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Background: TASK3 potassium channels regulate cellular excitability and intracellular potassium homeostasis.
Results: TNF� enhances current through TASK3 channels by modulating channel gating.
Conclusion: TNF� treatment, together with an increase of potassium efflux through TASK3 channels, promotes apoptosis.
Significance: A novel mechanism for TNF�-mediated changes in cellular homeostasis is described.

TASK3 two-pore domain potassium (K2P) channels are
responsible for native leak K channels in many cell types which
regulate cell resting membrane potential and excitability. In
addition, TASK3 channels contribute to the regulation of cellu-
lar potassium homeostasis. Because TASK3 channels are impor-
tant for cell viability, having putative roles in both neuronal apo-
ptosis and oncogenesis, we sought to determine their behavior
under inflammatory conditions by investigating the effect of
TNF� on TASK3 channel current. TASK3 channels were
expressed in tsA-201 cells, and the current through them was
measured using whole cell voltage clamp recordings. We show
that THP-1 human myeloid leukemia monocytes, co-cultured
with hTASK3-transfected tsA-201 cells, can be activated by the
specific Toll-like receptor 7/8 activator, R848, to release TNF�
that subsequently enhances hTASK3 current. Both hTASK3
and mTASK3 channel activity is increased by incubation with
recombinant TNF� (10 ng/ml for 2–15 h), but other K2P chan-
nels (hTASK1, hTASK2, hTREK1, and hTRESK) are unaffected.
This enhancement by TNF� is not due to alterations in levels of
channel expression at the membrane but rather to an alteration
in channel gating. The enhancement by TNF� can be blocked by
extracellular acidification but persists for mutated TASK3
(H98A) channels that are no longer acid-sensitive even in an
acidic extracellular environment. TNF� action on TASK3 chan-
nels is mediated through the intracellular C terminus of the
channel. Furthermore, it occurs through the ASK1 pathway and
is JNK- and p38-dependent. In combination, TNF� activation
and TASK3 channel activity can promote cellular apoptosis.

TASK2 (TWIK-related acid-sensitive K) channels are mem-
bers of the two-pore domain potassium (K2P) channel family
(1–3). These channels are widely distributed throughout the
body, with notable expression in the central nervous system
(CNS) (4). They are responsible for native leak K currents found

in many cell types including neurons such as cerebellar granule
neurons (CGNs), where they underlie the background leak K
current IKSO (5, 6). TASK channels are known to play a role in
various pathological conditions such as epilepsy, brain ische-
mia, cancer, and inflammation (7, 8). TASK channels are regu-
lated by anesthetics such as isoflurane and halothane that, by
enhancing the K current, hyperpolarize neurons (9). Other
agents such as methanandamide, a synthetic cannabinoid,
extracellular acidification, activation of G protein- coupled
receptors linked to G�q such as M3 muscarinic acetylcholine
receptors, zinc, and ruthenium red block TASK3 channels (10 –
15) and consequently the native currents that they encode (e.g.
16). Because TASK3 channels regulate cellular potassium
homeostasis, a role for these channels in other cellular pro-
cesses such as oncogenesis and neuronal apoptosis has been
proposed (7, 17, 18).

Inflammation is a response of the innate immune system that
generates a stress signal mediated by proinflammatory cyto-
kines (such as tumor necrosis factor �, TNF�) released to coun-
teract homeostatic disturbances. This can often lead to delete-
rious outcomes as observed in chronic inflammatory disorders
(19). TNF� activates the TNFR1 receptor to trigger various
phenomena such as inflammation, apoptotic cellular death, or
tumorigenesis (20). TNF� can also be released in the CNS
under normal physiological conditions; for example, constitu-
tive release of TNF� from glial cells is known to regulate syn-
aptic strength (21).

K homeostasis, which controls neuronal activity and is
involved in the regulation of cell viability (22), is modified in
neurons affected by inflammation (23). A number of studies
have shown that TNF� may be a mediator of this change of K
homeostasis in neurons leading to a K efflux. For example,
TNF� enhances an A-type current in cortical neurons contrib-
uting to neuronal protection against NMDA excitotoxicity (24)
whereas TNF� up-regulates KCa2.2 channel activity in primary
cortical neurons, an effect that is neuroprotective against glu-
tamate-induced excitotoxicity (25). In the dorsal root ganglion,
a voltage-independent K channel is increased in cells treated
with TNF� (26).

Because TASK3 is a K channel important for cell viability, we
sought to determine its behavior under inflammatory condi-
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tions. In this study, we show that TASK3 channel activity is
enhanced by TNF� and that the combination of TNF� expres-
sion and TASK3 channel activity can promote cellular
apoptosis.

