receptor (GPCR) pathways
(Mathie, 2007). TASK channels are responsible for leak K
currents in many neurons including cerebellar granule
neurons (see Millar et al., 2000; Talley et al., 2000; Mathie
et al., 2003; Kang et al., 2004; Aller et al., 2005; Brickley et al.,
2007).

The endocannabinoid, anandamide, produces a number
of effects in the central nervous system (CNS) including



hypothermia and analgesia (Di Marzo et al., 1998). While
most actions of anandamide (and its non-hydrolysable
analogue, methanandamide) in the CNS are mediated
through CB, receptors, some, such as effects on locomotion
and ataxia (Chakrabarti et al., 1998; Chaperon and Thiebot,
1999) seem to occur independently of CB,; or CB, receptors.
Maingret et al. (2001) showed that anandamide could act
directly to block TASK1 channels in recombinant systems
and suggested that at least some of the receptor-independent
effects of anandamide might be mediated in this way (see
also Linden et al., 2006).

While K2P channels are not voltage sensitive in the classic
sense and are seen as leak K currents, they nevertheless
undergo gating. This can be observed both at a microscopic
level where single-channel recordings reveal the opening
and closing of individual channels (Kang et al., 2004) and
also on a larger scale, where a variety of modulatory
compounds are known to increase or decrease channel
activity by changing the proportion of time the channels
remain closed or open (Zilberberg et al., 2001). Relatively
little is known, however, about the regions of mammalian
K2P channels that underlie these gating processes. TASK K2P
channels comprise four transmembrane domains, two ‘P’
regions that contribute to the channel pore, a short
intracellular N terminus and a large intracellular C terminus.
Although the binding site for anandamide on TASK channels
is not known, it is of interest that anandamide-mediated
activation of TRPV1 channels occurs following direct bind-
ing of the compound to an identified region in the cytosolic
face of the channel, accessible from the intracellular side of
the membrane (Jordt and Julius, 2002). For TASK channels,
both anaesthetic activation and transmitter inhibition of
TASK1 and TASK3 require a region of six amino acids
(VLRFLT in the case of TASK3) to be present at the interface
between the final, fourth, transmembrane domain and the
large cytoplasmic C terminus to be present, suggesting a
shared molecular site of action (Talley and Bayliss, 2002).

In this study, we show that methanandamide can potently
inhibit both TASK1 and TASK3 channels. We show that
deletion of the VLRFLT region (TASK3yigrrr-prr) not only
abolishes inhibition of TASK3 channels by GPCR activation
but also inhibition by methanandamide. A preliminary
account of some of these results has been published (Veale
et al., 2007b).

Methods

tsA-201 cell culture preparation

Modified HEK-293 cells (tsA-201, an HEK-293 subclone
stably transfected with the SV40 large T antigen) were
maintained in 5% CO, in a humidified incubator at 37 °C
in growth media (89% Dulbecco’s modified Eagle’s medium,
10% heat-inactivated fetal bovine serum, 1% penicillin
(10000Uml1™Y) and streptomycin (10mgml™). When the
cells were 80% confluent, they were split and plated for
transfection onto glass coverslips coated with poly-D-lysine
(I1mgml™!) to ensure good cell adhesion. The cells were
transiently transfected using the calcium phosphate method.
cDNA expression vector (0.3-1pg) encoding a mouse or
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human TASK3 subunit was added to each 15 mm well, and
0.3-1pug of a plasmid encoding the cDNA of green fluor-
escent protein was included to identify cells expressing K2P
channels. Following an 18-24 h incubation period at 3% CO,
the cells were rinsed with saline and fresh growth medium
was added to the wells. The cells were incubated at 37 °C
with 5% CO, for 24-60h before -electrophysiological
measurements were made.

Mutations and truncations

Deletions and truncation mutants of TASK1 and TASK3
channel clones were generated by site-directed mutagenesis
using the Quikchange kit (Stratagene, Amsterdam, The
Netherlands). A pair of short (25-35 bases) complementary
oligonucleotide primers, incorporating the intended muta-
tion or deletion, were synthesized (MWG-Biotech, Ebersberg,
Germany). Mutant DNA constructs were sequenced (MWG-
Biotech) to confirm the introduction of the correct mutated
bases.

