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AMP-activated protein kinase inhibits TREK channels

Orsolya Kréneisz', Justin P. Benoit!, Douglas A. Bayliss® and Daniel K. Mulkey!
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AMP-activated protein kinase (AMPK) is a serine/threonine kinase activated by conditions that
increase the AMP : ATP ratio. In carotid body glomus cells, AMPK is thought to link changes
in arterial O, with activation of glomus cells by inhibition of unidentified background K*
channels. Modulation by AMPK of individual background K* channels has not been described.
Here, we characterize effects of activated AMPK on recombinant TASK-1, TASK-3, TREK-1
and TREK-2 background K* channels expressed in HEK293 cells. We found that TREK-1 and
TREK-2 channels but not TASK-1 or TASK-3 channels are inhibited by AMPK. AMPK-mediated
inhibition of TREK involves key serine residues in the C-terminus that are also known to
be important for PKA and PKC channel modulation; inhibition of TREK-1 requires Ser-300
and Ser-333 and inhibition of TREK-2 requires Ser-326 and Ser-359. Metabolic inhibition
by sodium azide can also inhibit both TREK and TASK channels. The effects of azide on
TREK occlude subsequent channel inhibition by AMPK and are attenuated by expression of
a dominant negative catalytic subunit of AMPK (dnAMPK), suggesting that metabolic stress
modulates TREK channels by an AMPK mechanism. By contrast, inhibition of TASK channels by
azide was unaffected by expression of dnAMPK, suggesting an AMPK-independent mechanism.
In addition, prolonged exposure (6—7 min) to hypoxia (Po, =11 & 1 mmHg) inhibits TREK
channels and this response was blocked by expression of dnAMPK. Our results identify a novel
modulation of TREK channels by AMPK and indicate that select residues in the C-terminus of
TREK are points of convergence for multiple signalling cascades including AMPK, PKA and PKC.
To the extent that carotid body O, sensitivity is dependent on AMPK, our finding that TREK-1
and TREK-2 channels are inhibited by AMPK suggests that TREK channels may represent the
AMPK-inhibited background K* channels that mediate activation of glomus cells by hypoxia.
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Abbreviations AMPK, AMP-activated protein kinase; dnAMPK, dominant negative AMPK; HEK cells, human
embryonic kidney cells; PKA, protein kinase A; PKC, protein kinase C; TASK, TWIK-related acid sensitive K* channel;
TREK, TWIK-related K channel; TWIK, two-pore, weakly inwardly rectifying K* channel.
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Introduction

AMP-activated protein kinase (AMPK) is a ubiquitously
expressed serine/threonine kinase activated by conditions
that increase the AMP:ATP ratio. As such, AMPK is
considered an important sensor of cellular energy state and
metabolic stress (Carling, 2004; Hardie, 2007). Activated
AMPK is known to modulate a variety of downstream
effectors to increase ATP production and limit cellular
energy expenditure (Carling, 2004; Hardie, 2007). In
carotid body glomus cells — peripheral chemoreceptors
that sense changes in arterial O, to regulate breathing —
AMPK has been shown to link hypoxia-induced decrease
in metabolic activity to increased cell excitability (Wyatt
et al. 2007). The mechanism by which AMPK modulates
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excitability of glomus cells and contributes to O,-sensing
appears to involve inhibition of a Ba>*-sensitive resting K*
conductance most similar to that produced by the KCNK
gene family of background K* channels (Wyatt et al. 2007).

Several members of the KNCK family of background
K* channels are expressed in the carotid body and
one or more of these channels may contribute to O,
sensing. For example, two closely associated members
of the TASK (TWIK-related acid sensitive K™ channel)
subgroup of channels — TASK-1 (K2P3.1; KCNK3) and
TASK-3 (K2P9.1; KNCK9) — and two related members
of the TREK (TWIK-related Kt channel) subfamily
— TREK-1 (K2P2.1; KCNK2) and TREK-2 (K2P10.1;
KCNK10) — are expressed in the carotid body (Buckler
et al. 2000; Yamamoto et al. 2002; Yamamoto & Taniguchi,
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2006). In addition, the O, sensitive background KT
current measured in glomus cells has voltage-dependent
(i.e. mild outward rectification) and pharmacological
properties (i.e. activation by inhaled anaesthetics and weak
inhibition by Ba?") that are consistent with involvement
of either TASK or TREK channels (Buckler et al. 2000;
Goldstein et al. 2005; Buckler, 2007; Duprat et al. 2007).
The relatively low unitary conductance (~14pS) and
acid sensitivity of the intrinsically O,-sensitive channels
in glomus cells (Buckler et al. 2000) favour TASK-1
among these candidates. Indeed, carotid bodies isolated
from TASK-1 and TASK-1/TASK-3 double knockout
mice showed reduced hypoxia sensitivity compared
to wild-type animals and, furthermore, the hypoxic
ventilatory response was correspondingly attenuated in
TASK-1 knockout mice in vivo (Trapp et al. 2008).
Although these results indicate that TASK-1 likely
contributes to O,-sensing by carotid body, it is noteworthy
that approximately half of the carotid body O, response
was retained in the double TASK knockout animals (Trapp
et al. 2008), indicating that there is a TASK-independent
component of the carotid body O,-sensing mechanism.
The mechanism responsible for this residual chemo-
afferent response observed in TASK knockout mice
remains to be determined, and we hypothesize that
this may reflect a separate AMPK-dependent O,-sensing
process in glomus cells.