EXPERIMENTAL PROCEDURES

In Vitro tsA-201 Cell and THP-1 Cell Co-culture—tsA-201
cells, modified human embryonic kidney 293 cells, were grown
in a monolayer tissue culture flask maintained in a growth
medium. The growth medium was composed of 88% minimum
essential media with Earle’s salts and L-glutamine, 10% heat-
inactivated fetal bovine serum, 1% penicillin and streptomycin,
and 1% nonessential amino acids. The cells were placed in an
incubator at 37 °C with a humidified atmosphere of 95% oxygen
and 5% carbon dioxide. After 2 or 3 days, when the cells were
70 –90% confluent, they were split and resuspended in a 4-well
plate containing 13-mm-diameter coverslips (poly-D-lysine-
coated) at a density of 1.5 � 105 cells/ml in 0.5 ml of medium,
ready to be transfected the next day. The THP-1 cells, a mono-
cytic cell line, were grown in a similar medium to tsA-201 cells
described above, to facilitate the cell co-culture. Added to wells
containing the transiently transfected tsA-201 cells in a propor-
tion of 2:1, THP-1 cells were activated using Toll-like receptor
7/8 activator, R848, at 0.1 �g/ml.

Transfection—For the electrophysiological experiments,
pcDNA 3.1 vector was cloned with the gene of interest (TASK3
wild-type or mutated or other K2P channels of interest), and a
similar vector containing GFP was incorporated into the cells (1
�g/�l for each plasmid) using the calcium phosphate method.
For the confocal imaging experiments, TASK3-GFP, a TASK3
channel cloned into the pAcGFP1-N1 vector (500 ng/�l), was
added with a pdsRED monomer membrane marker (Clontech)
(250 ng/�l) that consists of a fusion protein of dsRED monomer
fluorescent protein and neuromodulin (a plasma membrane-
specific protein) to the cells. The cells were incubated for 6 h
with the transfection solution that includes hTASK3 cDNA (1
mg/liter) and GFP cDNA (1 mg/liter). Then, cells were washed
using a phosphate-buffered saline solution (PBS), and new
medium was added to each well. The cells were used for exper-
iments after 24 h.

Mutations and Truncations—To generate the mutant H98A
and the truncated channel TASK3-stop, complementary oligo-
nucleotide primers with the incorporated mutation were
sequenced (MWG-Biotech, Ebersberg, Germany), and we used
the QuikChange site-directed mutagenesis kit (Stratagene) to
generate the mutated channel. Mutant DNA constructs were
sequenced (MWG-Biotech) to confirm the introduction of the
correct mutated bases. All mutagenesis experiments were car-
ried out by Emma Veale.

Whole Cell Patch Clamp Recording—Currents were recorded
using the whole cell patch clamp in a voltage clamp configura-
tion in tsA-201 cells transiently transfected with the channel of
interest. The coverslip with the cells was placed in a recording
chamber filled with an external medium composed of 145 mM

NaCl, 2.5 mM KCl, 3 mM MgCl2, 1 mM CaCl2, and 10 mM HEPES
(pH 7.4). The internal medium used in the glass pipette com-
prised 150 mM KCl, 3 mM MgCl2, 5 mM EGTA, and 10 mM

HEPES (pH 7.4). All of the data presented were collected at

room temperature (19 –22 °C). The transfected cells were
detected using a fluorescent microscope with UV light. To
study the potassium leak current, a step of voltage from �80
mV to �40 mV and then a ramp from �120 mV to �20 mV
were imposed to the cell membrane. This protocol composed of
sweeps lasting 1.8 s. For all quantitative current analysis in this
study, we measured the current difference between the
�80-mV and �40-mV steps. The current-voltage graphs were
obtained from the ramp change in voltage between �120 mV
and �20 mV. For each set of experiments, matched control cell
recordings (usually cells transfected with WT hTASK3) were
obtained on the same experimental days from cells grown at the
same time as the treated cells, to facilitate direct comparisons.

The currents obtained with the imposed voltage protocol
were recorded and analyzed using pCLAMP 10.2 software and
Microsoft Excel. For each cell, the current amplitude (pA) was
normalized to the cell capacitance (pF).

Confocal Microscopy and Co-localization Analysis—After
treatment with recombinant human TNF� as required, cells
were fixed with 4% paraformaldehyde and the DNA subse-
quently stained with 5 �g/ml Hoechst 33258 dye (Invitrogen).
Coverslips were then rinsed with PBS and water before mount-
ing onto glass slides using Mowiol mounting medium with
0.05% p-phenylenediamine. Images were taken using a Leica
TCSSP2 confocal microscope and images processed using
ImageJ software. For analysis of channel and membrane co-lo-
calization, the Pearson’s correlation coefficient (Rr) was calcu-
lated using ImageJ and the WCIF co-localization plug-in (co-
localization test plug-in, Tony Collins and Wayne Rasband).
Coefficients were calculated by taking the average of five
regions on the cell membrane, minimum of five cells used, and
values are displayed as the mean � S.E.

Western Blot Analysis—We assessed the ASK1, TLR7, and
TLR8 proteins in the cell lysates by Western blot analysis as
described previously (27).

Measurement of TNF� Production—To measure the pro-
duction of TNF� by THP-1 cells, co-cultured with tsA-201
cells, we used an ELISA R&D kit according to the manufac-
turer’s protocol.

Measurement of ASK1 Kinase Activity and Detection of ROS
Generation—The kinase activity of ASK1 was assessed by
immunoprecipitation followed by analysis of phosphorylation
of an exogenous substrate, myelin basic protein (28). ROS gen-
eration was analyzed as described previously (29).