Electrophysiological recordings from tsA-201 cells

Whole-cell voltage-clamp recordings were made from tsA-
201 cells transiently transfected with hTASK3, hTASK1 or
mTASK3 wild-type (WT) or mutated channels. The composi-
tion of the control extracellular solution was 145 mM NaCl,
2.5mM KCl, 3mMm MgCl,, 1mM CaCl,, 10mM 4-(2-hydro-
xyethyl)-1-piperazineethanesulfonic acid (HEPES, titrated to
pH 7.4 with NaOH or to pH 8.4 for experiments with hTASK1
channels). Glass microelectrodes were pulled from thick-
walled borosilicate glass capillaries. Fire-polished pipettes
were back-filled with 0.2pum filtered intracellular solution
(composition: 150mM KCl, 3mMm MgCl,, SmMm ethylene
glycol tetraacetic acid, 10 mM HEPES; titrated to pH 7.4 with
KOH). Cells were voltage clamped using an Axopatch 1D
amplifier (Axon instruments, Sunnyvale, CA, USA) and low-
pass filtered at 5 kHz before sampling (2-10kHz) and online
capture. Data acquisition was carried out using pClamp
software (clampex 7, Axon Instruments). tsA-201 cells were
usually held at —60mV then subjected to a step to —80 mV
for 100 ms followed by a 500ms step to —40mV. A 100ms
step to —110mV was followed by a 500 ms ramp change in
voltage to +20mV. Finally, a 100ms step to —80mV
preceded a step to the holding potential of —60mV. This
protocol was repeated once every S5s. This protocol allows
simultaneous measurement of the steady state current at
particular voltages and the currents evoked by ramp changes
in the voltage. Representative current traces evoked by this
protocol can be seen in Figures 1a and b. Current amplitudes
quoted in the results are the difference current between that
seen at —40mV and that at —80mV, voltages where
negligible endogenous currents are observed. All electro-
physiological measurements were carried out at room
temperature (21-23 °C).

Data analysis
Data were analyzed using Clampfit software (Clampfit 8,
Axon Instruments), Excel (Microsoft Corporation, USA) and
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Methanandamide is a potent blocker of both TASK1 and TASK3 channels. Time-course plots showing inhibition of (a) hTASK1 (b)

hTASK3 and (c) mTASK3 channels by methanandamide (3 uM) (current measured as the difference current between that at —40 mV and that at
—80mV). Insets in (a) and (b) show representative current traces and voltage protocol (in a) before and after perfusion of methanandamide
(see ‘Methods’ for detailed description of voltage protocol). (d) Summary of inhibition of hTASK1 (n=6), hTASK3 (n=13) and mTASK3 (n=38)
by methanandamide (3 pm). Note that hTASK3 is inhibited significantly more than the other two channels. *P<0.05; Student’s t-test.

Origin (Microcal, USA). Statistical comparisons were carried
out using Student’s t-test and P-values <0.05 were regarded
as significant (*). Results are given as mean +standard error
of the mean with n as the number of experiments.

Drugs, chemicals and cDNA

Muscarine, methanandamide and bovine serum albumin
(BSA) were obtained from Sigma, UK. Compounds were
made up in either dimethyl sulfoxide or water and diluted in
external or internal solution prior to experimentation. The
human TASK3 and TASK1 K2P channel clones in the pcDNA
3.1 vector were from Dr Helen Meadows (GlaxoSmithKline,
UK). Mouse TASK3 clones were from Professor Bill Wisden
(University of Heidelberg, Germany). M3 muscarinic acetyl-
choline receptors and constitutively active Go constructs
were from the Guthrie cDNA Resource Center, USA.

Results

Methanandamide is a potent blocker of both TASK1 and TASK3
channels

Application of a maximally effective concentration of
methanandamide (3puM) to whole-cell voltage-clamped
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tsA-201 cells expressing TASK channels of interest resulted
in a marked blockade of human (h) TASK1 and TASK3
channels (Figures 1la, b and d). Perhaps surprisingly (see
Maingret et al., 2001), hTASK1 was significantly less
inhibited (P<0.05) by methanandamide than hTASK3.