The specific background K* channel sensitive to AMPK
in carotid body cells has not been determined, in large part
because the pharmacological tools available to identify
these channels in native contexts are extremely limited.
In addition, there is no information regarding AMPK
sensitivity of the TASK or TREK channels expressed
in carotid body. Thus, the purpose of this study was
to determine which of these candidate channels can
be modulated by AMPK. Our results indicate that
AMPK suppresses activity of both TREK-1 and TREK-2,
but not TASK-1 or TASK-3, and it mediates TREK
channel modulation by the metabolic inhibitor sodium
azide and hypoxia. AMPK-dependent TREK channel
inhibition involves C-terminal phosphorylation sites that
are also crucial for PKA- and PKC-dependent channel
modulation. Together, these results suggest that TREK-1
and/or TREK-2 channels represent viable candidates to
account for the background K* channels that underlie
AMPK-dependent O, sensing in carotid body glomus
cells.

Methods
Cell culture and transfection

Mouse TREK-1 (GenBank accession no. U73488.2)
and rat TREK-2 (NM207261) channel mutants were
prepared in mammalian expression vectors (pRKS5,
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TREK-1; pcDNA3.1, TREK-2) as described (Murbartian
et al. 2005; Kang et al. 2006). We used a poly-
morphic variant of the long version of mTREK-1 with
three amino acid differences (A63T, K84A, E101K)
(Murbartian et al. 2005). Rat TASK-1 (GenBank accession
number AF031384), TASK-3 (GenBank accession
number AF391084) and tandem-linked TASK-1/TASK-3
heterodimeric channels in pcDNA3 have been described
(Talley & Bayliss, 2002). The ¢cDNA for a dominant
negative catalytic subunit («1) of AMPK (dnAMPK)
was kindly provided by the laboratory of David Carling
(Woods et al. 2000).

Human embryonic kidney (HEK) 293 cells stably
expressing the thyrotropin-releasing hormone receptor
(E2 cells; obtained from Graeme Milligan; Kim
et al. 1994) were maintained in Dulbecco’s modified
Eagle’s medium (DMEM)-F-12 containing 10% fetal
bovine serum (FBS), penicillin (100 Uml™!), and
streptomycin (100 g ml~') and supplemented with G418
(400 ugml™'). In some experiments, HEK 293 cells
not expressing thyrotropin-releasing hormone receptor
were also used. All constructs were transfected using
LipofectAMINE 2000 according to the manufacturer’s
instructions. Cells were co-transfected with channel
clones and dnAMPK, together with EGFP, plated
onto poly-L-lysine (100 g ml~!)-coated glass coverslips
~15-20 h after transfection and allowed to adhere for 1 h
at 37°C before recording.

Electrophysiology

Coverslips containing transfected cells were placed
in a recording chamber positioned on a microscope
(Zeiss Axioskop FS) and visualized using DIC optics
and fluorescence. Cells were continuously perfused at
2mlmin~! with a bath solution (equilibrated with room
air, Po, = 160 mmHg) composed of (in mMm): 140 NaCl,
3 KCl, 2 MgCl,, 2 CaCl,, 10 Hepes, 10 glucose; pH was
adjusted to 7.3 by addition of NaOH. Whole cell patch
clamp recordings were established using Sylgard-coated
borosilicate pipettes which had a DC resistance of 3-5 MQ2
when filled with internal solution composed of (mm): 120
KCH,4SO0s3,4 NaCl, 1 MgCl,, 0.5 CaCl,, 10 Hepes, 10 EGTA,
3 Mg-ATP, 0.3 GTP-Tris, pH 7.2. All recordings were
obtained at room temperature (~24°C), except where
noted.

Drugs

All drugs were purchased from Sigma. The membrane
permeant adenosine analogue 5-aminoimidazole-
4-carboxamide-1-b-D-ribofuranoside (AICAR; 2mM)
was used to activate AMPK (Corton et al. 1995; Hardie,
2007). As previously described (Murbartian et al. 2005),
we inhibited PKC with bisindoylmaleimide (1 M) added
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to the bath and inhibited PKA with (Rp)-cAMP-S (1 mm)
added to the pipette solution. It is well known that
metabolic poisons (e.g. cyanide or azide) mimic effects
of hypoxia on the carotid body (Mulligan & Lahiri, 1981;
Wyatt & Buckler, 2004). Therefore, to mimic mild hypoxia
we used low concentrations of sodium azide (10 um) at a
bath temperature of 30°C. Hypoxic medium was made by
equilibrating bath solution with 100% N,. We measured
oxygen partial pressure (Po,) at the base of the tissue
chamber (~2 mm from the room air-liquid interface)
using a polarographic O, electrode (ISO-OXY-2) and
the Apollo 1000 amplifier with DataTrax2 software
(WPI). The O, electrode was calibrated before each
experiment with solutions equilibrated with 95% O,
(Po, =722mmHg), 21% O, (Po, =160 mmHg) and
100% N, plus 1mm dithionite (Po, =0mmHg); O,
sensitivity of this electrode was > 100 pA mmHg ™.

