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Recent genetic and functional studies suggest that migraine may result from abnormal activities of ion channels and transporters. A
frameshift mutation in the human TWIK-related spinal cord K � (TRESK) channel has been identified in migraine with aura patients in
a large pedigree. In Xenopus oocytes, mutant TRESK subunits exert a dominant-negative effect on whole-cell TRESK currents. However,
questions remain as to whether and how mutant TRESK subunits affect the membrane properties and the excitability of neurons in the
migraine circuit. Here, we investigated the functional consequences of the mutant TRESK subunits in HEK293T cells and mouse trigem-
inal ganglion (TG) neurons. First, we found that mutant TRESK subunits exhibited dominant-negative effects not only on the size of the
whole-cell TRESK currents, but also on the level of TRESK channels on the plasma membrane in HEK293T cells. This likely resulted from
the heterodimerization of wild-type and mutant TRESK subunits. Next, we expressed mutant TRESK subunits in cultured TG neurons
and observed a significant decrease in the lamotrigine-sensitive K � current, suggesting that the mutant TRESK subunits have a
dominant-negative effect on currents through the endogenous TRESK channels. Current-clamp recordings showed that neurons express-
ing mutant TRESK subunits had a higher input resistance, a lower current threshold for action potential initiation, and a higher spike
frequency in response to suprathreshold stimuli, indicating that the mutation resulted in hyperexcitability of TG neurons. Our results
suggest a possible mechanism through which the TRESK mutation increases the susceptibility of migraine headache.

Introduction
Migraine affects �10% of the general population and often re-
sults in debilitating headache, accompanied by other symptoms
such as aura (Victor et al., 2010). Multiple mutations of voltage-
gated Ca 2� and Na� channels and the Na�-K� pump have been
associated with familial hemiplegic migraine, a rare hereditary
migraine (Ophoff et al., 1996; De Fusco et al., 2003; Dichgans et
al., 2005). Recently, a dominant-negative mutation in the
KCNK18 gene encoding the human TWIK-related spinal cord
K� (TRESK) channel was linked to migraine with aura in a large
pedigree (Lafrenière et al., 2010). Subsequently, more missense
TRESK variants have been found in unrelated patients

(Lafrenière and Rouleau, 2011; Andres-Enguix et al., 2012;
Lafrenière and Rouleau, 2012). The fact that all of these proteins
are involved in transporting ions across the plasma membrane
suggests that these familial migraines may result from abnormal
ionic homeostasis, neuronal excitability, and/or neurotransmis-
sion, as in the case of epilepsy, episodic ataxia, and other chan-
nelopathies. Many of the symptoms, including headache and
aura, are identical in familial and general migraine, suggesting a
common pathophysiology. Therefore, research on the functional
consequences of these mutations provides an entry point for un-
derstanding the mechanisms underlying familial migraine and
more general forms of migraine.

TRESK is a Ca 2�-activated two-pore domain K� (K2P) chan-
nel that is abundantly expressed in primary afferent neurons in
trigeminal ganglion (TG) and dorsal root ganglion (DRG) (Sano
et al., 2003; Kang et al., 2004; Lafrenière et al., 2010). Previous
physiological studies indicate that TRESK is one of the major
background K� channels in DRG neurons and contributes to
DRG neuronal excitability in both normal and disease settings
(Kang and Kim, 2006; Dobler et al., 2007; Tulleuda et al., 2011;
Marsh et al., 2012; Plant, 2012). The identification of multiple
frameshift and missense KCNK18 mutations in migraine patients
implicates a role of TRESK channels in migraine pathophysiology
(Lafrenière and Rouleau, 2011, 2012). When expressed in Xeno-
pus oocytes, mutant subunits exert a dominant-negative effect on
whole-cell TRESK currents (Lafrenière et al., 2010; Andres-
Enguix et al., 2012), suggesting that the mutant channels may
affect the normal function of neurons in the migraine circuit.
Several important questions, however, remain to be addressed.
For example, does the dominant-negative effect of TRESK muta-
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tion exist in neurons? Does the expression of mutant TRESK
subunits affect neuronal excitability?

Here, we report the first detailed investigation of the func-
tional consequences of a frameshift TRESK mutation in
HEK293T cells and TG neurons. We found that the mutant
TRESK subunits form nonfunctional channels per se. When co-
expressed with the wild-type TRESK, mutant subunits exhibited
a dominant-negative effect on the whole-cell TRESK currents
and the plasma membrane localization of TRESK channels. We
show here that expression of mutant TRESK subunits in TG neu-
rons resulted in a decrease of the endogenous TRESK currents, an
increase in input resistance (Rin), and ultimately an increase in
neuronal excitability. (Portions of this manuscript have been
published previously in abstract form; Liu et al., 2012).

Materials and Methods
Wild-type and mutant mouse TRESK constructs. The coding region of the
mouse TRESK K � channel (encoded by the kcnk18 gene) was PCR am-
plified from a plasmid purchased from Open Biosystems and cloned into
the plasmid pIRES2-DsRed-Express2 (Clontech) to generate the con-
struct wtTRESK-IRES-DsRed. Using the Stratagene QuikChange Site-
Directed Mutagenesis Kit, we introduced the 2 bp CT deletion identified
from a familial migraine with aura pedigree (Lafrenière et al., 2010) into
the corresponding region of the mouse TRESK cDNA in wtTRESK-
IRES-DsRed construct to generate the mtTRESK-IRES-DsRed construct.

The frameshift mutation results in the premature truncation of hu-
man TRESK protein from 384 to 162 aa. The truncated TRESK protein
includes the intact cytosolic N terminus, the first transmembrane region,
the first extracelluar loop (aa 1–138) and a 24 aa aberrant sequence at the
C terminus (Lafrenière et al., 2010). The corresponding mutation has
very similar effects on the mouse TRESK, generating a truncated protein
with the first 149 aa of wild-type TRESK and a 50 aa aberrant sequence at
the C terminus. The EGFP- or mCherry-tagged wild-type and mutant
TRESK constructs were generated by fusing wild-type and mutant
TRESK cDNAs in-frame at the C termini of EGFP and mCherry coding
region (EGFP-WT, mCherry-WT, EGFP-MT, and mCherry-MT, re-
spectively). The V5 and HA epitope-tagged wild-type and mutant
TRESK constructs (V5-WT, V5-MT, HA-WT, and HA-MT, respec-
tively) were generated by replacing the EGFP coding region with the V5
and HA coding sequence. All PCR-generated cDNA fragments and linker
regions were sequenced completely to verify the mutation and to make
sure that no additional mutations were introduced. In all constructs, the
TRESK coding regions were inserted downstream of the CMV promoter.

Cell culture, transfection, and image analysis. Human embryonic kidney
293T (HEK293T) cells (ATCC) were maintained in 6-well plates in DMEM
with 10% FBS and transfected with Lipofectamine 2000 (Invitrogen). We
used wtTRESK-IRES-DsRed and mtTRESK-IRES-DsRed constructs for
electrophysiology experiments and the EGFP- or mCherry-tagged TRESK
constructs for imaging analysis. One day after transfection, cells were seeded
on Matrigel-coated coverslips. Transfected cells were identified by the EGFP,
DsRed, or mCherry fluorescence and used for patch-clamp recordings or
imaging analysis 2–3 d after transfection.

For each set of experiments, the fluorescence intensity was quantified
in cells that underwent a parallel experimental procedure and image
analysis process. All conditions were identical, except for the DNA con-
structs. Fluorescent images were captured through a 40� objective (nu-
merical aperture 1.3) on a Nikon TE2000S inverted epifluorescence
microscope equipped with a CoolSnap HQ 2 camera (Photometrics).
SimplePCI software (Hamamatsu) was used for image analysis. To mea-
sure the expression level of EGFP- or mCherry-tagged TRESK proteins, a
single cell was specified as a region of interest (ROI). The intensity of
EGFP and/or mCherry signal was determined on a pixel-by-pixel basis
and was averaged for each ROI. For each image captured, the mean
intensity of the cell-free regions was taken as the background level and
was subtracted from the mean intensity in each ROI.

To measure the thickness of the plasma membrane, we incubated live
cells with 10 �g/ml Alexa Fluor 594-conjugated wheat germ agglutinin

(AF594-WGA; Invitrogen) for 10 min and washed with PBS for 10 min.
AF594-WGA delineates the plasma membrane when briefly incubated
with live cells (Jeng et al., 2008). The average width of the AF594-WGA
fluorescence (1.5 �m in HEK293T cells) was taken as an index of the
thickness of the plasma membrane.

We used two methods to quantify the ratio of plasma membrane ver-
sus cytosolic level of TRESK proteins in HEK293T cells. First, we drew
four lines through the middle of the cell image and measured the pixel-
by-pixel fluorescence intensities along the line. This gave us eight points
of contact with the plasma membrane. We used the fluorescence inten-
sities within 1.5 �m of the outer boundary of the cell to represent the level
of TRESK proteins on the plasma membrane. The rest of the signal
represented the cytoplasmic level of TRESK protein expression. Second,
we manually traced the outer boundary of the fluorescent image as the
perimeter of that cell. An inner curve was obtained 1.5 �m from the
perimeter. The region enclosed by the two curves represented the annu-
lar membrane ROI. The region enclosed by the inner curve represented
the cytoplasmic ROI. The area, total fluorescent intensity, and average
intensity within the ROI were measured with the SimplePCI software
(Cao et al., 2004).

