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Characterization of temperature-sensitive
leak K+ currents and expression of TRAAK,
TREK-1, and TREK2 channels in dorsal root
ganglion neurons of rats
Viacheslav Viatchenko-Karpinski, Jennifer Ling and Jianguo G. Gu*

Abstract

Leak K+ currents are mediated by two-pore domain K+ (K2P) channels and are involved in controlling neuronal
excitability. Of 15 members of K2P channels cloned so far, TRAAK, TREK-1, and TREK-2 are temperature sensitive. In
the present study, we show that strong immunoreactivity of TRAAK, TREK-1 and TREK-2 channels was present mainly
in small-sized dorsal root ganglion (DRG) neurons of rats. The percentages of neurons with strong immunoreactivity
of TRAAK, TREK-1 and TREK-2 channels were 27, 23, and 20%, respectively. Patch-clamp recordings were performed to
examine isolated leak K+ currents on acutely dissociated small-sized rat DRG neurons at room temperature of 22 °C,
cool temperature of 14 °C and warm temperature of 30 °C. In majority of small-sized DRG neurons recorded (76%),
large leak K+ currents were observed at 22 °C and were inhibited at 14 °C and potentiated at 30 °C, suggesting the
presence of temperature-sensitive K2P channels in these neurons. In a small population (18%) of small-sized DRG
neurons, cool temperature of 14 °C evoked a conductance which was consistent with TRPM8 channel activation in
cold-sensing DRG neurons. In these DRG neurons, leak K+ currents were very small at 22 °C and were not potentiated
at 30 °C, suggesting that few temperature-sensitive K2P channels was present in cold-sensing DRG neurons. For DRG
neurons with temperature-sensitive leak K+ currents, riluzole, norfluoxetine and prostaglandin F2α (PGE2α) inhibited the
leak K+ currents at both 30 °C and 22 °C degree, and did not have inhibitory effects at 14 °C. Collectively, the observed
temperature-sensitive leak K+ currents are consistent with the expression of temperature-sensitive K2P channels in
small-sized DRG neurons.

Keywords: Dorsal root ganglion neurons, Leak K+ currents, Two-pore domain K+ channels, Temperature sensitivity,
Pain, Cold allodynia

Introduction
K2P channel is a family of 15 members that form what
is known as “leak K+ channels” [8, 10, 18]. Leak K+ channels
are so called because they constitutively open to yield “leak
K+ currents” without noticeable voltage-gating properties in
conventional electrophysiological recording experiments.
K2P channels are present in different tissues including neu-
rons, and in neurons they are involved in setting resting
membrane potentials [8]. Of the 15 K2P subtypes, TRAAK,
TREK-1, and TREK-2 are 3 subtypes highly relevant to

sensory functions due to their high mechanical and
thermal sensitivity. These three channels are thus
termed mechanothermal K2P channels or thermal K2P
channels [8, 13, 20]. Thermal K2P channels are also highly
sensitivity to lipids including arachidonic acid [9, 16],
polyunsaturated fatty acids, and lysophospholipids [8], and
to intracellular and extracellular pH [4, 16, 21].
The expression of thermal K2P channels in somato-

sensory neurons has been studied by using RT-PCR
technique. It has been shown that mRNAs of TREK-1
channels are present in rat dorsal root ganglia (DRG)
and their levels are increased after partial bladder outlet
obstruction [27]. TREK-1 expression is also increased in
mouse DRGs following chronic constriction nerve injury
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[11]. Thermal K2P channels are found to be upregulated in
fast blue-labeled thoracolumbar and lumbosacral somata
after inflaming the prostate with intraprostate injection of
zymosan [26]. Thermal K2P channels are shown to be
expressed in the majority of DRG neurons innervating the
mouse colon. The expression of these channels becomes
decreased in mouse colon sensory neurons in colitis [17].
Functionally, thermal K2P channels have been suggested to
control both warm and cold perceptions [24] and polymo-
dal pain perceptions [2]. By examining leak K+ channel
mRNAs in DRGs, a previous study also provides evidence
suggesting that changes of these channel expression may
be involved in spontaneous pain behavior in tissue inflam-
mation [22]. Immunoreactivity of TREK-2 is found to be
selectively present in IB4-binding C-fiber nociceptors of
rats and these channels are shown to limit spontaneous
pain [1]. However, expression of TRAAK, TREK-1 and
TREK-2 proteins has not been characterized and compared
together in rats L5 DRGs. Furthermore, previous studies
on temperature sensitivity of these K2P channels are
mainly performed on cloned channels expressed in
heterologous expression system. Temperature sensitivity of
isolated leak K+ currents that are mediated by thermal K2P
channels has not been characterized in rat DRG neurons.
Pharmacologically, thermal K2P channels expressed on
heterologous expression system could be affected by com-
pounds including riluzole, norfluoxetine [6, 9, 15, 18]. How-
ever, effects of these compounds on temperature-sensitive
leak K+ currents have not been characterized in rat DRG
neurons. Thermal K2P channels may be also regulated by
ligands of G-protein coupled receptors [8]. In the present
study, we used immunochemistry method to examine
expression of TRAAK, TREK-1 and TREK-2 in neurons
of L5 dorsal root ganglions of rats. We further studied,
using acutely dissociated lumbar DRG neurons and the
patch-clamp recording technique, temperature sensitivity
of leak K+ currents and effects of riluzole, norfluoxetine
and prostaglandin F2α (PGF2α) on temperature-sensitive
leak K+ currents.