Data acquisition and analysis

Recordings were obtained in whole cell voltage clamp
using an Axopatch 200B amplifier and a Digidata 1322A
analog digital converter with pCLAMP v.10 (Molecular
Devices). Series resistance was compensated by ~70% and
a liquid junction potential of 10 mV was corrected offline.
Depolarizing ramps from —130 to +20mV (0.2Vs™')
were applied every 5 s to generate current—voltage (I-V)
curves. For analysis, holding current was measured at
—60 mV and slope conductance was calculated from linear
fits to ramp currents obtained between —30 and +5 mV.
Statistical significance was determined at P < 0.05 by
ANOVA and Newman—Keuls multiple comparison test or
Student’s ¢ test. Data are presented as means & S.E.M.

Results

TASK and TREK currents were recorded from transiently
transfected HEK 293 cells in the whole cell voltage clamp
configuration. All recordings were maintained for several
minutes to establish stable baseline conditions before
exposure to experimental challenges.

TASK channels are not modulated by AMP-activated
protein kinase

Recent evidence indicates that AMPK is required for
O, sensing by the carotid body (Wyatt et al 2007)
and there is considerable evidence that TASK channels
contribute to the O,-sensitive current in glomus cells
(Buckler et al. 2000; Buckler, 2007; Duprat et al. 2007;
Williams & Buckler, 2004). We therefore tested the
possibility that TASK channels are modulated by AMPK.
In order to determine if AMPK can modulate channel
activity we activated endogenous AMPK with AICAR, a
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membrane permeant adenosine analogue. Surprisingly,
we found that neither TASK-1 nor TASK-3 was inhibited
by AICAR. Figure 1 shows the characteristic response
of TASK-1 and TASK-3 to changes in bath pH; as
expected, acidification to pH 5.9 caused a near complete
inhibition of TASK current whereas alkalization to
pH 8.4 activated TASK channels. At pH 7.3, bath
application of AICAR (2mm) inhibited TASK-1
conductance by only 7.8% (n=>5) (Fig. 1A) and TASK-3
conductance by only 9.7% (n=15) (Fig.1B). We also
tested the effects of AICAR under experimental conditions
designed to increase TASK conductance; at pH 8.4,
exposure to AICAR also had no effect on TASK-1 or
TASK-3 (data not shown). In addition, it was recently
shown that TASK-1/TASK-3 heterodimers are the pre-
dominant conformation of TASK-like O,-sensitive back-
ground K channel in glomus cells (Kim et al. 2009).
Therefore, we tested effects of AICAR on heteromeric
TASK channels. As shown in Fig. 1C, bath application of
AICAR at pH 7.3 had no discernable effect on heteromeric
TASK channels (inhibition of only 8.7 & 3%, n=6). Our
finding that recombinant TASK channels are insensitive to
AICAR indicates that these channels are not downstream
targets of AMPK and therefore are unlikely to mediate the
AMPK-dependent component of O, sensing in glomus
cells (Wyatt et al. 2007).

TREK channels are inhibited by AMPK

TREK channels are another subgroup of background
Kt channel expressed by carotid body glomus cells
(Yamamoto & Taniguchi, 2006). Although not inherently
0, sensitive (Buckler & Honore, 2005; Caley et al. 2005),
they present a number of characteristics consistent with
the O,-sensitive current in type I cells (e.g. they are
active at resting membrane potential, show only modest
voltage dependence and are activated by halothane (Patel
& Honore, 2001; Kim, 2005; Honore, 2007). Therefore, we
tested the possibility that TREK-1 or TREK-2 channels are
modulated by AMPK.

We found that AICAR-mediated activation of AMPK
inhibited both TREK-1 and TREK-2 channel activity.
Bath application of AICAR (2 mM) caused a strong and
reversible inhibition of TREK-1 conductance (Fig.2A);
averaged data show that AICAR decreased conductance
from 14.5 & 1.2t0 6.6 £ 0.6 nS (n = 13). Likewise, AICAR
also inhibited TREK-2 conductance (Fig.2B); averaged
data show that AICAR decreased conductance from
143+1.7 to 9.24+09nS (n=7). AICAR-mediated
inhibition reached a maximum of 51.6 = 4.8% (TREK-1)
or33.7 &+ 4.6% (TREK-2) within ~2 min and was typically
fully reversed within 3—5 min during wash.

TREK channels are inhibited by PKA and PKC (Patel
et al. 1998; Murbartian et al. 2005; Kang et al. 2006,
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Figure 1. TASK-1 and TASK-3 channels are not
modulated by activated AMPK

Whole cell currents were recorded from HEK 293
cells following transient transfection with TASK-1 or
TASK-3. Traces of conductance (measured as a
linear slope between —30 and +5 mV) as a
function of time show characteristic responses of
TASK-1 (A), TASK-3 (B) and heteromeric TASK
channels (C) to changes in bath pH; acidification
from pH 7.3 to pH 5.9 inhibits TASK channels
whereas alkalization to pH 8.4 activates TASK
channels. At pH 7.3, 3-5 min applications of AICAR
(2 mm) had no discernable effect on TASK channel
conductance. Insets, current-voltage (/-V)
relationships characteristic of TASK-1 and TASK-3
were obtained from depolarizing voltage ramp
commands (—130 to +20 mV at 0.2 V s~') during
control conditions (a) and exposure to AICAR (b).
Bar graphs show averaged conductance (n = 5) of
the relevant TASK channels at pH 7.3 in the absence
and presence of AICAR. These results indicate that
AICAR-mediated activation of AMPK does not
affect activity of recombinant TASK channels.