Immunostaining of transfected HEK293T cells. To generate an antibody
recognizing mouse TRESK channels, we inserted the peptide sequence
corresponding to the 53– 68 aa (SAVEGRPDPEAEENPE) of the mouse
TRESK subunits into the major immune-dominant region of the hepa-
titis B virus core protein with a hexahistidine tag at the C terminus
(Pumpens and Grens, 2001). This epitope is in the first extracellular loop
of the mouse TRESK subunits. The recombinant fusion protein was
expressed in Escherichia coli BL21(DE3)pLysS cells and the self-
assembled virus-like particles was purified from the soluble fraction by
the PrepEase histidine-tagged protein purification kit (Affymetrix).
Adult Swiss Webster mice were immunized with 50 �g of virus-like
particles every 2 weeks. Ten days after the sixth immunization, blood was
collected by cardiac puncture and sera was separated from blood clot,
aliquoted, and stored at �80°C. All procedures were approved by the
animal studies committee at Washington University.

HEK293T cells were transfected with EGFP-tagged wild-type and/or
mutant TRESK subunits and reseeded onto coverslips 1 d after transfec-
tion. At 2–3 d after transfection, cells were washed with PBS and fixed by
4% formaldehyde for 5 min followed by PBS wash. The coverslips were
incubated in blocking buffer (PBS with 10% normal goat serum and
0.1% Triton X-100) for 1 h and incubated with a mouse polyclonal
antibody against an extracellular domain of TRESK (1:2000) in blocking
buffer at 4°C overnight. After three washes by the blocking buffer (20 min
each), the coverslips were incubated with the Alexa Fluor 594-conjugated
goat anti-mouse secondary antibody (1:2000; Invitrogen) in blocking
buffer for 1 h and then washed again 3 times in PBS. The coverslips were
mounted with Crystal Mount medium and stored at 4°C. Transfected
cells were identified by EGFP fluorescence. The fluorescent images were
captured and analyzed as described above.

For the surface labeling experiment, cells were washed with PBS and
fixed by 4% formaldehyde at 4°C for 5 min followed by PBS wash. Triton
X-100 was omitted in all solutions (Barrett et al., 2005).

Protein preparation and immunodetection. HEK293T cells were trans-
fected with V5 epitope-tagged TRESK constructs and harvested 2 d after
transfection. Cells were resuspended in Laemmli sample buffer without
DTT or �-mercaptoethanol (Bio-Rad) and cell lysates were briefly soni-
cated 10 times. The insoluble material was removed by centrifugation at
20,000 � g for 10 min at 4°C. The supernatants were stored at 4°C.
Proteins (10 �l of each sample) were separated on 4 –20% SDS-PAGE
(Bio-Rad). For determination of molecular weights, prestained molecu-
lar weight ladders (Lambda Bio) were loaded along with protein samples.
Blots were transferred to PVDF membranes (Bio-Rad) for 1 h at 350 mA.

The immunodetection was performed at room temperature. The
membranes were incubated in blocking buffer (Li-Cor Biosciences) for
1 h and then incubated with a rabbit polyclonal antibody against the V5
epitope (1:1000 diluted in blocking buffer; Abcam) for 1 h. After three
washes by the blocking buffer (20 min each), the membranes were incu-
bated with the IRDye 800-conjugated anti-rabbit secondary antibody
(1:20,000 diluted in blocking buffer; Li-Cor Biosciences) for 1 h and
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washed again 3 times in PBS. Immunoblots were scanned using the Od-
yssey infrared imaging system (Li-Cor Biosciences). To compare the rel-
ative amount of protein in each lane, the membranes were incubated
with a mouse antibody against �-tubulin (1:500; Invitrogen) for 1 h,
followed by 1 h incubation with the IRDye 700-conjugated anti-mouse
secondary antibody (1:20,000 diluted in blocking buffer; Li-Cor
Biosciences).

Coimmunoprecipitation. For coimmunoprecipitation (CoIP) experi-
ments, HEK293T cells were cotransfected with HA and V5 epitope-
tagged TRESK constructs. The control groups were cotransfected with
HA-tagged TRESK constructs and V5-EGFP. Cells were harvested 2 d
after transfection and resuspended in lysis buffer containing the follow-
ing (in mM): 50 Tris-HCl pH 7.5, 150 NaCl, 2 EDTA, 2 EGTA, 1% Triton
X-100, and 1% protease inhibitor mixture (Sigma). Cell lysates were
briefly sonicated 10 times. The insoluble material was removed by cen-
trifugation at 20,000 � g for 10 min at 4°C. The supernatants (2 ml
containing 1 mg of protein) were immunoprecipitated overnight at 4°C
with 50 �l of anti-V5 agarose affinity gel (Sigma). The cell lysate were
removed by centrifugation at 8000 � g for 2 min and the agarose was
washed with the lysis buffer 3 times. Immunoprecipitates were eluted
with 100 �l of Laemmli sample buffer with 10 mM DTT (Bio-Rad) buffer
and separated on 4 –20% SDS-PAGE gels. Antibodies against V5 and HA
(mouse monoclonal antibody, 1:1000; Covance) epitopes were used for
immunodetection as described above.

Primary culture of neonatal mouse TG neurons and transfection. All
procedures in this study were approved by the animal studies committee
at Washington University. The C57BL/6 breeders were maintained on a
12 h light/dark cycle with constant temperature (23–24°C), humidity
(45–50%), and food and water ad libitum at the animal facility of Wash-
ington University.

TG tissues were collected from postnatal day 1 mice of either sex and
treated with 5 mg/ml trypsin for 15 min. Neurons were dissociated by
triturating with fire-polished glass pipettes and seeded on Matrigel-
coated coverslips. The MEM-based culture medium contained 5% fetal
bovine serum, 25 ng/ml nerve growth factor, and 10 ng/ml glial cell
line-derived neurotrophic factor and was replaced every 3 d. Neurons
were transfected at 1 d in vitro (DIV) using Lipofectamine 2000 (Invit-
rogen). For electrophysiology experiments, neurons were transfected
with the mtTRESK-IRES-DsRed construct or the pIRES-DsRed control
plasmid. Transfected neurons were identified by the red fluorescence and
recorded between 3 and 6 DIV.

For imaging analysis, neurons were transfected with EGFP-tagged
TRESK constructs. Two days after transfection, neurons were incubated
with AF594-WGA to delineate the plasma membrane and then fixed with
4% paraformaldehyde. Transfected neurons were identified by EGFP
fluorescence. Both EGFP and AF594-WGA images were captured as de-
scribed above. We manually traced the outer and inner boundaries of the
AF594-WGA image of each neuron. The region enclosed by the outer and
the inner curves represented total and cytoplasmic ROI, respectively. The
region enclosed by the two curves represented the plasma membrane
ROI. The area, total fluorescent intensity, and average intensity within
the ROI were measured with the Simple PCI software.

Electrophysiology. Transfected HEK293T cells or TG neurons were
identified by EGFP, DsRed, and/or mCherry fluorescence. Whole-cell
patch-clamp recordings were performed at room temperature with a
MultiClamp 700B amplifier (Molecular Devices). pClamp 10 (Molecular
Devices) was used to acquire and analyze data. Cell capacitance and series
resistance were constantly monitored throughout the recording.

Voltage-clamp experiments. The recording chamber was perfused with
extracellular solution (0.5 ml/min) containing the following (in mM):
135 NaCl, 5 KCl, 2 CaCl2, 1 MgCl2, 5 HEPES, 10 glucose, pH 7.4 with
NaOH, 310 mOsm. The pipette solution contained the following (in
mM): 140 KCl, 1 EGTA, 2 MgCl2, 1 ATP-Mg, 0.1 GTP-Na, 5 HEPES, 10
Tris-phosphocreatine, 10 units/ml creatine phosphokinase, pH 7.3 with
KOH, 290 mOsm (Dobler et al., 2007). Recording pipettes had �3.5 M�
resistance. Series resistance (�15 M�, average 8.9 � 0.2 M�) was com-
pensated by 70%. Current traces were corrected with online P/6 trace
subtraction using scaled hyperpolarizing steps. Signals were filtered at 2
kHz and digitized at 10 kHz. To measure the current–voltage relation-

ships (I–V curves) of K � channels, HEK293T cells were held at �60 mV.
Command steps from �100 mV to �60 mV (10 mV increments) were
applied for 500 ms and then the cell was repolarized back to �60 mV. For
each cell, the peak current was normalized by the membrane capacitance
(a measure of cell surface area) to reflect current density.