Annexin V Assay—Cell apoptosis was determined using an
annexin V-Fluos staining kit (Roche Applied Science; 11 585
777 001). Cells were grown in a 4-well plate on 13-mm-diame-
ter coverslips (poly-D-lysine-coated). After observing a 70%
confluence, cells were transfected with either dsRED endoplas-
mic protein gene alone or together with the TASK3 channel
gene and used the following day for the annexin V assay. The
protocol for adherent cells was performed using the annexin
V-Fluos labeling reagent. Annexin V binding to externalized
phophatidylserine was detected by the green fluorescence of
fluorescein linked to annexin V. Fluorescein was excited at 488
nm and emitted at a wavelength of 518 nm and visualized using
a fluorescent microscope. Images showing green fluorescence
representing the apoptotic cells and red fluorescence for all
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transfected cells were captured digitally and analyzed using
ImageJ software and visual cell counting.

Measurement of Caspase-3 Activity—The enzymatic activity
of the caspase-3 proteases in apoptotic tsA-201 cells was deter-
mined using a caspase-3 colorimetric assay (R&D Systems;
BF3100). tsA-201 cells were grown and transfected in tissue
culture dishes of 35-mm diameter for 24 h, followed by a 15-h
TNF� treatment or no treatment. After transfection and treat-
ment, tsA-201 cells were lysed to collect their intracellular con-
tents. The samples were prepared according to the manufactur-
er’s instructions. The assay was performed in a 96-well plate
that could be read with a microplate reader. The cell lysate was
then tested for caspase-3 protease activity by addition of a
caspase-specific peptide that contained a specific DEVD amino
acid sequence conjugated to a color reporter molecule p-ni-
troaniline (pNA). The cleavage of the peptide by the caspase
released the chromophore pNA, which could be quantified
spectrophotometrically at a wavelength of 405 nm. The level of
caspase enzymatic activity in the cell lysate was directly propor-
tional to the color reaction. A recombinant caspase-3 enzyme
was used as a positive control or standard.

Data Analysis—Data were expressed as means � S.E., and
the statistical analyses used either Student’s t test or a one-way
ANOVA with a post hoc test, the Bonferroni’s comparison of all
variation test. The differences were considered as significant for
p � 0.05 (*) or p � 0.01 (**) with p the probability to obtain the
score randomly. The n represents the number of cells used for
the experiment.

Chemicals—Human recombinant TNF� (T6676), SP600125
(S5567), and Bay11-7082 (B5556) were purchased from Sigma-
Aldrich. SB203580 was from Ascent Scientific (Bristol, UK),
R848 from Alexis Biochemicals (Nottingham, UK), and TNF�
neutralizing antibody and TNFR1 neutralizing antibody (mAb225)
from R&D Systems (Abingdon, UK).

RESULTS

Activated THP-1 Cells Release TNF� Which Enhances
hTASK3 Current—To investigate the role of inflammatory
mediators on hTASK3 channels, we co-cultured THP-1 human
myeloid leukemia monocytes with tsA-201 cells, the latter tran-
siently transfected with hTASK3. A specific Toll-like receptor
7/8 activator resiquimod (R848), involved in the innate immune
system response to infection, was used to activate THP-1 cells
(tsA-201 cells do not express these Toll-like receptors, which
was confirmed by Western blot analysis; data not shown). Co-
cultured cells were treated with R848 (0.1 �g/ml) for 15 h, and
hTASK3 current was measured with and without treatment.
hTASK3 current was 84 � 4 pA/pF (n � 14) in the absence of
treatment but significantly larger at 109 � 5 pA/pF (n � 20)
following treatment with R848 (Fig. 1, b and c), showing that
TASK3 channels are a target of a released inflammatory medi-
ator. Activated THP-1 cells release many inflammatory media-
tors including TNF�. We measured levels of TNF� in the cul-
ture medium, directly, following stimulation with R848 and
found it increased from 72 � 11 to 919 � 89 pg/ml (Fig. 1a).
Furthermore, a TNF�-neutralizing antibody, applied during
R848 treatment, completely abolished the enhancement of

hTASK3 channel current in tsA-201 cells (86 � 5 pA/pF, n �
16) (Fig. 1, b and c).

Direct Incubation with TNF� Enhances hTASK3 Current—
To understand the mechanism of TNF� action on hTASK3,
tsA-201 cells transiently transfected with hTASK3 channel
were exposed to a recombinant TNF� (10 ng/ml) for various
time intervals: 1, 2, and 15 h (Fig. 2, a and b). Although no
significant effects were found after a 1-h incubation, TASK3
current density increased after a period of just a 2-h incubation
from 68 � 6 pA/pF (n � 9) using matched control cells (or 64 �
1 pA/pF (n � 187) for all control cells) to 103 � 6 pA/pF (n �
10). This effect was maintained after a 15-h TNF� incubation