Figure 2. TREK channels are inhibited by AMPK
A, trace of whole cell conductance shows a typical
time course for inhibition of TREK-1 by bath
application of AICAR (2 mwm). Inset, I~V plots of
whole cell TREK-1 current evoked by ramp
commands (—130 to +20 mV at 0.2 V s~') during
control (a) and in the presence of AICAR (b). Bar
graph of averaged data (n = 13) shows that 2 min
exposure to AICAR decreases TREK-1 conductance.
B, representative conductance trace shows the time
course of TREK-2 inhibition by AICAR (2 mm). Inset,
I-V plots of whole cell TREK-2 ramp currents during
control (a) and in the presence of AICAR (b). Bar
graph of averaged data (n = 7) shows that 2 min
exposure to AICAR decreases TREK-2 conductance.
The effect of AICAR on TREK-1 and TREK-2 was
reversible in the majority of cells tested.
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2007). Therefore, to exclude the possibility that effects
of AMPK involve PKA or PKC we tested effects of
AICAR under conditions previously shown to inhibit
PKA and PKC (Murbartian et al. 2005); cells were
pre-incubated and recorded in bath solution containing
the PKC inhibitor bisindoylmaleimide (1 ;M) and with the
PKA blocker (Rp)-cAMP-S (1 mMm) added to the pipette
solution. We found that AMPK-mediated inhibition of
TREK-1 was retained in the presence of these PKA and
PKC blockers; under these conditions AICAR decreased
TREK-1 conductance by 31.3 +4.4% (n=>5) (data not
shown). These results indicate that PKA and PKC do
not contribute to AMPK-mediated inhibition of TREK
channels and demonstrate that TREK-1 and TREK-2
channels are inhibited by AMPK.

C-terminal phosphorylation sites are required
for TREK channel inhibition by AMPK

The C-terminal domains of TREK channels are important
for channel regulation by physical and chemical
signals including protons, temperature and stretch
(Patel & Honore, 2001; Kim, 2005; Honore, 2007).
In addition, the C-termini of TREK channels contain
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phosphorylation sites required for channel modulation by
receptor-associated metabotropic signalling mechanisms.
For example, activation of Ga;-coupled receptors inhibit
TREK-1 currents by PKA mediated phosphorylation
of Ser-333 located in the C-terminus (Patel et al
1998; Murbartian et al. 2005). Further, activation of
Gag-coupled receptors and subsequent activation of PKC
inhibits TREK-1 channels by sequential phosphorylation
of Ser-300 and Ser-333 (Murbartian et al. 2005) and
PKC mediated inhibition of TREK-2 requires Ser-326 and
Ser-359 (Kang ef al. 2006, 2007). To determine if these
or other putative PKA and/or PKC phosphorylation sites
are required for AMPK-mediated inhibition of TREK,
we tested effects of AICAR on TREK-1 and TREK-2
channels with alanine substitutions in putative PKA and
PKC phosphorylation sites.

We found that alanine substitution at Ser-333
(S333A) blocked AMPK-mediated inhibition of TREK-1
(Fig.3A). As expected of a mutation that mimics the
dephosphorylated state, cells transfected with S333A
mutant channels produced basal currents of 19.3 & 1.9 nS
(n=6) that are significantly larger than cells expressing
wild-type TREK-1 channels. Exposure to the same
concentration of AICAR that inhibited wild-type TREK-1
current within 2min had no effect on these S333A

A TREK-1 S333A

Figure 3. Select serine residues in the
C-terminus of TREK-1 and TREK-2 are required
for AMPK-modulation

A, representative conductance trace shows that Ala
substitution at Ser-333 (S333A) blocks
AICAR-mediated inhibition of TREK-1. Inset, -V
plot of the S333A mutant TREK-1 current during
control (a) and exposure to AICAR (b). Averaged
data (n = 6) shows that 2 min exposure to AICAR
had no effect on S333A mutant TREK-1
conductance. B, conductance trace shows that Ala
substitution at Ser-300 (S300A) also blocked
AICAR-mediated inhibition of TREK-1. Inset, -V
plot of the S300A mutant TREK-1 current during
control (a) and exposure to AICAR (b). Averaged
data (n = 9) show that 2 min exposure to AICAR
had no effect on S300A mutant TREK-1
conductance. C, representative conductance trace
show that Ala substitutions at Ser-326 and Ser-359
(S326A/S359A) of TREK-2 channels blocks
AICAR-mediated inhibition of TREK-2. Inset, -V
plot of the S326A/S359A mutant TREK-2 current
during control (a) and exposure to AICAR (b).
Averaged data (n = 5) show that 3 min exposure to
AICAR had no effect on S326A/S359A mutant
TREK-1 conductance.
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mutant channels; averaged data (n=6) show that
AICAR inhibited conductance by only 4.3 4+2.4%
(Fig.3A). In addition, alanine substitution at Ser-300
(S300A) also blocked AMPK-mediated inhibition of
TREK-1 (Fig.3B). Under control conditions, S300A
mutant channels produced the largest levels of basal
conductance (45.0 £ 11.5nS, n=9) and 3 min exposure
to AICAR had no effect on these channels; averaged
data (n=9) show that AICAR decreased conductance
by only 10.5 £ 3.6% (Fig. 3B). We also examined other
putative phosphorylation sites in the C-terminal domain
of TREK-1, including Thr-303, Thr-328 and Ser-345;
AMPK-mediated inhibition of TREK-1 was fully retained
in channels with alanine substitutions at these sites (all >
42 + 4% inhibition, n = 9; data not shown).