We also recorded whole-cell currents from small-diameter (�25 �m)
TG neurons transfected with the mtTRESK-IRES-DsRed and the pIRES-
DsRed control plasmids, respectively. Transfected neurons were identi-
fied by the red fluorescence and recorded between 3 and 6 DIV. The
extracellular solution contained 1 �M tetrodotoxin (TTX) to inhibit
TTX-sensitive Na � currents (Bautista et al., 2008; Tulleuda et al., 2011).
Neurons were held at �60 mV and depolarized to �25 mV for 300 ms
and then the potential was ramped to �135 mV at 0.2 mV/ms every 2 s
(Dobler et al., 2007; Tulleuda et al., 2011). We measured the outward
currents at the end of the �25 mV depolarizing step. This minimized the
transient voltage-gated K � currents (Dobler et al., 2007). The fast TTX-
resistant Na � currents were also completely inactivated at the end of 300
ms depolarization (data not shown). Depolarization to �25 mV only
evokes very small high-voltage-activated Ca 2� currents, which are inac-
tivated at the end of 300 ms depolarization (Tao et al., 2012). At �60 mV
holding potential, the majority of T-type Ca 2� channels are inactivated
(Perez-Reyes, 2003) and therefore do not contribute to the currents
evoked by �25 mV depolarization. To dissect currents through TRESK
channels, we bath applied 30 �M lamotrigine (Sigma) while evoking
whole-cell currents using this pulse protocol (Kang et al., 2008; Tul-
leuda et al., 2011). Current traces were not leak subtracted in this set
of experiments.

Current-clamp experiments. Neuronal excitability was studied in
small-diameter TG neurons transfected with the mtTRESK-IRES-DsRed
construct or the pIRES-DsRed control plasmid. The recording chamber
was perfused with Tyrode’s solution (0.5 ml/min) containing the follow-
ing (in mM): 130 NaCl, 2 KCl, 2 CaCl2, 2 MgCl2, 25 HEPES, 30 glucose,
pH 7.3 with NaOH, 310 mOsm. The pipette solution contained the fol-
lowing (in mM): 130 K-gluconate, 7 KCl, 2 NaCl, 1 MgCl2, 0.4 EGTA, 4
ATP-Mg, 0.3 GTP-Na, 10 HEPES, 10 Tris-phosphocreatine, 20 units/ml
creatine phosphokinase, pH 7.3 with KOH, 290 mOsm. Recording pi-
pettes had � 4.5 M� resistance. Series resistance (�20 M�) was not
compensated. Signals were filtered at 10 kHz and digitized at 50 kHz.
After establishing whole-cell access, membrane capacitance was deter-
mined with amplifier circuitry. The amplifier was then switched to
current-clamp mode to measure resting membrane potential (Vrest). The
Rin was calculated by measuring the change of membrane potential in
response to a 20 pA hyperpolarizing or 25 pA depolarizing current injec-
tion from Vrest. Neurons were excluded from analysis if the Vrest was
higher than �40 mV or Rin was smaller than 200 M�.

To test neuronal excitability, neurons were held at Vrest and injected
with 1 s depolarizing currents in 25 pA incremental steps until at least 1
action potential (AP) was elicited. The rheobase was defined as the min-
imum amount of current to elicit at least 1 AP. The first AP elicited using
this paradigm was used to measure AP threshold (the membrane poten-
tial at which dV/dt exceeds 10 V/s), amplitude, and half-width. The
amplitude of afterhyperpolarization (AHP) was measured from the
single AP elicited by injecting a 1 ms depolarizing current in 200 pA
incremental steps from the Vrest. Data were analyzed with Clampfit
(Molecular Devices) and Origin (OriginLab) software.

At the end of each electrophysiological recording, neurons were incu-
bated with FITC-conjugated isolectin B4 (IB4; 3 �g/ml) for 10 min. The
FITC fluorescence on soma membrane was detected after 10 min perfu-
sion to wash off unbound IB4. The recording pipette remained attached
to the neurons during IB4 staining and washing. The Vrest, Rin, capaci-
tance, series resistance, and leak currents were not significantly altered
after IB4 staining. None of the neurons was destroyed and/or detached
from the coverslip/pipette after electrophysiological recording and/or
after IB4 staining.

Statistical analysis. All data are reported as mean � SEM. The normal-
ity of each dataset was assessed by � 2 test. Statistical significance was
assessed by a two-tailed t test, one-way ANOVA with post hoc Bonferroni
test, one-way repeated-measures (RM) ANOVA with post hoc Dunnett
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test, or two-way RM ANOVA with post hoc Bonferroni test where appro-
priate. p � 0.05 was considered significant.

Results
Dominant-negative effect of the KCNK18 frameshift
mutation on whole-cell TRESK current
We introduced the KCNK18 frameshift mutation into the corre-
sponding region of the mouse TRESK cDNA and investigated
whether the mutation has a similar effect on human and mouse
TRESK channels. The mutation results in the premature trunca-
tion in the second transmembrane domain of both mouse and
human TRESK proteins (Fig. 1A). First, we recorded whole-cell
K� currents through wild-type and mutant TRESK channels in
HEK293T cells. Untransfected cells exhibited very small back-
ground leak current density (35 � 2 pA/pF at �60 mV; Fig.
1B–D). Cells expressing wild-type TRESK channels showed large
outwardly rectifying whole-cell K� currents, with 457 � 25
pA/pF current density at �60 mV (Fig. 1B–D). The I–V curve was
typical of background K� channels (Fig. 1C) (Sano et al., 2003;
Kang et al., 2004; Lafrenière et al., 2010). In contrast, cells ex-
pressing mutant TRESK channels only exhibited very small out-
ward K� currents (53 � 3 pA/pF at �60 mV), similar to that of
the untransfected cells (Fig. 1B–D).

Next, we investigated whether the mutant mouse TRESK sub-
units exert a dominant-negative effect on whole-cell TRESK cur-
rents. Varying the amount of plasmid DNA for transfection did
not significantly affect the size of wild-type TRESK current den-
sity (Fig. 1F,G, WT-4 �g vs WT-2 �g groups; p � 0.7, one-way
ANOVA with post hoc Bonferroni test). When we cotransfected
HEK293T cells with plasmids encoding wild-type and mutant
TRESK subunits at 1:1 molar ratio, we observed a 70% reduction
of the whole-cell TRESK current density, from 466 � 23 pA/pF at
�60 mV to 125 � 6 pA/pF (Fig. 1F,G, WT-4 �g and WT-2
�g/MT-2 �g groups, respectively; p � 0.001), indicating that the
truncated TRESK subunits cause a reduction of the wild-type
TRESK channel activity. Transfection of wild-type and mutant
TRESK DNA at 1:5 molar ratio did not further decrease
the TRESK current (Fig. 1G, WT-2 �g/MT-2 �g group vs WT-0.7
�g/MT-3.5 �g group; p � 0.4). We conclude that the frameshift
mutation has a similar dominant-negative effect on whole-cell cur-
rents through human and mouse TRESK channels (Lafrenière et al.,
2010).

Wild-type and mutant TRESK subunits interact with each
other in HEK293T cells
Like other K2P channels, the TRESK protein is thought to form
homodimers to conduct K� currents (Lesage et al., 1996; Hon-
oré, 2007; Enyedi and Czirják, 2010; Brohawn et al., 2012; Enyedi
et al., 2012; Miller and Long, 2012; Plant, 2012). The truncated
TRESK subunits may exert the dominant-negative effect through
coassembling with the wild-type subunits. To test this possibility,
we tagged wild-type and mutant TRESK proteins with EGFP or
mCherry at the N terminus and expressed the fusion proteins in
HEK293T cells. We recorded currents through untagged and
EGFP-tagged wild-type TRESK channels in parallel experiments
(Fig. 2A, inset, untagged WT and EGFP-WT, respectively). The
two I–V curves almost overlapped with each other, indicating
that the EGFP tag does not affect the expression and/or other
properties of the wild-type TRESK channels. The difference be-
tween the current densities of untagged wild-type TRESK in Fig-
ure 1 and EGFP-WT in Figure 2 are likely due to the fact that the
data were collected by different experimenters with different
batches of HEK293T cells and transfection reagents. Similar to

the untagged mutant TRESK subunits, EGFP-MT subunits were
also nonfunctional and exhibited a dominant-negative effect on
whole-cell TRESK currents (Fig. 2A,B). Likewise, mCherry-WT
and mCherry-MT TRESK subunits showed similar properties to
those of their untagged counterparts (data not shown). In
another control experiment, we expressed mCherry-WT and
mCherry-MT TRESK subunits in HEK293T cells, respectively.
Two days after transfection, we fixed cells and stained the nucleus
with fluorescent dye DAPI. We found no overlap between the
DAPI and mCherry signals, indicating that the overexpressed
exogenous TRESK subunits were not misrouted to the nucleus
(data not shown).

We went on to investigate whether the wild-type and mutant
TRESK subunits colocalize with each other in HEK293T cells. For
each transfected cell, we randomly chose 30 pixels (0.10 �m 2 per
pixel) and measured the EGFP and mCherry fluorescence inten-
sities in each pixel. We found a strong positive correlation be-
tween the EGFP and mCherry fluorescence intensities in cells
coexpressing EGFP-WT and mCherry-WT and cells coexpress-
ing EGFP-MT and mCherry-MT subunits (Fig. 2D,E,G). Simi-
larly, there was a strong positive correlation between the
EGFP-WT and mCherry-MT fluorescence intensities (Fig.
2 D, F ). As a control experiment, we coexpressed EGFP-WT
TRESK with mCherry-tagged 5-HT 1F receptor (mCherry-1F), a
G-protein-coupled seven-transmembrane protein. We found no
correlation between the EGFP and mCherry fluorescence inten-
sities (Fig. 2D,H). These data indicate that wild-type and mutant
TRESK subunits colocalize with each other in HEK293T cells,
suggesting that they may coassemble and form nonfunctional
channels.