FIGURE 1. Activated THP-1 cells release TNF� which increases the K� cur-
rent in tsA-201 cells transfected with wild-type hTASK3. a, quantity of
TNF� produced by THP-1 cells activated or not by R848 in presence of tsA-201
cells (unpaired t test; ***, p � 0.001). b, histogram of current density (mean �
S.E. (error bars)) after co-culture of transiently transfected tsA-201 cells with
THP-1 cells. THP-1 cells (none activated; control) are compared with R848
(15-h incubation) activated THP-1 cells incubated with or without TNF�-neu-
tralizing antibody (one-way ANOVA; **, p � 0.01). c, current-voltage plot of
hTASK3 current density in tsA-201 cells co-culture with THP-1 cells.
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(65% increase) (from 58 � 9 pA/pF, n � 14, to 93 � 10 pA/pF,
n � 18). The increase of current induced by TNF� occurred
across the voltage range examined (Fig. 2, c and d). TNF� did
not significantly enhance current in the presence of a neutral-
izing antibody against TNFR1, mAb225 (30). After treatment
with mAb225 (1 �g/ml for 30 min), current density was 69 � 4
pA/pF, n � 7 in the absence of TNF� and 78 � 6 pA/pF, n � 15,
after 2-h TNF� treatment.

TNF� action on a murine TASK3 channel (mTASK3) was
investigated. The amino acid similarity between mTASK3 and
hTASK3 channel is only approximately 68% with most of the
differences concentrated in the C-terminal domain. Neverthe-
less, TNF� was able to enhance, similarly, mTASK3 current by
approximately 70% (from 78 � 7 pA/pF, n � 7, to 138 � 8
pA/pF, n � 6; Student’s t test, p � 0.001).

The Effect of TNF� Is Not Seen for hTREK1, hTASK1,
hTASK2, or hTRESK K2P Channels—Despite the fact that K2P
channels have similar function, their distribution in the body

and their biophysical and pharmacological properties are dif-
ferent. We determined the specificity of TNF� effect on TASK3
channels by observing other K2P channel activity in the pres-
ence of TNF�. Of other K2P channels, TASK1 is the closest
channel in term of sequence similarity. However, our results
showed no effect of TNF� on TASK1 channels (control, 19 � 2
pA/pF, n � 11; TNF�, 21 � 4 pA/pF, n � 12; Student’s t test
p � 0.05) (Fig. 3). Three other representative K2P channels,
hTASK2, hTREK1, and hTRESK, were considered, but cur-
rents through these channels were also not modified by
TNF� (Fig. 3).

TNF� Does Not Influence Surface Expression of hTASK3
Channels—To visualize the channel distribution in cells, a
fluorescent-tagged TASK3-GFP channel was created with the
tag present on the M1P1 loop (therefore located on the extra-
cellular face of the channel). To measure the effect of TNF� on
TASK3 channel surface expression, cells were co-transfected
with hTASK3-GFP and a dsRED membrane marker. Cells were

FIGURE 2. TNF� (10 ng/ml) increases K� current in tsA-201 cells transfected with wild-type hTASK3. a, traces of current obtained using the voltage
protocol (see “Experimental Procedures”) on cells treated for 1, 2, and 15 h with TNF� (10 ng/ml) compared with untreated cells. b, histogram of current density
(mean � S.E. (error bars)) in control cells and cells incubated with TNF� at different times: 1, 2, and 15 h (unpaired t test; *, p � 0.05; **, p � 0.01).
c, current-voltage plot of hTASK3 current density in untreated tsA-201 cells (control) or cells treated with TNF� 10 ng/ml, 2-h incubation, and transfected
with hTASK3 gene.

TNF� Enhances Current through TASK3 Channels

JANUARY 17, 2014 • VOLUME 289 • NUMBER 3 JOURNAL OF BIOLOGICAL CHEMISTRY 1391



FIGURE 3. TNF� does not affect hTASK1, hTREK1, hTASK2, and hTRESK1 currents. Graphs show various K2P channel current densities in untreated cells and cells
treated for 2 h with TNF� (10 ng/ml). The K2P current densities between �80 and �40 mV are on the left and the density of current-voltage plot on the right.
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incubated with or without TNF� (10 ng/ml) for 2 and 15 h and
subsequently fixed and DNA-stained (blue) (see “Experimental
Procedures”). Confocal imaging showed a large overlap
between hTASK3-GFP (green) and dsRED-membrane marker
(red), as denoted by yellow co-localized pixels, confirming a
high expression of hTASK3 channel at the plasma membrane
(Fig. 4, a and b). Quantification of the overlap using the Pear-
son’s correlation coefficient showed that hTASK3-GFP alone
compared with hTASK3-GFP incubated with TNF� for 2 h
(0.66 � 0.06 AU compared with 0.68 � 0.05 AU, Fig. 4c) or 15 h
(0.52 � 0.07 AU compared with 0.62 � 0.04 AU) were not
significantly different.

The ability of TNF� to enhance the GFP-tagged TASK3
channels after 2-h application was investigated, and, despite a
reduced overall current density of the tagged channel, these
channels remained functional, and an enhancement by TNF�
of 50% was observed (from 32 � 6 pA/pF, n � 10 –50 � 6
pA/pF, n � 10; Student’s t test p � 0.05, Fig. 4d). TNF� was
again effective over all voltages measured. Thus, addition of a
GFP tag did not alter the action of TNF� on TASK3 channels.
This result suggested that the amount of channel at the mem-
brane is not changed by TNF� and, furthermore, that the effect
seen with TNF� treatment was not due to changes in the traf-
ficking of hTASK3 channel.