Mutations of PKC phosphorylation sites in TREK-2
also disrupted AMPK modulation of TREK-2. Alanine
substitutions at Ser-326 and Ser-359 (S326A/S359A)
decreased AMPK-mediated inhibition of TREK-2
(Fig. 3C). Under control conditions, S326A/S359A mutant
channels produced a basal conductance of 19.5 & 3.7 nS
(n=15) and 3 min exposure to AICAR had no effect on
these channels; averaged data (n=>5) show that AICAR
decreased conductance by only 7.3 +1.3% (Fig.3C).
These results are consistent with the previously defined
roles of Ser-333 and Ser-300 in TREK-1 and Ser-326
and Ser-359 in TREK-2 as important phosphorylation
sites for kinase-dependent modulation of TREK channels
and indicate that these residues are also important for
AMPK-mediated TREK channels.

AMPK mediates TREK channel inhibition by metabolic
stress

AMPK is thought to confer O, sensitivity to type I cells
in the carotid body by acting as an intermediary between
metabolic state and cellular activity (Wyatt ef al. 2007).
Background K* channels (e.g. TASK) are thought to
be important determinants of O,-induced depolarization
(Buckler et al. 2000; Buckler, 2007; Duprat et al. 2007), but
our data indicate that TASK channels are not modulated
by AMPK (i.e. acute exposure to AICAR). On the other
hand, previous studies show that TREK channels are not
directly sensitive to hypoxia (Buckler & Honore, 2005;
Caley et al. 2005), i.e. short exposure to Po, as low as
<4 mmHg did not affect TREK conductance. However,
because our results indicate that activation of AMPK
inhibits TREK-1 and TREK-2 channel activity, we hypo-
thesized that AMPK might confer metabolic sensitivity to
cells expressing TREK channels. To test this hypothesis,
we determined the effects on TREK channel activity of
metabolic stress in the form of sodium azide or prolonged
hypoxia (6-7 min); we performed these experiments at
30°C in order to increase metabolic rate and the activity
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of temperature-sensitive TREK channels (Maingret et al.
2000; Alloui et al. 2006).

As shown in Fig.4Aa, exposure to sodium azide
(10 uM) at 30°C inhibited wild-type TREK-1 conductance
by 39.9+7.0% (n=6). We observed similar results
in response to cyanide (10 uM) (33 £3% inhibition,
n=4, P <0.03; data not shown). We also found that
the same alanine substitutions that rendered TREK-1
unresponsive to AICAR (i.e. S333A and S300A) also left
cells expressing these mutant channels unresponsive to
sodium azide (10 uM) (Fig. 4Ab and c and C). As shown
in Fig. 4Ba, sodium azide also inhibited wild-type TREK-2
conductance by 45.4 &+ 2.8% (n = 3) but had no effect on
the S326A/S359A mutant channel (Fig. 4Bband C). These
results indicate that Ser-333 and/or Ser-300 of TREK-1 and
Ser-326 and/or Ser-359 of TREK-2 are important residues
for sodium azide-mediated inhibition of TREK channels
and suggest that AMPK contributes to the mechanism by
which sodium azide inhibits TREK channels.

Two additional experimental approaches were used to
confirm that the effect of metabolic stress on activity
of TREK channels is mediated by an AMPK-dependent
mechanism. First, we tested effects of sodium azide
on wild-type TREK channels in cells co-transfected
with dnAMPK. If azide-mediated inhibition of TREK
channels involves AMPK, then we expect expression
of dnAMPK will suppress endogenous AMPK activity
and decrease effects of azide on TREK channels.
We found that expression of dnAMPK attenuated
azide-mediated inhibition of TREK-1 (Fig.5A) and
TREK-2 (Fig.5B); averaged data show that, in the
presence of dnAMPK, sodium azide inhibited TREK-1
and TREK-2 conductance by only 3.8 +2% (n=4) and
4.6 3% (n=3), respectively. We also attempted to use
compound C to pharmacologically block AMPK, but
that drug had non-specific inhibitory effects on TREK
channels expressed in HEK cells; e.g. compound C (20 um)
alone inhibited TREK-1 conductance from 4.9 £+ 1.1 to
3.24+0.8nS (37 £2%, n=5, P <0.01). Since blocking
AMPK action would be expected to disinhibit TREK
channels (and increase channel activity), we consider the
decrease in channel activity observed with compound C
to be non-specific.