To further test this hypothesis, we tagged wild-type and mu-
tant TRESK proteins with V5 epitope at the N terminus and
expressed the fusion proteins in HEK293T cells because EGFP
may self-associate to form dimers. The protein lysates were pre-
pared and analyzed by immunoblot using a V5 antibody (Fig.
3A). Not taking into account the glycosylation, the predicted
relative molecular weight (Mr) for V5-WT and V5-MT proteins
were 44 and 22 kDa, respectively. No signal was detected from
untransfected cells. We found that proteins from cells expressing
V5-WT subunits exhibited a major band with Mr around 90 kDa
and a very faint band around 45 kDa, corresponding to the pre-
dicted size of the wild-type TRESK dimer and monomer, respec-
tively (Egenberger et al., 2010). This suggests that the majority of
wild-type TRESK subunits remain self-assembled as dimers un-
der our experimental conditions, as in the case of TWIK-1, an-
other K2P channel (Lesage et al., 1996). Likewise, lysates from
cells expressing V5-MT subunits displayed a major band around
45 kDa and a fainter band around 25 kDa, corresponding to the
predicted size of mutant TRESK dimer and monomer. Interest-
ingly, in addition to the 90 and 45 kDa bands, we also observed a
band with Mr around 63 kDa in proteins from cells coexpressing
V5-WT and V5-MT TRESK subunits. This corresponds to the
predicted size of the WT-MT heterodimer. Our results provide
additional support to the idea that truncated TRESK subunits
may exert the dominant-negative effect through coassembling
with the wild-type subunits.

We also conducted CoIP experiments to confirm the interac-
tion between TRESK subunits in HEK293T cells. To this end, we
generated constructs that encode wild-type and mutant TRESK
proteins with the HA epitope at the N terminus. First, we coex-
pressed HA-WT and V5-WT TRESK subunits in HEK293T cells.
The V5 antibody pulled down a protein complex containing both
V5-WT and HA-WT TRESK (Fig. 3B), indicating that wild-type
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TRESK subunits interact with each other in HEK293T cells. In
control cells coexpressing HA-WT TRESK and V5-EGFP pro-
teins, the V5 antibody only pulled down V5-EGFP, but not
HA-WT TRESK (Fig. 3B). Similarly, V5-MT TRESK, but not

V5-EGFP, pulled down HA-MT TRESK subunits (Fig. 3D), indi-
cating that mutant TRESK subunits interact with each other in
HEK293T cells. Next, we investigated whether wild-type TRESK
interacts with the mutant subunits by coexpressing HA-MT and

Figure 1. Dominant-negative effect of the frameshift mutation on whole-cell TRESK current in HEK293T cells. A, Topology of the mouse TRESK subunit. The location of the frameshift mutation
is labeled by the “�” symbol. B, Representative current records from untransfected HEK293T cells and cells expressing wild-type (WT) or mutant (MT) TRESK channels. Cells were transfected with
wtTRESK-IRES-DsRed or mtTRESK-IRES-DsRed constructs. Transfected cells were held at �60 mV and subjected to 500 ms voltage steps from �100 mV to �60 mV (10 mV increments, every 10 s)
and then repolarized back to �60 mV. C, I–V curves of peak TRESK current densities in untransfected HEK293T cells and cells expressing WT or MT TRESK channels, respectively (the same recording
protocols as in B, n � 10, 14, 10 cells in each group, respectively). Inset: Representative images of transfected HEK2093T cells. Cells were transfected with wtTRESK-IRES-DsRed or mtTRESK-IRES-
DsRed constructs and expressed DsRed protein along with WT and MT TRESK subunits, respectively. Top and bottom, DIC and DsRed fluorescent images, respectively. Scale bar, 5 �m. D, TRESK
current densities at�60 mV (the same cells as in C; **p�0.01, one-way ANOVA with post hoc Bonferroni test vs the WT group; no statistical significance between the MT and untransfected groups).
E, Representative current records from HEK293T cells expressing WT TRESK alone, MT TRESK alone, or coexpressing WT and MT TRESK subunits (the same recording protocols as in B). The amount
of plasmid DNA used in each transfection is indicated. F, I–V curves of peak TRESK current densities in untransfected HEK293T cells and cells transfected with various amounts of plasmids encoding
WT and MT TRESK subunits, respectively (the same recording protocols as in B, n � 10 cells in each group). G, TRESK current densities at �60 mV (the same cells as in F; ***p � 0.001 vs the WT-4
�g and the WT-2 �g groups, respectively; no statistical significance between other groups; one-way ANOVA with post hoc Bonferroni test).
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V5-WT TRESK subunits in HEK293T cells. Indeed, the V5 anti-
body pulled down a protein complex containing both V5-WT
and HA-MT TRESK (Fig. 3C). On the contrary, the V5 antibody
failed to CoIP mutant TRESK in control cells coexpressing

HA-MT TRESK and V5-EGFP proteins (Fig. 3C). These CoIP
results provided direct evidence that wild-type and mutant
TRESK subunits interact with each other in HEK293T cells. The
TRESK signals in Figure 3B–D corresponded to the monomeric

Figure 2. Colocalization of WT and MT TRESK subunits in HEK293T cells. A, I–V curves of peak TRESK current densities in untransfected HEK293T cells, cells expressing EGFP-WT subunits, EGFP-MT subunits,
and cells coexpressing EGFP-WT and EGFP-MT TRESK subunits, respectively (the same recording protocols as in Fig. 1A, n�10 –15 cells in each group). The inset shows the I–V curves of TRESK current densities
in HEK293T cells expressing untagged WT and EGFP-WT TRESK subunits in parallel experiments (n�4 cells in each group), respectively. B, TRESK current densities at�60 mV (the same cells as in A; **p�0.01
vs the EGFP-WT group, no statistical significance between other groups; one-way ANOVA with post hoc Bonferroni test). C, Representative images of HEK293T cells coexpressing EGFP- or mCherry-tagged TRESK
subunits as indicated above each column. The first column on the right contains images of a cell coexpressing EGFP-WT TRESK and mCherry-tagged 5-HT 1F receptor (mCherry-1F). Two micrograms of each
plasmid was used in each transfection. Top and middle, EGFP- and mCherry-tagged protein images, respectively. Bottom, Merged images. Scale bar, 10 �m. D, Mean correlation coefficient (r) of EGFP versus
mCherry fluorescence intensities in cells coexpressing EGFP- and mCherry-tagged TRESK subunits. For each cell, the value of r was calculated from pixel-by-pixel comparison of EGFP and mCherry fluorescence
intensities in 30 randomly chosen pixels. The p-value was determined by the value of r and the degrees of freedom (df � 28). All cells in the EGFP-WT�mCherry-1F group (n � 20) have p � 0.05, indicating
a lack of correlation between EGFP-WT TRESK and mCherry-1F proteins. All cells in the other three groups (n �20 in each group) have p �0.001, indicating a strong colocalization between WT and MT TRESK
subunits in HEK293T cells. E–G, Scatterplots of EGFP versus mCherry fluorescent intensities (in arbitrary units) in 30 randomly selected pixels from three representative cells coexpressing EGFP- and mCherry-
tagged TRESK subunits. Each pixel corresponds to 0.10 �m 2 area. The regression lines represent the correlation between the EGFP and mCherry intensities. H, Scatterplot of EGFP versus mCherry fluorescent
intensities (in arbitrary units) in 30 randomly selected pixels from a representative cell coexpressing EGFP-WT TRESK and mCherry-1F proteins.
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form of wild-type and mutant subunits,
respectively. This was likely due to the fact
that the samples were diluted in buffer
containing the reducing agent DTT. Fur-
ther experiments are needed to determine
whether TRESK subunits form dimers via
disulfate bridges, similar to the TWIK-1
K2P channel (Lesage et al., 1996).