Methanandamide (3 puM) was also found to block the
murine (m) form of TASK3 (Figures 1c and d). mTASK3 was
significantly less inhibited (P<0.05) by methanandamide
than hTASK3. A comparison of the h and mTASK3 channels
showed their C termini to have only 44% similarity (using
Blosum 62 similarity matrix), compared to 98% similarity for
the remainder of the channel (see Veale et al.,, 2007a)
suggesting that any differences in the effectiveness of
pharmacological agents such as methanandamide may be
due to differences in the respective C termini.

Block of TASK channels by methanandamide could only be
reversed by BSA

Inhibition of all three channels by methanandamide could
not be reversed by washing the preparation with normal,
drug-free buffer (see Figure 1). Reversal of inhibition was
only observed when the wash buffer contained lipid-free BSA
(1mgml™') (compare Figures 2a—c with Figures la—c). Pre-
application of buffer with BSA, followed by application of
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Figure 2 Block of TASK channels by methanandamide could only be reversed by buffer containing bovine serum albumin (BSA). (a—c) Time-
course plots showing inhibition of hTASK1, mTASK3 and hTASK3 channels by methanandamide (3 pM) and reversal of this block following
perfusion of buffer with BSA (1 mg ml~"). (d) Reduced block of hTASK3 channels by methanandamide (3 pMm) in the constant presence of BSA

(1mg ml~"). Note that BSA alone has no effect on hTASK3 current.

methanandamide in BSA buffer, did not prevent block of
TASK3 channels by methanandamide, but reduced its
effectiveness (Figure 2d).

TASK1 inhibition is independent of its PKA phosphorylation sites
TASK1 channel inhibition by anandamide is a direct effect
on the channel, independent of both CB; and CB,
cannabinoid receptors (Maingret et al., 2001), but this effect
of anandamide, while not directly mediated by phosphory-
lation, may be dependant on the phosphorylation state of
the channel (Barbuti et al., 2002). Six amino acids (KRRSSV)
at the end of the TASK1 C terminus encode for two putative
protein kinase A (PKA) sites and a proposed binding site for
two small adaptor proteins (p11 and 14-3-3), which regulate
membrane expression levels (Girard et al., 2002; O’Kelly
et al., 2002; Rajan et al., 2002). Removal of these amino acids
(TASK1grrssv_trunc) had no significant effect on membrane
expression of the channel as assessed by current amplitudes
at pH 8.4 for TASK1 and TASKIKRRSSV*TRUNC (Figure 33)

Methanandamide block of this mutated TASK1 channel
was also unaffected by the lack of its two PKA phosphoryla-
tion sites, over a range of concentrations (0.3, 1 and 3 pMm)
(see Figures 3b and c).

C-terminal truncation of hTASK3 reduces the effectiveness of
methanandamide

The C terminus of TASK3 contains all of its putative protein
kinase C (PKC) and PKA phosphorylation sites. Truncation
of the C terminus (the distal 125 amino acids) of TASK3
(TASK313520_TrRUNC) had no significant effect on membrane

expression of the protein, in terms of the current amplitudes
for WT or TASK3125.a—trUnc Channels (Figure 3d, also Talley
and Bayliss, 2002; Veale et al., 2007a). These currents were
blocked as normal by zinc (see Figure 3e).

The inhibitory effect of methanandamide (3 uM) on the
TASK3125.._trUnc Channel however was significantly less
than on the WT channel (P<0.05). In other words,
TASK3125.2-trRUNC Channels were still blocked by methanan-
damide, although block was significantly reduced (Figures 3e
and f), despite the fact that all three putative PKC
phosphorylation sites on the TASK3 channel had been
removed by this truncation (see ‘Discussion’, also Barbuti
et al., 2002; Veale et al., 2007a).

The VLRFLT region of the TASK3 channel is critical for inhibition
mediated by muscarinic receptors, Ga, and methanandamide

A six-residue sequence at the interface of the final trans-
membrane domain and the C terminus of TASK1 and TASK3
has previously been found to be important for both
halothane activation and thyrotropin-releasing hormone
(TRH) inhibition of these channels (Talley and Bayliss,
2002). We constructed a TASK3 mutant (TASK3virrir_DEL),
where these six amino acids (residues 243-248) had been
deleted. TASK3 channel current density was significantly
decreased (P<0.05) by the deletion of these VLRFLT residues
(Figure 4a).