We used an occlusion protocol in a second series
of experiments. For this, we exposed cells expressing
wild-type TREK channels to AICAR during sustained
sodium azide application. We reasoned that if AMPK is
a common signalling intermediary shared by both AICAR
and sodium azide, then TREK channel inhibition by
AICAR would be occluded by sodium azide. Sodium azide
(10 uM) inhibited wild-type TREK-1 channel activity
(Fig. 6A). In the continued presence of azide, effects of
AICAR were indeed occluded; under these conditions,
exposure to AICAR had no effect on TREK-1 channel
activity. Similar results were observed with TREK-2;
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sodium azide inhibited wild-type channel activity and
in the continued presence of azide, exposure to AICAR
had no additional effect on TREK-2 channel activity
(Fig. 6B). These results further support the conclusion that
AMPK mediates effects of metabolic stress on TREK-1 and
TREK-2 channels.

We also found that sodium azide inhibited heteromeric
TASK channels by 324 8% under control conditions
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(Fig. 7A); however, unlike the case for TREK channels,
inhibitory effects of azide on these TASK channels was
retained in cells expressing dnAMPK (31 = 4% inhibition;
Fig. 7B). These results are consistent with the known
effects of metabolic stress on TASK-like currents in
glomus cells (Williams & Buckler, 2004), and support the
possibility that metabolic stress inhibits TASK channels by
an AMPK-independent mechanism.
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Figure 4. Inhibition of TREK channels by sodium azide require AMPK phosphorylation sites

Whole cell currents were recorded from HEK cells transfected with wild-type or AICAR-resistant mutant TREK-1
(S333A, S300A) or TREK-2 (S326A/S359A) channels during exposure to metabolic stress in the form of sodium
azide. Aa, trace of wild-type TREK-1 conductance and bath temperature show that heating from 24°C to 30°C
increases TREK-1 activity. At 30°C bath application of sodium azide (10 uM) caused a rapid and reversible inhibition
of TREK-1 conductance. Inset, I-V plots of TREK-1 current obtained at 30°C during control conditions (a) and in
the presence of azide (b). Ab and Ac, bath temperature (top) and whole cell conductance from S300A (Ab) and
S333A (Ac) mutant TREK-1 channels show that heating from 24°C to 30°C increases whole cell conductance of
cells expressing either mutant channel. At 30°C bath application of sodium azide (10 uM) had no effect on S300A
(Ab) or S333A (Ac) conductance. Inset, /-V relationships of S300A and S333A mutant TREK-1 channels obtained
at 30°C during control conditions (a) and in the presence of azide (b). Ba, trace of wild-type TREK-2 conductance
and bath temperature show that heating from 24°C to 30°C increases TREK-2 activity. At 30°C exposure to
sodium azide (10 um) caused a rapid and reversible inhibition of TREK-2 conductance. Inset, I~V plots of TREK-2
current obtained at 30°C during control conditions (a) and in the presence of azide (b). Bb, bath temperature
(top) and conductance trace from a cell expressing the TREK-2 S326A/S359A mutant channel (bottom) show that
the mutant channel is activated by warming but exposure to sodium azide (10 um) at 30°C had no effect on
conductance. Inset, -V relationships of TREK-2 S326A/S359A mutant obtained at 30°C during control conditions
(@) and in the presence of azide (b). C, average data summarize the effects of sodium azide on wild-type (n = 6)
and mutant TREK-1 channels (S333A, n = 6; S300A, n = 3) as well as wild-type (n = 3) and S326A/S359A mutant
(n = 4) TREK-2 channels.
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To determine if AMPK can modulate TREK channels
in response to a physiologically relevant signal, we tested
effects of hypoxia on TREK channels. Previous studies
have established that TREK channels are resistant to
relatively brief bouts of hypoxia (Buckler & Honore,
2005; Caley et al. 2005), indicating that TREK channels
are not directly O, sensitive. However, short exposure
to hypoxia may not be sufficient to inhibit metabolic
activity of HEK cells. Therefore, for these experiments we
examined effects of more prolonged hypoxia (6—7 min).
We measured Po, in the tissue bath (~2 mm from the
gas—liquid interface) and determined that our hypoxic
medium has a Pp, of 11 &1 mmHg. Initially, exposure
to this level of hypoxia had no effect on activity
of TREK channels (Fig.8A). However, with continued
exposure to hypoxia, TREK conductance decreased from
6.8 £0.8nS at 4 min hypoxia to 4.0+ 0.4nS at 6 min
hypoxia (39 & 7% inhibition, n=4, P < 0.04). Channel
conductance returned to 6.8 +0.8nS within ~10 min
when Po, was returned to control levels. In some
recordings the cells did not recover from hypoxia,
presumably due to current rundown; those cells were
omitted from the study. As was observed with sodium
azide, the effects of hypoxia on TREK channels were
attenuated by expression of dnAMPK; under these

A dnAMPK + TREK-1

0. Kréneisz and others
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conditions hypoxia decreased TREK conductance by only
1+ 1% (n=4) (Fig. 8Band C).