TNF� Modulates hTASK3 Channel Gating—pH is an impor-
tant regulator of TASK3 current. We examined the correlation
between pH sensitivity of the channel and TNF� effect (Fig. 5).
An acidic pH of 6.4 decreased hTASK3 current observed at a
physiological pH of 7.4 by approximately 60% (from 83 � 4
pA/pF, n � 13, to 32 � 5 pA/pF, n � 14). Interestingly, the
action of TNF� was abolished at pH 6.4 (34 � 5 pA/pF, n � 15).

Histidine at position 98 (His-98) in the pore region of the
channel is known to play an important role in the pH sensitivity
of the channel (10). As expected, the hTASK3 mutant H98A
lost its pH sensitivity (Fig. 6); at pH 7.4 the density of current
was 53 � 10 pA/pF (n � 10) and at pH 6.4, 56 � 4 pA/pF (n �
11). However, TNF� was now able to enhance current through
this mutated, pH-insensitive, TASK3 channel at either pH 7.4
or pH 6.4 (respectively, 86 � 8 pA/pF, n � 10, and 82 � 9
pA/pF, n � 12).

The C Terminus of hTASK3 Is a Major Contributor to TNF�
Effect—The large intracellular C terminus region of hTASK3
contains many regulatory sites. We used a truncated hTASK3
channel (hTASK3-stop) with the last 124 amino acids deleted.
This mutant was still functional and pH-sensitive. An inhibi-
tion of 50% was observed when the pH was decreased to 6.4
(control at pH 6.4, 66 � 6 pA/pF, n � 9; control at pH 7.4, 120 �
6 pA/pF, n � 8). However, the truncated channel was not

FIGURE 4. TNF� does not affect the surface expression of hTASK3 channels. a, hTASK3-GFP- (green) and dsRED membrane marker- (red) transfected cells.
b, cells co-transfected with hTASK3-GFP and dsRED membrane marker as above then treatment with TNF� (10 ng/ml) for 2 h. White scale bars represent 10 �m.
c, histogram showing co-localization analysis using the Pearson’s correlation coefficient comparing membrane expression of TNF�-treated (2 h) and control
untreated cells (Student’s t test; NS, p � 0.5). d, histogram of current density (mean � S.E. (error bars)) in control cells and cells treated with TNF� for 2 h.
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affected by TNF� at either pH 6.4 or 7.4, suggesting that the C
terminus of hTASK3 is an important region involved in its
modulation by TNF� (at pH 7.4, control, 120 � 6 pA/pF, n � 8;
TNF�, 127 � 6 pA/pF, n � 8) (Fig. 7).

TNF� Enhances TASK3 Current via the ASK1 Pathway—
Having established that TNF� enhances the hTASK3 channel

via a modulation of its C-terminal region, we sought to charac-
terize the signaling pathway underlying this effect in more
detail. The role of ASK1, a second messenger mediator of
TNF�, and the role of reactive oxygen species were both inves-
tigated. A plasmid containing either wild-type ASK1 or a dom-
inant negative isoform (ASK1-KM) was co-transfected into the

FIGURE 5. TNF� (10 ng/ml) has no effect on K� current at an external acidic pH of 6.4 in tsA-201 cells transfected with wild-type hTASK3. a, traces of
current obtained using the voltage protocol on cells incubated in an external solution of pH 6.4 treated with TNF� (10 ng/ml) compared with untreated cells.
b, current-voltage plot of hTASK3 current density in tsA-201 cells untreated or treated with TNF� for 2 h and incubated in an external solution of pH 6.4.
c, histogram of current density (mean � S.E. (error bars)) in control cells and cells treated with TNF� at an external pH of 6.4 or 7.4 (one-way ANOVA; *, p � 0.05;
NS, p � 0.5). Significant inhibition of current induced by pH 6.4 is compared with pH 7.4 for control and TNF�-treated cells (one-way ANOVA; �, p � 0.05; ��,
p � 0.01).
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tsA-201 cells with hTASK3. Western blotting, using an ASK1
protein antibody, showed a small increase in ASK1 protein
expression induced by 15-h TNF� treatment (137 � 6% of con-
trol value). When tsA-201 cells co-transfected with either the
dominant negative (165 � 9% of control value) or the wild-type
ASK1 gene (153 � 9% of control value) were treated with TNF�,
a greater enhancement of ASK1 protein expression was
observed (Fig. 8). TNF� increased significantly ASK1 activity

from 0.058 nmol/min mg of protein to 0.073 nmol/min mg of
protein. The dominant negative ASK1-KM gene blocked ASK1
activity (0.053 nmol/min mg of protein) compared with the
wild-type ASK1 gene (0.084 nmol/min mg of protein) (Fig. 8).
Because the TNF� effect is similar with or without wild-type
ASK1 transfection, it seems that there is sufficient endogenous
ASK1 activity to fully mediate the effect of TNF�. This increase
in ASK1 activity induced by TNF� was related to an enhance-

FIGURE 6. TNF� (10 ng/ml) similarly increases K� current at external pH 6.4 and pH 7.4 in tsA-201 cells transfected with mutant H98A hTASK3. a, traces
of current obtained using the voltage protocol on cells incubated in an external solution of pH 6.4 or pH 7.4 treated with TNF� compared with untreated cells.
(b) current-voltage plot of hTASK3 current density in tsA-201 cells untreated or treated with TNF� for 2 h incubated in an external solution of pH 6.4 and pH 7.4.
(c) Histogram of current density (mean � S.E.) in control cells and cells treated with TNF� at an external pH of 6.4 or 7.4 (one-way ANOVA *: p � 0.05).
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ment of hTASK3 current: cells co-transfected with the wild-
type ASK1 gene had a current density significantly higher (98 �
6 pA/pF, n � 17) compared with cells co-transfected with
ASK1-KM dominant negative gene (76 � 6 pA/pF, n � 20).
Consequently, ASK1 seems to be involved in the pathway that
activates hTASK3 (Fig. 8, a and b).