Inhibition by the selective TASK3 inhibitor, zinc (Clarke
et al.,, 2004) was unaffected in TASK3yirpir_prr Channels
with zinc (100pM) giving about 80% block of
TASK3vyrerr—peL 0 WT TASK3 channels (Figure 4b). Another
fingerprint for TASK K2P channels is their sensitivity to
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Figure 3 TASK1 inhibition by methanandamide is independent of its PKA phosphorylation sites but C-terminal truncation of hTASK3 reduces
the effectiveness of methanandamide. (a) Mean current through hTASK1 channels (measured as the difference current between that at
—40mV and that at —80mV) for WT channels (n=14) and for channels with the six distal amino acids in the C terminus deleted
(TASK1ggrssv—Trunc: N=12). (b) Representative TASK1grrssv_Trunc current traces before (Control) and after perfusion of methanandamide
(Meth (3 uM); see ‘Methods’ for detailed description of voltage protocol). (c¢) Summary of inhibition of TASKT and TASK1grrssv—Ttrunc channels
by methanandamide (0.3, 1 and 3um; n=3-5 at each concentration). (d) Mean currents through hTASK3 channels (measured as the
difference current between that at —40mV and that at —80mV) for WT channels (n=37) and for channels with C terminus deleted
(TASK31252a-TrUnG; N=12). (e) Time—course plot showing inhibition of TASK3125,._trunc channels by methanandamide (3 um). Note that zinc
(100 um) inhibits the remaining TASK3135.._trunc current. (f) Summary of inhibition of TASK3 (n=13) and TASK3125.._Trunc (n=4) channels
by methanandamide (3 pm). *P<0.05; Student’s t-test.
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Figure 4 Mutation of the VLRFLT region of TASK3 channels gives functional currents regulated by zinc and pH. (a) Mean currents through
TASK3 channels (measured as the difference current between that at —40mV and that at —80mV) for WT channels (n=37) and for
TASK3y1rrir—peL channels (n=41). (b) Time-course plot showing inhibition of TASK3y,rri1_peL channels by zinc (100 uMm). Inset shows a
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changes in pH. The sensitivity of the TASK3virrLr_pEL
channels to changes in extracellular pH was altered com-
pared to WT TASK3 channels. In an acidified extracellular
solution (pH 6.4) the TASK3yirrLr_prL Channel was signifi-
cantly less inhibited (P<0.05) than its WT isoform. However,
in an alkaline extracellular solution (pH 8.4) the
TASK3virmr-pEL channel current was significantly enhanced
(P<0.05), compared to WT TASK3 channels (Figures 4c and d).

As previously shown, the VLRFLT region of TASK3 is
critical for GPCR-mediated inhibition of the channel
(Talley and Bayliss, 2002). In our experiments, these
TASK3virrir-peL channels were no longer inhibited by the
activation of muscarinic receptors, with 0.1 uM muscarine
inducing no change in TASK3vyirpir_pe Channel current,
unlike the WT TASK3 channels, which were markedly
inhibited (Figures 5a, b and d).

Furthermore, these TASK3vyirpir_pri, Channels were no
longer inhibited by the co-transfection of cells with the
constitutively active G-protein subunit, Gog* (Chen et al.,
2006; Veale et al., 2007a) (Figure Se).

Interestingly methanandamide (G3upuM) no longer
inhibited and, in fact, now slightly enhanced current
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through this TASK3vyirrr_pr. Channel suggesting that in
addition to GPCR-mediated inhibition, methanandamide
inhibition converges on this intracellular gating pathway
(Figures 5c and d).

Discussion

In this study, we have shown that methanandamide is a non-
selective blocker of both TASK1 and TASK3 channels, with
hTASK3 channels being more sensitive to block, than
hTASK1 and, indeed, mTASK3 channels (see also Maingret
etal., 2001; Berg et al., 2004). Block by methanandamide was
irreversible, unless cells were washed with buffer containing
lipid-free BSA. This suggests that methanandamide enters
the cell membrane to produce its blocking effect and that its
site of action is located either intracellularly or in the
membrane-spanning region of the protein.