Mutant TRESK subunits reduce the
plasma membrane trafficking of wild-
type TRESK subunits in HEK293T cells
To investigate whether the frameshift mu-
tation alters the expression level and/or
the subcellular localization of TRESK sub-
units, we compared the expression level of
wild-type and truncated TRESK subunits.
To mimic the expression of TRESK
from two alleles in human cells, we trans-
fected HEK293T cells with EGFP- and
mCherry-tagged TRESK constructs at a
1:1 ratio. To our surprise, the level of
total EGFP-MT TRESK fluorescence in-
tensity was 1.7-fold higher than that of
EGFP-WT TRESK (Fig. 4A,B, EGFP-
WT�mCherry-WT group vs EGFP-MT�
mCherry-MT group; p � 0.001, one-way
ANOVA with post hoc Bonferroni test).
Interestingly, coexpression of wild-type
TRESK subunits reduced the total fluores-
cence intensity of EGFP-MT subunits to a
level comparable to that of EGFP-WT sub-
units (Fig. 4B, EGFP-MT�mCherry-WT
group vs EGFP-WT�mCherry-WT
group; p � 1.0). Conversely, coexpression of mutant TRESK did
not affect the level of total EGFP-WT TRESK fluorescence inten-
sity in HEK293T cells (Fig. 4B, EGFP-WT�mCherry-MT group
vs EGFP-WT�mCherry-WT group; p � 0.34). The altered ex-
pression level of mutant TRESK subunits likely results from the
mutation per se rather than from the N-terminal EGFP tag be-
cause we also quantified the expression level of mCherry-WT and
mCherry-MT TRESK subunits and obtained similar results (data
not shown, but see Fig. 4A for representative images).

Does the frameshift mutation affect the trafficking of wild-
type and/or mutant TRESK subunits to the plasma membrane?
Here we used two methods to quantify the ratio of plasma mem-
brane versus cytosolic level of TRESK proteins in HEK293T cells
(for further details, see Fig. 4 legend and Materials and Methods).
First, we drew four lines through the middle of the cell image and
measured the EGFP fluorescence intensities along the lines (Fig. 4A).
We found that the plasma membrane versus cytosol ratio of
EGFP-MT TRESK subunits was only 43 � 2% of the EGFP-WT
subunits, indicating that the plasma membrane insertion of the
truncated TRESK subunits was significantly reduced (Fig. 4A,C,
EGFP-WT�mCherry-WT group vs EGFP-MT�mCherry-MT
group; p � 0.001, one-way ANOVA with post hoc Bonferroni test).
Interestingly, when coexpressed in HEK293T cells, both wild-type
and mutant TRESK subunits exhibited a similar reduction of the
membrane versus cytosol ratio (Fig. 4A,C, EGFP-WT�
mCherry-MT and EGFP-MT�mCherry-WT groups vs EGFP-
WT�mCherry-WT group; p � 0.001). Second, we used an annular
ROI to represent the plasma membrane region of a cell. In cells
coexpressing EGFP-WT and mCherry-MT TRESK subunits, the

plasma membrane versus cytosol ratio of EGFP-WT subunits was
0.60 � 0.05, significantly lower than the ratio of the EGFP-WT in
cells expressing wild-type TRESK alone (1.0 � 0.1, n � 10 cells in
each group; p � 0.01, t test). Therefore, the two methods of quanti-
fying the efficiency of TRESK protein trafficking to the plasma mem-
brane yielded similar results. Both are consistent with the hypothesis
that, when coexpressed in HEK293T cells, mutant TRESK subunits
interact with the wild-type subunits, thereby decreasing the plasma
membrane trafficking of the TRESK channels.

Measuring steady-state surface expression of TRESK channels
with an antibody against the extracellular domain of mouse
TRESK subunits
To better investigate the effects of the KCNK18 mutation on the
surface expression of TRESK subunits, we generated a mouse
polyclonal antibody against an epitope on the first extracellular
loop of the mouse TRESK protein. Because this epitope is local-
ized upstream of the frameshift mutation, we predicted that the
antibody should have similar affinity to the wild-type and trun-
cated TRESK subunits. First, we tested the specificity of the anti-
body by immunostaining the transfected HEK293T cells. The
antibody-stained cells expressing EGFP-WT TRESK subunits.
Untransfected cells and cells expressing EGFP proteins
showed little staining (Fig. 5A). Furthermore, the TRESK-
immunoreactivity (TRESK-ir) completely overlapped with the
EGFP-WT TRESK fluorescence in permeabilized cells (Fig. 5B),
indicating that the antibody specifically recognizes mouse
TRESK proteins in HEK293T cells. Next, we used the antibody to
detect the level of TRESK subunits on the plasma membrane. In

Figure 3. Wild-type and mutant TRESK subunits interact with each other in HEK293T cells. A, Characterization of V5-tagged WT
and MT TRESK subunits in HEK293T cells by Western immunoblotting (WB). The plasmids used in each transfection are indicated
above each lane. Lysate from untransfected cells is included as a control (right). V5-WT and V5-MT TRESK subunits were detected
by an antibody against V5-tag. Left, Mr markers. Bottom, Signal of �-tubulin on a replica membrane to indicate the relative
amount of protein in each sample. The experiment was repeated multiple times. B–D, CoIP of V5- and HA-tagged TRESK subunits
in HEK293T cells. The plasmids used in each transfection are indicated above each lane. Top, Western blot of anti-V5 immunopre-
cipitates (IP) and the corresponding cell lysates (input) probed with the anti-HA antibody. Bottom, Replica plots probed with the
anti-V5 antibody showing the amount of V5-tagged TRESK and V5-EGFP proteins. Signals of V5- and HA-tagged TRESK subunits
and IgG heavy (**) and light chains (*) are indicated.
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nonpermeabilized cells expressing EGFP-WT TRESK subunits,
the EGFP signals were observed in both the plasma membrane
and intracellular compartments (Fig. 5C, left). In contrast,
TRESK-ir was restricted to the cell surface (Fig. 5C, middle),
indicating that the antibody recognizes TRESK channels on the
plasma membrane with good signal-to-noise ratio.

Cells from migraine patients with the frameshift mutation
contain one wild-type and one mutant KCNK18 allele, and pre-
sumably express both wild-type and mutant TRESK subunits. To
mimic this situation, we cotransfected HEK293T cells with
EGFP-WT and EGFP-MT TRESK constructs at 1:1 ratio (2 �g

DNA for each construct; Fig. 5C–F, WT�MT group). The con-
trol cells (Fig. 5C–F, WT group) were transfected with 4 �g of
EGFP-WT constructs to mimic the expression of TRESK from
two wild-type alleles in control cohorts. The value of EGFP fluo-
rescence intensity corresponds to the expression level of total
TRESK subunits in each cell. Based on the previous experiments,
we predicted that cells in WT�MT group would express equal
amounts of EGFP-WT and EGFP-MT TRESK subunits (Fig.
4B, EGFP-WT�mCherry-MT vs EGFP-MT�mCherrry-WT
groups). Indeed, the relative EGFP intensity was comparable be-
tween the WT and WT�MT groups (Fig. 5D). Once again, we
found that the EGFP level was significantly increased in cells
expressing mutant TRESK alone (Fig. 5C,D, MT group; p � 0.001
compared with the WT and WT�MT groups, one-way ANOVA
with post hoc Bonferroni test).

We went on to quantify the level of TRESK-ir on the plasma
membrane. In cells expressing equal amounts of wild-type and
mutant TRESK protein, the ratio of total wild-type/wild-type,
mutant/mutant, and wild-type/mutant dimeric channels would
be 1:1:2. Based on the data shown in Figure 4C, we reasoned that
the efficiency of plasma membrane trafficking of both mutant/
mutant homodimer and wild-type/mutant heterodimer would
be 	50% of the wild-type/wild-type TRESK channels. Therefore,
the ratio of wild-type/wild-type, mutant/mutant, and wild-type/
mutant dimeric channels on the plasma membrane would be
2:1:2. We predicted that the level of surface TRESK-ir in the
WT�MT group would be 	62.5% of that in the WT group.
Indeed, our experimental data agreed very well with the predicted
value. In cells coexpressing wild-type and mutant TRESK sub-
units, the level of surface TRESK-ir was 67 � 6% of that in the
WT group (Fig. 5E; p � 0.01, one-way ANOVA and post hoc t test
with Bonferroni correction). After normalizing the surface
TRESK-ir level with the total TRESK expression level in each cell,
we found that the surface/total TRESK ratio in the WT�MT
group was 69 � 4% of the WT group (Fig. 5F; p � 0.001), again
consistent with the predicted value.

The level of surface TRESK-ir was significantly higher in the
MT group, likely due to the increase in total EGFP-MT protein
expression (Fig. 5E; p � 0.001 compared with the WT group).
Conversely, the surface/total TRESK ratio in the MT group was
only 42 � 4% of the WT group (Fig. 5F; p � 0.001 compared with
the WT and WT�MT group), confirming that the plasma mem-
brane insertion of the truncated TRESK subunits was signifi-
cantly reduced.