To determine the relation between ROS and ASK1 in a
TNF�-activated pathway, ROS formation induced by TNF�
after a 15-h treatment was quantified. TNF� induced a signifi-
cant increase of ROS compared with control (195 � 13% of
control, n � 3). A similar enhancement was obtained in the
presence of either ASK1-wt or ASK1-KM gene (respectively,

FIGURE 7. TNF� (10 ng/ml) has no effect on K� current at external pH 6. 4 and pH 7.4 in tsA-201 cells transfected with truncated mutant hTASK3. (a)
Traces of current obtained using the voltage protocol on cells incubated in an external solution of pH 6.4 or pH 7.4 treated with TNF� compare with untreated
cells. b, current-voltage plot of hTASK3 current density in tsA-201 cells untreated or treated with TNF� for 2 h and incubated in an external solution of pH 6.4
and pH 7.4. c, histogram of current density (mean � S.E. (error bars)) in control cells and cells treated with TNF� at an external pH of 6.4 or 7.4 (one-way ANOVA;
NS, p � 0.05). Significant inhibition of current induced by pH 6.4 is compared with pH 7.4 for control and TNF�-treated cells (one-way ANOVA; ��, p � 0.01)
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201 � 14%, n � 3 and 204 � 22%, n � 3) (Fig. 8c). Because in the
presence of the ASK1-KM gene an increase of ROS production
was observed and yet no enhancement of TASK3 current was
seen, the hTASK3 current enhancement has no direct link with
the production of ROS.

TNF� Enhancement of TASK3 Current Is JNK- and
p38-dependent—To further study the pathway between TNF�
receptor activation and enhancement of TASK3 current, JNK
and p38, two downstream targets of ASK1, were investigated.
Specific inhibitors of these two kinases were used: respectively,
SP600125 (10 �M) and SB203580 (10 �M). These two inhibitors
were added independently to TNF� during a 2-h incubation. In
the presence of the JNK inhibitor SP600125, there was no sig-
nificant TNF�-mediated enhancement of TASK3 current
(from 75 � 5 pA/pF, n � 18, to 91 � 6 pA/pF, n � 17; Fig. 9a).
Similarly, in the presence of the p38 inhibitor, SB203580, TNF�
action was inhibited (from 60 � 8 pA/pF, n � 9, to 55 � 7
pA/pF, n � 9; Fig. 9b). These results reveal a mutual role of JNK
and p38 in the TNF� effect on TASK3 channel current.

The potential involvement of the NF-�B pathway, which has
been shown to be a mediator of TNF� action on some K chan-
nels, was investigated. A specific inhibitor of NF-�B, Bay11-
7082, was used at a concentration of 2 �M. Added with TNF�, it
did not affect TNF� action on hTASK3 current (Bay11-7082,
91 � 8 pA/pF, n � 6; TNF� � Bay11-7082, 131 � 17 pA/pF, n �
7; Fig. 9c), and thus the NF-�B pathway is not involved in the
TNF� action on hTASK3 channel.

TNF� Needs the Presence of hTASK3 to Induce Death of
tsA-201 Cells—To detect any apoptotic action of TNF� on cells
expressing hTASK3 channel, we measured translocation of
phosphatidylserine from the inner side of the membrane to the
outer side, an established marker of early apoptosis. Annexin V
interacts with phosphatidylserine externalized during the apo-
ptosis process and generates a green fluorescence at the surface
of the cell. Cells were co-transfected with hTASK3 and dsRED
endoplasmic reticulum marker (the latter to count total trans-
fected cells), or transfected only with the dsRED marker. These
were incubated with or without TNF� (10 ng/ml) for 15 h.