The PKA phosphorylation sites in the distal C terminus of
TASK1 did not seem to be important for methanandamide
action since their removal had no influence on the
compound’s effectiveness. Perhaps more surprisingly, the
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Figure 5 The VLRFLT region of the TASK3 channel is critical for muscarinic receptor, Ga, and methanandamide-mediated inhibition. (a)
Time—course plot showing inhibition of TASK3 channels by muscarine (0.1 uM) acting on co-transfected M3 receptors (current measured as the
difference current between that at —40 mV and that at —80 mV). (b and c) Time—course plots showing inhibition of TASK3y,reir_pe. channels
by (b) muscarine (0.1 pM) and (c) methanandamide. Inset in (c) shows representative TASK3y reir—per channel current traces before and after
perfusion of methanandamide (see ‘Methods’ for detailed description of voltage protocol). (d) Summary of inhibition of TASK3 (n=9) and
TASK3y reir_peL (n=3) channel currents by muscarine (0.1 uM) and methanandamide (3 pMm). (e) Mean currents through TASK3 channels
(n=15) showing inhibition following co-transfection with Gug* (n=9). In contrast, mean current through TASK3y grir_peL channels (n=37)
was unaltered following co-transfection with Gag* (n=13). *P<0.05; Student’s t-test.
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trafficking of this mutated channel to the membrane of the
cell also appeared to be unaltered. A number of studies have
shown that in addition to two PKA phosphorylation sites,
the distal C terminus sequence (RRSSV) interacts with two
types of small adaptor protein (pl1 and 14-3-3) which have
both been suggested to be essential for trafficking of TASK1
channels to the membrane (Girard et al., 2002; O’Kelly et al.,
2002; Rajan et al., 2002). Instead our results are in agreement
with a more recent study (Renigunta et al., 2006) that
suggests that although pll is a powerful factor for the
retention in the endoplasmic reticulum (ER) of TASK1
channels, its binding site is located more proximally in
the C terminus. Indeed, the small size of TASK1 currents
compared to TASK3 currents in our recordings (see ‘Results’)
suggests that much of the WT TASK1 channel protein was
retained in the ER (see also Renigunta et al., 2006). Therefore,
we observed functional TASK1 currents in the absence
of the proposed 14-3-3 binding site (see also Girard
et al., 2002), despite the suggestion that binding of this
protein is essential for membrane trafficking of TASK1
(O'Kelly et al., 2002).

We cannot, however, discount the importance of the
phosphorylation state of the channel and the significance of
the C terminus on the cannabinoid effect. Indeed, previous
work has shown that PKC may have a role in transducing the
cannabinoid effect. For example, Barbuti et al. (2002) have
shown that pre-application of the PKC inhibitor bisindolyl-
maleimide 1 hydrochloride, caused a significant decrease in
the methanandamide sensitivity of the TASK1 current
present in guinea pig ventricular myocytes. In support of
these data, Maingret et al. (2001) had previously shown a
reduced sensitivity to anandamide for a C terminus-
truncated TASK1 channel, with all its putative PKC and PKA
sites removed, with anandamide (10 uM) producing around
80% inhibition of the truncated channel (Figure 3 of
Maingret et al., 2001) compared to >90% inhibition by a
lower concentration of anandamide (3 uMm) for WT TASK1
channels (Figure 1 of Maingret et al., 2001).

Similarly, our data show that the removal of all phosphory-
lation sites from TASK3 by a C-terminal truncation
(TASK3125.a_TrRUNG; S€€ Veale et al., 2007a) significantly
reduced the effectiveness of the compound on the TASK3
channel. A similar reduced effectiveness for GPCR-mediated
modulation of these truncated channels has been seen
(Talley and Bayliss, 2002). However, as substantial modula-
tion of the truncated channel remained, methanandamide
block was not solely dependant upon the phosphorylation
state of the channel.

Previously, Talley and Bayliss (2002) had shown that TRH-
mediated modulation of TASK3 channels and anaesthetic
activation of these channels converged on a single pathway,
dependant on a six-residue sequence (VLRFLT) at the inter-
face of the last transmembrane domain and the beginning of
the C terminus of TASK3. In this study we have confirmed
the importance of this region for G-protein regulation and
we show for the first time that this region is critical for
inhibition of TASK3 channels by methanandamide. Addi-
tionally, deletion of this region altered the pH sensitivity of
TASK3 channels. This suggests that alterations of the gating
of the channel through an intracellular pathway can
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influence modulators that act extracellularly. A similar effect
has been seen for Drosophila KCNKO channels where phorbol
ester-mediated regulation of gating through an intracellular
pathway altered extracellular modulation by zinc (Zilberberg
et al., 2001). However, since inhibition of TASK3ygrpir—pDEL
channels by zinc was no different from that of WT TASK3
channels, this region does not underpin all regulatory
pathways that act on these channels.