Expression of wild-type and mutant TRESK subunits in
cultured TG neurons
We compared total and plasma membrane expression of wild-
type and mutant TRESK subunits in cultured TG neurons. We
expressed EGFP-WT and EGFP-MT subunits in neonatal TG
neurons and monitored EGFP fluorescence in the soma. Neurons
in both groups exhibited diffuse EGFP fluorescence throughout
the soma, both on the plasma membrane and at intracellular
locations (Fig. 6A). In a control experiment, we expressed
mCherry-WT and mCherry-MT TRESK subunits in TG neurons
and stained the nucleus with DAPI. We found no overlap be-
tween the DAPI and mCherry signals, indicating that the overex-
pressed exogenous TRESK subunits were not misrouted to the
nucleus (data not shown). Quantitative analysis showed a com-
parable level of somatic EGFP fluorescence intensity in TG neu-
rons expressing EGFP-WT and EGFP-MT subunits (Fig. 6B).
Therefore, in the presence of endogenous TRESK channels, the
exogenous wild-type and truncated TRESK subunits were ex-

Figure 4. Total and plasma membrane levels of WT and MT TRESK subunits in HEK293T cells.
A, Representative images of HEK293T cells coexpressing EGFP- and mCherry-tagged WT and MT
TRESK subunits. Two micrograms of each plasmid was used in each transfection. Top and mid-
dle, EGFP- and mCherry-tagged TRESK images, respectively. Bottom, Relative EGFP fluores-
cence intensities along the white horizontal line through the middle of the cell. Scale bar, 10
�m. B, Total EGFP fluorescence intensity in cells expressing EGFP- and mCherry-tagged WT and
MT TRESK subunits (n � 52– 60 cells in each group; ***p � 0.001, one-way ANOVA with post
hoc Bonferroni test vs the EGFP-WT�mCherry-WT group). C, Normalized plasma membrane
versus cytosol ratio of EGFP fluorescence intensity along four lines through the middle of the
cells (same cells as in B; ***p � 0.001, one-way ANOVA with post hoc Bonferroni test vsthe
EGFP-WT�mCherry-WT group). The fluorescent intensity within 1.5 �m of the outer boundary
of the cell represents the level of TRESK proteins on the plasma membrane. The rest of the signal
represents the cytoplasmic level of TRESK protein expression.
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pressed at similar levels in TG neurons,
reminiscent of what was observed in
HEK293T cells (Fig. 4B, EGFP-WT�
mCherry-WT vs EGFP-MT�mCherry-
WT groups).

Next, we investigated whether the mu-
tation affects the trafficking of TRESK
subunits to the plasma membrane. We
stained neurons briefly with AF594-WGA
and used the WGA image as the plasma
membrane ROI (Fig. 6A). This allowed us
to measure the plasma membrane versus
cytosol ratio of EGFP-tagged TRESK sub-
units in TG neurons. Due to the resolu-
tion limit of a light microscope, this ROI
could also contain some signal from
TRSK present in submembrane vesicles.
We found that the ratio of EGFP-MT sub-
units was 67 � 3% of the EGFP-WT sub-
units (Fig. 6C; p � 0.01, t test), indicating
that the steady-state plasma membrane
level of the mutant TRESK subunits was
significantly reduced in TG neurons. We
did not use the TRESK antibody in this set
of experiments because the specificity of
the antibody has not been tested against
tissues from the TRESK knock-out mice
and because the antibody does not dis-
criminate the endogenous and exogenous
TRESK subunits, making it impossible to
calculate the surface/total expression ratio
of the exogenous TRESK proteins. In a pi-
lot experiment, we stained cultured TG
neurons with the TRESK antibody and
found the immunoreactivity present in
the majority of TG neurons, but not non-
neuronal cells (data not shown), which
is consistent with previous reports (Dobler
et al., 2007; Yoo et al., 2009; Lafrenière et al.,
2010).

Mutant TRESK subunits exhibit a
dominant-negative effect on
endogenous TRESK currents in
TG neurons
We investigated whether the trun-
cated TRESK subunits inhibit endogenous
TRESK currents in small-diameter (�25
�m) TG neurons. The majority of neurons in this TG subpopu-
lation are primary nociceptors (Harper and Lawson, 1985a, b); a
small subset of them represent the C-low threshold mechanore-
cepetors (Lawson et al., 1997; Seal et al., 2009). We recorded
whole-cell currents from TG neurons expressing DsRed protein
alone and from neurons coexpressing mutant TRESK subunits
and DsRed protein (Fig. 7A, control and MT_TRESK groups,
respectively). First, we blocked TTX-sensitive Na� currents with
1 �M TTX (Bautista et al., 2008; Tulleuda et al., 2011). Next, we
minimized the activation of transient voltage-gated K�, Na�,
and Ca 2� currents by depolarizing neurons from �60 mV hold-
ing potential to �25 mV for 300 ms and subsequently hyperpo-
larizing neurons to �135 mV with a slow ramp (0.2 mV/ms, Fig.
7B; Dobler et al., 2007; Tulleuda et al., 2011). Currents measured
at the end of the depolarizing step were predominantly outward

K� currents (Dobler et al., 2007). To further dissect currents
through TRESK channels, we measured the percentage of out-
ward currents that was sensitive to 30 �M lamotrigine blockade.
Previous studies show that this dose of lamotrigine inhibits
TRESK currents by 	50% (Kang et al., 2008; Tulleuda et al.,
2011). The reversal potentials of lamotrigine-sensitive currents in
the control and MT_TRESK groups were �88 � 5 mV and
�86 � 2 mV, respectively. This is very close to the calculated
Nernst potential for K� currents (�84 mV) under our recording
conditions. In TG neurons expressing DsRed protein alone, 39 �
3% of the outward currents were inhibited by lamotrigine (Fig.
7C), similar to what was observed in DRG neurons (Kang et al.,
2008; Tulleuda et al., 2011). The fraction of lamotrigine-sensitive
currents was significantly lower in TG neurons expressing mutant
TRESK subunits (14 � 2%; p � 0.05, t test, Fig. 7C). We conclude

Figure 5. Coexpression of WT and MT TRESK subunits reduces the plasma membrane trafficking of TRESK channels in HEK293T
cells. A, B, Representative images of HEK293T cells expressing EGFP-WT TRESK (top) and EGFP proteins (bottom), respectively. Cells
were permeabilized with Triton X-100 and stained with the TRESK antibody. A, Left to right, DIC images of total cells in the field,
EGFP fluorescence in transfected cells, TRESK-ir, and the merged images. B, Exemplar transfected cells at higher magnification.
Scale bars: A, 10 �m; B, 5 �m. C, Representative images of HEK293T cells expressing EGFP-tagged TRESK subunits. A total of 4 �g
of plasmids was used in each transfection. In WT�MT group, cells were transfected with 2 �g of EGFP-WT and 2 �g of EGFP-MT
plasmids. Cells were fixed and incubated with the TRESK antibody without Triton X-100 permeabilization. Left to right, EGFP
fluorescence, TRESK-ir, and the merged images. Scale bar, 5 �m. D, Total EGFP intensity in cells expressing EGFP-tagged TRESK
subunits (n � 50 cells in each group; ***p � 0.001, one-way ANOVA with post hoc Bonferroni test vs the WT group). E, Relative
surface TRESK-ir intensity in cells expressing EGFP-tagged TRESK subunits (same cells as in D; **p � 0.01, ***p � 0.001, one-way
ANOVA, post hoc t test with Bonferroni correction vs the WT group). F, Normalized surface TRESK-ir versus total EGFP intensity ratio
in cells expressing EGFP-tagged TRESK subunits (same cells as in D; ***p � 0.001, one-way ANOVA with post hoc Bonferroni test
vs the WT group; ### p � 0.001, one-way ANOVA with post hoc Bonferroni test between the WT�MT and MT groups).
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that the mutant TRESK subunits exhibit a dominant-negative
effect on endogenous TRESK currents in TG neurons.

Expression of mutant TRESK subunits increases Rin in
TG neurons
Our data in TG neurons and previous studies in DRG neurons
both indicate that TRESK channels contribute to the background
K� currents in primary afferent sensory neurons (Kang and Kim,
2006; Dobler et al., 2007). We therefore investigated whether
mutant TRESK subunits affect the electrophysiological proper-
ties of TG neurons. To this end, we coexpressed mutant TRESK
subunits and DsRed proteins in cultured neonatal TG neurons
and measured Vrest and Rin under current-clamp mode. We
found that the expression of mutant TRESK subunits did not
alter the Vrest in TG neurons (Table 1). This is consistent with a
previous study showing comparable Vrest in DRG neurons from
wild-type and TRESK G339R functional knock-out mice (Dobler et
al., 2007).

Next, we injected neurons at Vrest with a 25 pA depolarizing cur-
rent to measure Rin. This led to a 12 mV increase in membrane
potential in control neurons, from �53.5 � 0.3 mV to �41.5 � 0.2
mV (n � 25 neurons). In TG neurons expressing mutant TRESK
subunits, injection of the same depolarizing current altered the
membrane potential from �52.4 � 0.3 mV to �36.8 � 0.4 mV, a

level significantly higher than that in the
control group (n � 23 neurons; p � 0.05, t
test). Therefore, the Rin of mutant TRESK-
expressing neurons was significantly higher
than that of the control neurons (626 � 13
and 479 � 9 M�, respectively; p � 0.05, t
test). We also measured Rin by injecting the
same neurons at Vrest with a 20 pA hyperpo-
larizing current. Interestingly, the Rin values
of control neurons and neurons expressing
mutant TRESK subunits were comparable
in this case (1125 � 264 and 1244 � 147
M�, respectively; p � 0.71, t test). This is
consistent with the outward rectification of
TRESK channels in physiological solutions
(Fig. 1C; Enyedi and Czirják, 2010). It is
likely that, under our recording conditions,
there was little endogenous TRESK channel
activity when membrane potential was at or
below the Vrest. Therefore, the expression of
mutant TRESK subunits does not affect the
Vrest. However, the endogenous TRESK
current is increased upon depolarization
and contributes to the change of membrane
potential. Here, mutant TRESK subunits
exhibited a dominant-negative effect on the
leak K� currents, caused an increase in Rin,
and would likely affect neuronal excitability.