Discussion

The ability to sense decreases in arterial Po, levels to
stimulate breathing is a critically important function of
peripheral chemoreceptors. AMPK links changes in O,
with activation of glomus cells in the carotid body by
inhibition of an unidentified background K* channel
(Wyatt et al. 2007). In an effort to identify potential
downstream targets of hypoxia-activated AMPK, we
characterized AMPK sensitivity of candidate background
K* channels in a heterologous expression system. We
found that TREK-1 and TREK-2, but not TASK-1
and TASK-3, are inhibited by AMPK. TREK channel
inhibition requires select serine residues in the C-terminus
that are also known to be important for PKA- and
PKC-mediated channel modulation. We also found that
inhibiting metabolism with sodium azide or hypoxia
decreased activity of TREK-1 and TREK-2 channels in
an AMPK-dependent manner. Sodium azide-mediated
channel inhibition was not observed in AMPK-insensitive
mutant TREK channels, it was abrogated by dnAMPK, and
it blocked AICAR-mediated TREK inhibition. Likewise,
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Figure 5. Expression of dnAMPK blocks the effects of sodium azide on TREK channels

A, trace of wild-type TREK-1 conductance in the presence of dnAMPK and bath temperature show that heating
from 24°C to 30°C increases TREK-1 activity. At 30°C bath application of sodium azide (10 wm) had no discernable
effect on channel conductance. Inset, /-V plots of TREK-1 current in the presence of dnAMP obtained at
30°C during control conditions (a) and in the presence of azide (b). Bar graph of average data (n = 4) shows
the percentage inhibition of TREK-1 by azide alone and in the presence of dnAMPK. B, trace of wild-type
TREK-2 conductance in the presence of dnAMPK and bath temperature show that heating from 24°C to 30°C
increases TREK-1 activity. At 30°C bath application of sodium azide (10 um) had no discernable effect on channel
conductance. Inset, -V plots of TREK-2 current in the presence of dnAMP obtained at 30°C during control
conditions (a) and in the presence of azide (b). Bar graph of average data (n = 3) shows the percentage inhibition

of TREK-1 by azide alone and in the presence of dnAMPK.
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TREK channel inhibition by prolonged hypoxia was
blocked in cells expressing dnAMPK. These results identify
AMPK as a regulator of TREK channel activity and suggest
anovel mechanism by which metabolicactivity can control
cell excitability.

In the carotid body, hypoxia-mediated activation of
AMPK and inhibition of background K* channels are
thought to determine glomus cell O, sensitivity. In
situ hybridization and immunohistochemistry show that
glomus cells express several closely associated members
of the TASK and TREK subfamilies of KNCK back-
ground K* channels (Buckler et al. 2000; Yamamoto et al.
2002; Yamamoto & Taniguchi, 2006). Of these, there is
considerable evidence that TASK channels contribute to
glomus cell O, sensitivity, as described above. However,
since the hypoxic ventilatory response is only partially
reduced in TASK-1 and double TASK knockout mice while
remaining unaffected in TASK-3 knockout mice (Trapp
et al. 2008), it seems clear that background K* channels in
addition to TASK contribute to O, sensing by carotid body
glomus cells. Here we present evidence that recombinant
TREK-1 and TREK-2 channels are modulated by AMPXK,
suggesting that if TREK channels are expressed in glomus
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cells they may contribute to O, signalling by serving as
downstream targets for hypoxia-activated AMPK.

There has been some controversy regarding O,
sensitivity of TREK channels. Miller et al. (2004) reported
that TREK-1 channels were rapidly inhibited by hypoxia
with a P, threshold of 60 mmHg, whereas other studies
showed that TREK channels were unaffected by ~3 min
exposure to Po, levels as low as <4 mmHg (Buckler &
Honore, 2005; Caley et al. 2005). We also found that
TREK channels are resistant to brief (< 3 min) bouts of
hypoxia (Po, =9+ 1 mmHg) but that prolonged
exposure can inhibit TREK channel activity. This
protracted time course is consistent with the hypothesis
that hypoxic stress inhibits TREK channels by an indirect
metabolic mechanism that involves activation of AMPK.
Although we found that channel inhibition by both
hypoxia and by azide were AMPK dependent, it is inter-
esting to note that recovery of channel activity following
hypoxia was relatively slow by comparison to that after
sodium azide treatment. The reason for this is not clear
but it may reflect additional effects of hypoxia on some
aspect of the recovery mechanism that are not shared by
azide-induced metabolic inhibition.
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Figure 6. Sodium azide occludes AICAR-mediated inhibition of TREK channels

A, traces of wild-type TREK-1 conductance and bath temperature show that heating from 24°C to 30°C increases
TREK-1 conductance. At 30°C exposure to sodium azide (10 um) inhibited TREK-1 conductance. In the continued
presence of sodium azide, bath application of AICAR had no effect on TREK-1 conductance. Inset, /-V relationship
of TREK-1 current obtained under control conditions at 30°C (a) and during exposure to azide alone (b) and azide
in the presence of AICAR (c). Bar graph summarizes the percentage inhibition by azide alone and AICAR in the
presence of azide. B, traces of wild-type TREK-2 conductance and bath temperature show that heating from 24°C
to 30°C increases TREK-1 conductance. At 30°C exposure to sodium azide (10 um) inhibited TREK-2 conductance.
In the continued presence of sodium azide, bath application of AICAR had no effect on TREK-2 conductance.
Inset, I~V relationship of TREK-2 current obtained under control conditions at 30°C (a) and during exposure to
azide alone (b) and azide in the presence of AICAR (c). Bar graph summarizes the percentage inhibition by azide

alone and AICAR in the presence of azide.
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TREK-1 channels are regulated by a variety of factors,
including kinase-dependent phosphorylation. Previous
studies demonstrate that neurotransmitter activation
of G-protein coupled receptors leads to inhibition of
TREK-1 by PKA- or PKC-mediated phosphorylation
of select serine residues located in the C-terminus of
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Figure 7. Sodium azide inhibits heteromeric TASK channels by
an AMPK-independent mechanism