Furthermore, it is not clear whether this region in TASK
channels is involved in binding of these modulatory
molecules or in the transduction of the signal to the gate
following binding. The diverse structures of these modula-
tory molecules (and/or the mediators they activate) would
suggest, perhaps, that the latter is more likely. A recent study
by Andres-Enguix et al. (2007) has shown that the Lymnaea
ortholog of hTASK1 (LyTASK) is highly sensitive to general
anaesthetic activation and, in contrast to hTASK1, this
activation shows stereoselectivity. When the same six-
residue region of LyTASK was mutated to that of hTASK1,
the sensitivity of the channel to anaesthetics was reduced to
that of hTASK1, but the stereoselectivity remained. Thus,
these amino acids determine sensitivity to general anaes-
thetics but are unlikely to form the binding site for these
agents.

Other ion channels that possess similar regions at the
interface between the final transmembrane domain and
their C termini appear to transduce modulatory signals. For
example, the related TREK1 (K;p2.1) K2P channels are highly
regulated by a wide range of physiological and pharmacolo-
gical mediators including mechanical stretch, intracellular
acidification, polyunsaturated fatty acids, volatile anaes-
thetics and temperature, all of which increase their activity,
and certain GPCRs and pharmacological agents which
inhibit their activity (see Honore, 2007). Like the VLRFLT
region in TASK3 channels, the cytosolic C terminus of the
TREK channel immediately following the fourth transmem-
brane domain plays a key structural role in these regulatory
mechanisms. The actions of many of these regulatory
compounds converge on a single intracellular glutamic acid
residue, E306 (Honore et al., 2002; Chemin et al., 2005;
Kennard et al., 2005), which is critical in the gating pathway.
In addition, a cluster of positively charged residues around
E306 interact with membrane lipids and bind to the A-kinase
anchoring protein AKAP150, which integrates TREK1
channels into a postsynaptic scaffold with other regulatory
proteins (Sandoz et al., 2006). Similarly, a region analogous
to VLRFLT in cyclic nucleotide-gated channels (in this case
close to the sixth transmembrane domain) is important for
transmission of intracellular gating signals in these channels
(Flynn et al., 2001).

Physiologically, methanandamide block of TASK1 and
TASK3 channels may underpin a number of effects that
cannot be explained through activation of CB; or CB,
receptors (Maingret et al., 2001; Di Marzo et al., 2002). In the
cerebellum, for example, TASK1 and TASK3 channels have
important roles in regulating neuronal excitability (e.g. Aller
et al., 2005; Brickley et al., 2007). Block of these channels by
anandamide and other cannabinoids may contribute to the
ataxia and movement disorders that can be observed
following treatment with these agents.



TASK1 and TASK3 channels have been shown to be
expressed and have functional importance in many regions
of the CNS. In addition to the cerebellum, they have been
shown to be particularly important in the brain stem and
thalamus (see Maingret et al., 2001; Meuth et al., 2006). The
enzyme directly responsible for the formation of ananda-
mide in the brain, N-acylphosphatidylethanolamine-hydro-
lyzing phospholipase D (NAPE-PLD), is expressed in many
regions of the CNS but particularly high levels of NAPE-PLD
mRNA are found in the thalamus (Morishita et al., 2005).
While high levels of CB; receptors are seen in the
cerebellum, only moderate levels are observed in brain stem
and low levels in thalamus (Morishita et al., 2005). Thus,
anandamide generated in the brain stem and, particularly,
the thalamus may have primary targets that are not CB;
receptors, such as TASK channels. Since the analgesic,
sedative and hypothermic effects of the cannabinoid
receptor agonist WIN55212-2 (R-(+)-[2,3-dihydro-5-methyl-
3-[(morpholinyl)methyl]pyrrolo[1,2,3-de]-1,4-benzoxazinyl]-
(1-naphthalenyl)methanone mesylate) were reduced in
TASK-1 knockout mice compared to WT littermates (Linden
et al., 2006), this might suggest a physiologically important
role for TASK channels and their regulation by cannabinoids
in supra-spinal pain pathways in the thalamus (see also
Meuth et al., 2006).
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