Expression of mutant TRESK subunits
increases the excitability of
TG neurons.
Upon depolarization, TG neurons ex-
pressing mutant TRESK subunits exhibit
a higher Rin than the control neurons.
This should, all else being equal, result in a
lower rheobase (the current threshold to
elicit AP). To determine the rheobase, we
held neurons at Vrest and injected 1 s de-

polarizing currents at 25 pA incremental steps to elicit APs. To
account for the heterogeneity of cultured TG neurons, we further
divided the small-diameter neurons based on their ability to bind
to fluorescently labeled IB4 at the end of each current-clamp
recording. Previous studies have shown that the small IB4-
positive and IB4-negative primary afferent neuron exhibit dis-
tinct properties in the level of neuropeptides, the termination of
central projection, the encoding spike frequency, and pain mo-
dalities (Snider and McMahon, 1998; Stucky and Lewin, 1999;
Choi et al., 2007; Cavanaugh et al., 2009; Scherrer et al., 2009).

Compared with neurons expressing DsRed protein (Fig. 8,
control group), the mean rheobase was 50% lower in neurons
expressing mutant TRESK subunits (Fig. 8, MT_TRESK group)
regardless of their ability to bind to IB4 (Fig. 8A,C; p � 0.05, t
test). In addition, a decrease of the AP voltage threshold occurred
in the IB4-negative, but not IB4-positive, TG neurons expressing
mutant TRESK subunits (Fig. 8B,D; p � 0.01, t test). Conversely,
the expression of mutant TRESK subunits did not alter AP am-
plitude, half-width, or AHP amplitude to any significant degree
(Table 1), suggesting that the endogenous TRESK currents do not
play a major role in the AP repolarization process in TG neurons.

Does the expression of mutant TRESK subunits affect the
spike frequency in TG neurons? First, we compared the number
of APs generated by current injections from 25 to 150 pA in small

Figure 6. Total and surface expression of WT and MT TRESK subunits in TG neurons. A, Representative images of TG neurons
expressing EGFP-tagged WT and MT TRESK subunits. Top, middle, and bottom, Differential interference contrast (DIC), EGFP, and
AF594-WGA fluorescent images, respectively. Arrowheads indicate transfected neurons. Scale bar, 10 �m. B, Total EGFP fluores-
cence intensity in TG neurons expressing EGFP-tagged WT and MT TRESK subunits (n � 23 and 16 neurons, respectively). C,
Normalized plasma membrane versus cytosol ratio of EGFP fluorescence intensity in TG neurons expressing EGFP-tagged WT and
MT TRESK subunits (same neurons as in B; **p � 0.01, two-tailed t test).
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IB4-negative and IB4-positive neurons in the control group. In
small IB4-negative TG neurons, the number of APs increased
almost linearly in response to incremental suprathreshold cur-
rent injection (Fig. 8E, control group; p � 0.05 at 125 pA and p �
0.01 at 150 pA, one-way RM ANOVA with post hoc Dunnett test
vs 75 pA current injection). Conversely, 73% of the small IB4-
positive neurons (8 of 11) generated a single spike in response to
both threshold and suprathreshold current injections, as indicated
by the flat input–output curve (Fig. 8F, control group; p � 0.56,
one-way RM ANOVA). This is consistent with the results of a pre-
vious study on the difference in spike frequency between small IB4-
negative and IB4-positive DRG neurons (Choi et al., 2007).

Next, we measured the spike frequency in neurons expressing
mutant TRESK subunits. We found that the number of evoked

APs increased significantly in response to suprathreshold current
injection regardless of their ability to bind to IB4 (Fig. 8E,F,
MT_TRESK groups; p � 0.01 at 125 pA and p � 0.001 at 150 pA,
respectively; one-way RM ANOVA with post hoc Dunnett test vs
50 pA current injection in each group). Ninety percent of the
IB4-positive neurons expressing mutant TRESK (9 of 10) gener-
ated multiple spikes in response to suprathreshold stimuli (p �
0.001, Fisher’s exact test). Compared with the control neurons,
the expression of mutant TRESK subunits significantly increased
the number of spikes evoked by 1 s current injections in both
small IB4-negative and IB4-positive neurons (Fig. 8E,F; p � 0.05,
two-way RM ANOVA). Because there was a linear relationship
between the number of APs evoked in response to current injec-
tions between 50 and 150 pA in all experimental groups, we cal-
culated the slope of the input– output curve of each neuron.
Indeed, the slope was significantly higher in neurons expressing
mutant TRESK subunits relative to that of the corresponding
control neurons (Fig. 8E,F, insets; p � 0.05, two-tailed t test). We
conclude that the endogenous TRESK currents control the onset
and the frequency of APs in small-diameter TG neurons and the
frameshift mutation results in hyperexcitability of these neurons.

Discussion
In this study, we investigated the effects of a frameshift KCNK18
mutation on TRESK currents and TG neuronal excitability. We
introduced the mutation into the mouse TRESK subunits and
found that it resulted in nonfunctional channels in HEK293T
cells. Compared with cells expressing wild-type TRESK channels,
coexpressing wild-type and mutant TRESK subunits at 1:1 ratio
results in 	80% reduction of the current density. This is close to
the predicted 75% current reduction for a dominant-negative
mutation, but is more robust than the 50% reduction described
previously (Lafrenière et al., 2010). The difference may reside in
the different expression systems, recording protocols, and/or the
species of TRESK subunits used in the two studies. We have
shown here that wild-type and mutant TRESK subunits interact
with each other and form dimers in HEK293T cells. Interestingly,
the mutation also exhibits dominant-negative effect on the level
of TRESK channels on the plasma membrane. Our results sup-
port the idea that wild-type and mutant TRESK subunits coas-
semble into heterodimeric channels that are nonfunctional and
are also less efficient in trafficking to the plasma membrane. More
experiments are needed to fully understand the physiological im-
portance of the dominant-negative effect of mutant TRESK sub-
units on channel trafficking.

One important and as yet unanswered question is whether
and how mutant TRESK subunits contribute to migraine patho-
physiology. We reason that a good starting point is to study the
function of mutant TRESK subunits in cultured TG neurons. The
cell bodies of the primary afferent neurons in the trigeminal no-
ciceptive pathway underlying migraine headache are predomi-
nantly localized in the TG. Their peripheral terminals innervate
the dura and the cerebral vessels. Activation and sensitization of
these neurons is a crucial step in the pathogenesis of a headache
attack (Strassman et al., 1996; Bove and Moskowitz, 1997; Bur-
stein, 2001; Harriott and Gold, 2009; Yan et al., 2011). TRESK
mRNA and protein are abundantly expressed in the majority of, if
not all, primary afferent neurons (Bautista et al., 2008; Yoo et al.,
2009; Lafrenière et al., 2010). Previous studies show that TRESK
channels contribute to background K� currents in DRG neurons
and, in turn, regulate neuronal excitability in normal and disease
states (Kang and Kim, 2006; Dobler et al., 2007; Tulleuda et al.,
2011; Marsh et al., 2012; Plant, 2012). Here, we provide evidence

Figure 7. Decrease of lamotrigine-sensitive outward currents in TG neurons expressing MT
TRESK subunits. A, Representative images of transfected TG neurons. TG neurons in the control
group are transfected with the pIRES2-DsRed-Express2 plasmid and express DsRed protein
alone. The MT_TRESK group contains TG neurons transfected with the mtTRESK-IRES-DsRed
constructs and coexpressing DsRed protein and MT TRESK subunits. Top and bottom, DIC and
DsRed fluorescent images, respectively. Scale bar, 10 �m. B, Top, Voltage protocol used to
minimize transient voltage-gated K �, Na � and Ca 2� currents. Middle and bottom, Repre-
sentative current traces before and after the application of 30 �M lamotrigine. C, The percent-
age of outward currents (measured at the end of the depolarizing step) inhibited by lamotrigine
in the control group and TG neurons expressing MT TRESK subunits (*p�0.05, two-tailed t test,
n � 10 cells in each group).
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that mutant TRESK subunits inhibit the function of endogenous
TRESK channels in TG neurons. Moreover, our results indicate
that the endogenous TRESK channels are activated during sub-
threshold depolarization and contribute to the increase in out-
ward conductance, which in turn counteracts the membrane
depolarization. Conversely, mutant TRESK subunits inhibit en-
dogenous TRESK currents, reduce membrane conductance (i.e.,
increase Rin), and therefore enhance the magnitude of depolar-
ization. We have also shown that there is little endogenous
TRESK channel activity when membrane potential is at or below
the Vrest. Therefore, the Vrest was not altered in neurons express-
ing mutant TRESK subunits, which is in agreement with the re-
sults of a previous study (Dobler et al., 2007).