FIGURE 8. TNF� enhances K� current via ROS-ASK1 pathway in tsA-201 cells transfected with wild-type hTASK3. a, current-voltage plot of hTASK3
current density in tsA-201 cells co-transfected with either ASK1-wt gene or ASK1-KM gene and treated with TNF� for 2 h. b, histogram of current density
(mean � S.E. (error bars)) in control cells and cells co-transfected with either ASK1-wt gene or ASK1-KM gene, treated with TNF�. c, reactive oxygen species
produced in comparison with control (100%) after treatment in TNF� in cells co-transfected with either ASK1-wt gene, ASK1-KM gene or without co-transfec-
tion. d, activity of ASK1 protein in control cells treated or untreated with TNF� and in cells co-transfected with either ASK1-wt gene or ASK1-KM gene treated
with TNF� (one-way ANOVA; *, p � 0.05; **, p � 0.01; NS, p � 0.05). e, Western blot analyses of ASK1 protein levels.
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TNF� did not induce apoptosis in cells transfected with dsRED
only (control, 3.6 � 1.5%; TNF�, 2.2 � 0.6%). However, when
hTASK3 was present, a significant enhancement of cell death
by TNF�, from 7.3 � 0.8% (control) to 17.0 � 1.4% (TNF�) was
observed (Fig. 10). It is of note that in fields of cells transfected
with TASK3 and treated with TNF� there is not always overlap
between the annexin V and dsRED signals (Fig. 10iv). Some
cells appear to be untransfected but undergoing apoptosis
(green but no red signal). Interestingly, there is a significant
reduction in the total number of red (transfected) cells and a
significant increase in the total number of green cells, only in
fields both transfected with TASK3 and treated with TNF�.
This suggests that in these fields, apoptosis interferes with the
dsRED signal, giving an underestimate of the number of trans-
fected cells and the appearance of untransfected cells undergo-
ing apoptosis.

Addition of TNF� did not change significantly the caspase-3
activity in untransfected cells (from 0.11 � 0.02 to 0.19 � 0.03
nmol pNA/min per mg of protein, two-way ANOVA, p � 0.05)
nor in TASK3/GFP-transfected cells (from 0.13 � 0.03 to
0.23 � 0.04 nmol pNA/min per mg of protein, two-way
ANOVA, p � 0.05). Thus, the apoptotic event induced by the
dual presence of TASK3 and TNF� is caspase-3-independent.

DISCUSSION

In this study, TNF� has been shown to enhance current
through TASK3 channels by modulating channel gating. TNF�
treatment, combined with an increase of K efflux through
TASK3 channels, leads to apoptosis.

TNF� Indirectly Modulates TASK3 Channel Activity via the
ASK1-p38/JNK Pathway—The increase of TASK3 current fol-
lowing TNF� treatment did not occur instantaneously and was
only seen after an incubation for 2 h or more, suggesting an
indirect action of TNF� via second messenger mediators acti-
vated downstream. TNF� activates a number of different path-
ways (see Fig. 11), leading to a range of different effects (32). In
this study, activation of ASK1 by TNF� with subsequent stim-
ulation of p38 and JNK kinases emerged as the main mediator
of the TASK3 current enhancement.

The p38-JNK pathway is involved in stress signals such as
osmotic stress, redox stress, mechanical stress, and radiation in
addition to inflammation. In many cases, p38 kinase activation
leads to a K efflux and alterations in intracellular K concentra-
tion (33–37). This promotes both neurodegeneration and cell
death following cellular stress (38). In myocytes, activation of
p38 following release of ATP during ischemia increased a
TREK1-like K2P channel current (39).

In this study, the dual action of these two kinases on the
TASK3 channel could be explained in two ways: either both
JNK and p38 directly phosphorylate the TASK3 channel or,
perhaps more likely, this occurs indirectly by p38 and JNK acti-
vating simultaneously one or more downstream kinases (see
Fig. 11).

Gating Modulation of TASK3 Channel C-terminal Domain—
TNF� action on TASK3 was sensitive to extracellular acidifica-
tion. Acidic pH inhibits TASK3 current through a protonation
of histidine residue 98, localized in the first pore region of the

FIGURE 9. p38 and JNK are involved in TNF�-induced hTASK3 current enhancement. Current-voltage plot and histogram (mean � S.E. (error bars)) show
hTASK3 current density in tsA-201 cells treated with either SP600125 (a), SB203580 (b), or Bay11-7082 alone (c) and in the presence of TNF� (d) (one-way
ANOVA; *, p � 0.05, NS, p � 0.5).
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channel, which modifies channel gating (10). A complete abo-
lition of the TNF�-mediated TASK3 current enhancement was
obtained when reducing pH to 6.4 from 7.4, showing an inter-
action between both TNF� and pH regulation of the channel.
Mutation of His-98 to an alanine residue blocked the TASK3
current inhibition induced by the histidine protonation
observed at pH 6.4, but TNF�-mediated TASK3 current
enhancement at acidic pH was now observed with the H98A-
TASK3 mutant channel. This suggests that acidic pH does not
interfere with the pathways leading to TNF� enhancement of
TASK3 current, but instead acts solely at the level of the TASK3
channel to alter and overcome the TNF� action. In addition,
this experiment shows that despite the interaction between
TNF� and pH regulation, the two factors regulate the activity of

TASK3 channels independently. This is confirmed by experi-
ments showing that C-terminal deletion of the TASK3 channel
blocked TNF� action without affecting pH regulation of the
channel. Thus, the C terminus of the channel is required for
TNF� action, which strongly suggests that TNF� modifies this
region of the channel to produce its effect, as seen for many
regulators of both TASK3 and other K2P channels (see e.g. 40).
Recent studies on the related K2P channel TREK1 have pro-
posed that changes in the C-terminal domain might affect the
conformation of the selectivity filter (41– 43) rather than influ-
encing an activation gate at the bundle crossing region of the
channel (44, 45). Because acidic pH induces a protonation of
His-98 which also affects gating at the selectivity filter, the pro-
tonation of His-98 may compete with TNF�-mediated regula-
tion at the C-terminal domain to overcome its action at the level
of the selectivity filter.