A, trace of TASK1-TASK-3 conductance and bath temperature show
that heating from 24°C to 30°C increases activity of TASK channels.
At 30°C 3 min exposure to sodium azide (10 M) inhibits channel
conductance. Inset, I~V plots of heteromeric TASK current obtained at
30°C during control conditions (a) and in the presence of sodium
azide (b). B, trace of TASK1-TASK-3 conductance in the presence of
dnAMPK and bath temperature show that heating from 24°C to 30°C
increases activity of TASK channels. At 30°C exposure to sodium azide
(10 um) inhibits channel conductance. Inset, I~V plots of heteromeric
TASK current in the presence of dnAMP obtained at 30°C during
control conditions (a) and in the presence of sodium azide (b). C, bar
graph of average data (n = 4) shows the percentage inhibition of
heteromeric TASK channels by sodium azide alone and in the presence
of dnAMPK.

0. Kréneisz and others

J Physiol 587.24

TREK. For example, stimulation of Ga,-coupled receptors
inhibits TREK-1 by PKA-mediated phosphorylation of
Ser-333 (Patel et al. 1998) and stimulation of G4-coupled
receptors inhibits TREK-1 by sequential phosphorylation
of Ser-333 followed by Ser-300 (Murbartian et al. 2005).
Activation of Gg-coupled receptors also inhibits TREK-2
by PKC mediated phosphorylation of Ser-326 or Ser-359
(Kang et al. 2006, 2007). The data presented here
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Figure 8. Hypoxia inhibits TREK channels by an
AMPK-dependent mechanism

A, trace of wild-type TREK-1 conductance and bath temperature show
that heating from 24°C to 30°C increases TREK-1 activity. At 30°C
exposure to hypoxia (measured bath Po, = 11 & 1 mmHg) for 6 min
inhibited channel conductance. Inset, -V plots of TREK-1 current
obtained at 30°C under control conditions (a) and during exposure to
hypoxia (b). B, trace of wild-type TREK-1 conductance in the presence
of dnAMPK and bath temperature show that heating from 24°C to
30°C increases TREK-1 activity. At 30°C exposure to hypoxia

(Po, = 11 & 1 mmHg) for 6 min had no effect on channel
conductance. Inset, I-V plots of TREK-1 current in the presence of
dnAMP obtained at 30°C under control conditions (a) and during
exposure to hypoxia (b). C, bar graph of average data (n = 4) shows
the percentage inhibition of TREK-1 by hypoxia alone and in the
presence of dnAMPK.
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identify a novel AMPK kinase-dependent inhibition of
TREK-1 and TREK-2 channels involving the same two
previously identified PKA and/or PKC phosphorylation
sites. Alanine substitution of these sites on TREK-1 and
TREK-2 increased basal conductance, as expected for
a mutation that mimics the dephosphorylated state of
the channel. Importantly, these mutations also disrupted
AMPK-mediated channel inhibition and prevented the
effects of metabolic stress on TREK-1 channel activity.

It is possible that we have underestimated the inhibitory
effects of AMPK on TREK channels because both AICAR
and sodium azide can cause an intracellular acidification
that may activate TREK channels and partially offset
the inhibitory effects of AMPK. For example, it is well
known that metabolic stress can result in the accumulation
of lactic acid, and it has also been shown that AICAR
can inhibit activity of the Na*/H" exchanger (NHE)
(Moopanar et al. 2006). Both of these scenarios could
result in a drop in intracellular pH, and since TREK
channels are activated by intracellular acidification, this
could antagonize the inhibitory effects of AMPK on TREK
channels.

As mentioned, TASK channels have been implicated
in responses to hypoxia by various cell types, including
the carotid body. This is thought to be due, in part,
to an intrinsic O, sensitivity of the channels. We also
found that sodium azide decreased activity of TASK
channels, suggesting that those channels also respond to
metabolic stress. However, TASK channels were unaffected
by AICAR and were inhibited by azide even in the
presence of dnAMPK, indicating that TASK channel
inhibition by metabolic stress occurs via a mechanism
that is independent of AMPK. Previous studies have
shown in excised patches from carotid body glomus cells
that a TASK-like current can be activated by physio-
logically relevant levels of ATP, whereas rotenone (which
inhibits complex 1 of the mitochondrial electron transport
chain) decreased intercellular ATP levels and inhibited the
TASK-like current (Varas et al. 2007; Williams & Buckler,
2004). Together these observations indicate that metabolic
stress inhibits TASK channels by an AMPK-independent
mechanism that may involve disruption of a direct ATP
interaction with TASK channels.

In summary, our results indicate that activated AMPK
can inhibit recombinant TREK-1 and TREK-2 channels
but not TASK-1 or TASK-3 channels. We identified serine
residues in the C-terminus of TREK-1 (Ser-300 and
Ser-333) and TREK-2 (Ser-326 and Ser-359) that are
required for AMPK modulation of these channels. To the
extent that AMPK modulation of background K* channels
is required for glomus cell O, sensing (Wyatt et al. 2007),
our results suggest that TREK-1 and/or TREK-2 channels
are potential downstream targets for hypoxia-activated
AMPK and peripheral O, sensing.
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