Conversely, other background K� currents may compensate
for the reduction of endogenous TRESK currents in neurons ex-
pressing mutant TRESK subunits, causing an underestimation of
the contribution of endogenous TRESK currents to Vrest. It will
be interesting to determine whether acute inhibition of endoge-
nous TRESK channels will alter Vrest in primary afferent neurons
when TRESK-specific blockers become available in the future.

Our data predict hyperexcitability of TG neurons expressing
mutant TRESK subunits. Indeed, the current threshold (rheo-
base) to induce AP is significantly lower in these neurons relative
to the control group. Moreover, the spike frequency in response
to suprathreshold stimuli was significantly increased in neurons
expressing mutant TRESK subunits. This is consistent with a
previous study suggesting that decrease of TRESK currents con-
tribute to the hyperexcitability of DRG neurons in the setting of
nerve injury (Tulleuda et al., 2011). Given that the AP amplitude,
AP half-width, and AHP amplitude were not altered to any sig-
nificant degree in these neurons, we conclude that the endoge-
nous TRESK currents regulate the excitability of small-diameter
TG neurons mainly during the rising phase of the AP waveform.

Our data obtained from transfected, cultured TG neurons
from neonatal mice should be interpreted with caution given the
limitations of the experimental system. However, our results are
consistent with the results of a previous study of adult DRG neu-
rons from the TRESK functional knock-out mice. Dobler et al.
(2007) reported a reduction of background K� current, a de-
crease of rheobase, and normal Vrest in these neurons relative to
the wild-type DRG neurons. Therefore, the frameshift KCNK18
mutation likely would result in hyperexcitability of adult TG
neurons as well. More experiments are necessary to test this hypoth-
esis directly. It is unlikely that we overestimated the dominant-
negative effect of mutant TRESK subunits due to overexpression
because the amplitude of TRESK currents was similar in HEK293T
cells transfected with wild-type and mutant TRESK DNA at a 1:1 and
1:5 molar ratio, respectively (Fig. 1F,G). Conversely, the AP width
was reduced and the AHP amplitude was increased in the adult
knock-out DRG neurons, whereas these parameters were not altered
in neonatal TG neurons expressing mutant TRESK. It is possible that

the reduction of TRESK current results in different compensatory
changes of other K� channels in DRG and TG neurons. Alterna-
tively, the AP width and the AHP amplitude changes may require a
de novo and/or a prolonged absence of TRESK currents until
adulthood.

We have shown previously that the familial hemiplegic mi-
graine type 1 (FHM-1) mutation T666M results in hyperexcit-
ability of small IB4-negative TG neurons through alteration of
voltage-gated Ca 2� channel activities (Tao et al., 2012). The fact
that both Ca 2� and K� channel mutations associated with mi-
graine cause hyperexcitation of TG neurons suggests that the
onset of migraine headache may result from abnormal mem-
brane conductance changes of the primary afferent neurons in
response to various migraine triggers. Expression of the mutant
TRESK subunits increases the excitability of both small-diameter
IB4-negative and IB4-positive TG neurons. We have shown in a
previous study that, under our culture conditions, the majority of
the small IB4-negative TG neurons express calcitonin gene-
related peptide (CGRP), a neuropeptide that plays important role
in migraine pathophysiology (Ho et al., 2010; Tao et al., 2012). A
small fraction of IB4-negative neurons that do not express CGRP
(9% of cultured TG neurons; Tao et al., 2012) may correspond to
the C-low threshold mechanorecepetor (Lawson et al., 1997; Seal
et al., 2009; Li et al., 2011). The contribution of these neurons to
migraine pathophysiology is not well studied and they likely rep-
resent �10% of transfected neurons in our study. Conversely,
IB4-positive TG neurons express little or very low levels of neu-
ropeptides (Snider and McMahon, 1998; Stucky and Lewin,
1999; Tao et al., 2012), but many of them express P2X3 receptors
and mediate the pronociceptive effects of ATP, which is involved
in migraine pathophysiology (Ruan et al., 2004; Staikopoulos et
al., 2007). The dural afferent neurons contain both IB4-negative
and IB4-positive populations (Huang et al., 2012), raising the
possibility that mutant TRESK subunits may exert a dominant-
negative effect on the endogenous TRESK currents and increase
the excitability of primary afferent neurons in the migraine cir-
cuit. In addition, mutant TRESK subunits may affect the excit-
ability of medium- and large-sized primary afferent neurons that
express TRESK channels. Our results also suggest that TRESK
channels may be a promising therapeutic target for migraine
headache and other orofacial pain. Indeed, overexpressing
TRESK subunits in cultured DRG neurons inhibits capsaicin-
evoked substance P release (Zhou et al., 2012). Given that TRESK
channel activity can be modulated by pH, anesthetics, and vari-
ous intracellular signaling pathways, the recent molecular mod-
eling study may help to facilitate structure-based design of
TRESK channel openers and/or modulators(Enyedi and Czirják,
2010; Brohawn et al., 2012; Enyedi et al., 2012; Miller and Long,
2012; Rahm et al., 2012; Kim et al., 2013).

In addition to TG and DRG neurons, TRESK mRNA is ex-
pressed in many regions of the peripheral nervous system and the

Table 1. Intrinsic properties of small-diameter TG neurons expressing mutant TRESK subunits

Diameter
(�m)

Capacitance
(pF) Rin (M�) Vrest (mV)

Rheobase
(pA) AP threshold (mV)

AP amplitude
(mV)

AP half-width
(ms)

AHP amplitude
(mV)

Cell
number

IB4-negative neurons
Control 20.3 � 0.2 25.2 � 0.7 942 � 78 �52.9 � 0.5 75.0 � 3.0 �14.4 � 0.6 112.2 � 1.4 4.9 � 0.2 �14.2 � 0.5 14
Mutant 19.5 � 0.2 22.5 � 0.7 1123 � 48 �52.1 � 0.6 38.5 � 1.8* �23.2 � 0.6* 107.9 � 2.1 4.5 � 0.3 �12.0 � 0.4 12

IB4-positive neurons
Control 19.9 � 0.2 22.4 � 1.0 1358 � 166 �53.5 � 0.7 77.3 � 4.5 �17.1 � 0.9 104.4 � 2.4 4.6 � 0.1 �14.9 � 0.5 11
Mutant 18.6 � 0.2 19.5 � 0.7 1388 � 94 �52.4 � 0.6 40.0 � 2.3* �18.7 � 1.2 113.3 � 2.2 4.1 � 0.2 �15.4 � 0.3 10

Neurons in the control group express DsRed protein alone; the mutant group contains TG neurons coexpressing DsRed protein and MT TRESK subunits. Rin was calculated by measuring the change of membrane potential in response to a 20
pA hyperpolarizing current injection from Vrest. *p � 0.05 compared with the corresponding control group by two-tailed t test.
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Figure 8. Neuronal excitability is increased in small TG neurons expressing mutant TRESK subunits. A, Representative traces of APs generated by incremental depolarizing current injections in
transfected, small-diameter TG neurons. Neurons in the control group express DsRed protein alone. The MT_TRESK group contains TG neurons coexpressing DsRed protein and MT TRESK subunits.
The values of Vrest are indicated for each neuron. B, Representative traces of the first AP generated by current injections at the rheobase in two transfected small IB4-negative TG neurons. Arrows
indicate the AP threshold (the membrane potential at which dV/dt exceeds 10 V/s). The values of Vrest and the AP threshold are indicated for each neuron. C, Mean rheobase of the transfected,
small-diameter TG neurons (*p � 0.05, two-tailed t test between the corresponding control and MT_TRESK groups, n � 10 –14 neurons in each group). D, Mean AP threshold of transfected,
small-diameter TG neurons (same cells as in C; **p � 0.01, two-tailed t test between the corresponding control and MT_TRESK groups). E, F, Input– output plots of the spike frequency in response
to 1 s depolarizing current injections in 25 pA incremental steps in transfected, small IB4-negative (E) and IB4-positive (F ) TG neurons (*p � 0.05 between the corresponding control and MT_TRESK
groups, two-way RM ANOVA and post hoc t test with Bonferroni correction; same neurons as in C). Insets: Slope of the input– output relationships between 50 pA and 150 pA current injections. *p �
0.05, two-tailed t test.
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CNS (Sano et al., 2003; Kang et al., 2004; Dobler et al., 2007; Yoo
et al., 2009). Patients carrying the frameshift mutation suffer
from migraine with aura. It will be interesting to determine
whether the mutation affects cortical spreading depression, the
substrate of aura. Likewise, more experiments are needed to in-
vestigate whether the endogenous TRESK channels regulate the
activity of cells involved in migraine pathophysiology and regu-
late the gain of the neuronal circuit underlying migraine.

In summary, our data show a dominant-negative effect of the
frameshift KCNK18 mutation on the whole-cell TRESK currents
and the plasma membrane localization of TRESK channels. Im-
portantly, the expression of mutant TRESK subunits in TG neu-
rons resulted in a decrease of the endogenous TRESK current, an
increase in Rin, and, consequently, an increase in neuronal excit-
ability. Our results suggest a possible scenario through which the
TRESK mutation increases the excitability of the trigeminal no-
ciceptive pathway, which ultimately leads to a higher susceptibil-
ity of migraine headache.
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