TASK3 Channel Regulation and Apoptosis—The MAPK
pathway stimulated by TNF� and, especially, the JNK-p38
pathway is proapoptotic. In this study, we observed that TNF�,
in the presence of hTASK3 channels, triggers cell apoptosis in a
caspase-3-independent way (Fig. 10).

Changes in intracellular K concentration have been shown to
be essential in the regulation of cell activity and viability (46). A
loss of cytoplasmic K ion leads to changes in cell osmolarity,
which is balanced by an efflux of water, resulting in a patho-
physiological cell volume decrease. In addition, K ions are neg-
ative regulators of some of the enzymes involved in apoptosis
(18). As such, a decrease of intracellular potassium concentra-
tion generates a favorable cytoplasmic environment for apopto-
tic proteolyses and DNA degradation (47– 49). A modification
of K channel activity and/or of channel membrane expression,
resulting from the activation of extrinsic pathways involving
death receptor pathways (or apoptotic stimuli), is mainly
responsible for this K efflux (46). Indeed, changes of intracellu-
lar K concentration have been described as one of the direct
instigators of the initial events of this apoptotic cascade (see 50).

FIGURE 10. Apoptotic cell death needs the presence of TNF� and hTASK3
potassium channel. a, images representing the annexin V-GFP fluorescence
(apoptotic cells; left), the dsRED fluorescence (transfected cells, middle), and
the two images merged (right). i, dsRED cell transfection; ii, dsRED cell trans-
fection with 15-h TNF� treatment; iii, dsRED and hTASK3 cells co-transfection;
iv, dsRED and hTASK3 cells co-transfection with 15-h TNF� treatment. The
scale bar represents 50 �m in all of the images. b, percentage of apoptotic cell
death is represented by the annexin V (green) interacting with membrane
apoptotic markers. TASK3/dsRED- and dsRED-transfected cells were treated
with TNF� (two-way ANOVA; NS, p � 0.05; ***, p � 0.001).

FIGURE 11. Schematic summarizing TNF� mechanism of action leading to
an enhancement of K� efflux via TASK3 channels.
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Many distinct potassium channels have been linked to this
apoptosis process depending on the cell type, the apoptotic
stimulus involved, and the environment of the cell (46, 47). K2P
channels seem of particular importance in this regard (18).
These channels are characterized by voltage-independence
and, because they are open at rest, this property leads to them
often being the main contributor of the initial intracellular K�

loss. Quinine- and barium-sensitive K� currents, similar to K2P
leak currents, participate in apoptotic volume decrease (50 –
52). Particular members of the K2P subfamily have been
demonstrated to be involved in this loss of K� and the fol-
lowing apoptosis in a number of different cells, such as
TREK1 channels in mouse embryos (53), TALK channels in
exocrine pancreatic cells (54), and TASK2 channels in
immature B cells (55).

TASK3 channels have been shown to be of particular impor-
tance in cultured CGNs (17, 18) and TASK1 and TASK3 chan-
nels in evoked inflammation (7, 56, 57). In CGNs, K loss
through the native leak current IKSO (5, 6), carried primarily by
TASK3 channels (e.g. 58), was found to lead to apoptosis, unless
cells were maintained in a high extracellular K environment
(17). Decreasing extracellular pH, treatment with ruthenium
red, or activation of M3 muscarinic receptors all inhibit IKSO

and protect CGNs from K-dependent cell death. Conversely,
overexpressing TASK3 channels in hippocampal neurons
induced K-dependent cell death (17). In this study, the combi-
nation of TASK3 channel activity and TNF� treatment was
required to induce apoptotic cell death in tsA-201 cells. Our
initial experiments indicate that the native IKSO current in
mouse cerebellar granule neurons in culture is enhanced mod-
estly by TNF� consistent with the hypothesis that these native
channels are composed, at least in part, of homomeric TASK3
channels. However, it is known that IKSO current is already
greatly up-regulated in CGNs maintained in culture. It is of
great interest to determine what happens to TASK3-mediated
current in native neurons either in vivo or in acute slice prepa-
rations when the cells are exposed to inflammatory mediators
such as TNF�.

Perhaps paradoxically, an overexpression of TASK3 chan-
nels is observed in approximately 44% of breast cancers and in
other cancers (59), and a clear correlation between TASK3
channel expression and cell growth has been found (18, 60).
Thus, TASK3 channels have the potential to be both proapop-
totic or oncogenic (promoting cell proliferation) depending on
the cellular environment. It also appears that the level of
TASK3 current generated is important, being approximately
10-fold higher in cells where apoptosis occurs (e.g. CGNs) com-
pared with tumor cells where proliferation is promoted (18).
This may reflect the importance of the degree of K efflux in a
particular circumstance, where modest loss stimulates prolifer-
ation and large K efflux stimulates apoptosis. Alternatively, it
may reflect a balance between the electrophysiological conse-
quences of K2P channel expression (hyperpolarization of the
membrane and decreased input resistance) and the biochemi-
cal consequences of decreased intracellular K concentration
following increased K efflux (31).
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