Methods
Animal care and use conformed to NIH guidelines for care
and use of experimental animals. Experimental protocols
were approved by the Institutional Animal Care and Use
Committee of the University of Alabama at Birmingham.

Immunohistochemistry
Male rats at ages of 5 to 8 weeks were anesthetized with
ketamine/xylazine (100 mg/kg:10 mg/kg, i.p.), transcardially
exsanguinated with 0.1 M phosphate buffered solution (PB),
and perfused with 4% paraformaldehyde (PFA) in 0.1 M PB
solution. DRGs at lumbar 5 (L5) levels were removed and
placed in a 30% sucrose solution for cryoprotection for two
nights. The DRGs were then mounted with a tissue freezing

medium (TFM-5, ThermoFisher Scientific, Waltham, MA
USA) on a metal tissue holder and immediately snap-frozen
by covering the DRGs with dry ice powder. The DRGs were
cut on a cryostat (Leica Biosystems, Buffalo Grove, IL, USA)
into 10-μm sections. The sections of DRGs were thaw-
mounted onto slides and allowed to air-dry for 25 min.
DRG sections were then encircled with hydrophobic resin
(PAP Pen, The Binding Site). The slide-mounted sections
were rinsed with the BupHTM Modified Dulbecco’s
Phosphate Buffered Saline (PBS, ThermoFisher Scientific,
Waltham, MA USA) 3 times, and then sequentially incu-
bated at room temperature with ethanol solutions at the
concentrations of 50% for 10 min, 70% for 10 min and
50% for 10 min. The slides were rinsed 3 times with PBS
and sections incubated with a blocking solution contain-
ing 10% normal goat serum in PBS for 30 min at room
temperature. The sections were incubated with a primary
antibody (in 5% normal goat serum in PBS) at 4 °C for 1
night. Primary antibodies include polyclonal rabbit anti-
TRAAK antibody (1:2000, APC-108, Alomone labs),
polyclonal rabbit anti-TREK-1 antibody (1:2000, APC-108,
Alomone labs), and polyclonal rabbit anti-TREK2 anti-
body (1:2000, APC-055, Alomone labs). Following 3 rinses
with PBS solution, the sections were incubated with a
secondary antibody for 1 h at room temperature. The
secondary antibody (1:1000 in 5% normal goat serum in
PBS) was a goat anti-rabbit IgG conjugated with
Alexa-594. The sections were rinsed 3 times with PBS
solution, cover-slipped with the Prolong Diamond Antifade
Mountant medium (ThermoFisher Scientific). Slices were
viewed under an upright fluorescent microscope (BX-43,
Olympus, Tokyo, Japan) and images were captured using a
CCD camera (DP80, Olympus, Tokyo, Japan).

Patch-clamp recordings
Male rats at ages of 5–8 weeks old were euthanized by
overdose of isoflurane. DRGs (L4-L6) were dissected out
and harvested from these rats. DRGs were then incubated
with dispase II (5 mg/ml) plus type I collagenase (2 mg/ml)
in 2 ml Krebs bath solution at 34 °C for 45 min. The Krebs
solution contained (in mM) 145 NaCl, 5 KCl, 2 MgCl2, 2
CaCl2, 5.5 glucose, and 10 HEPES, pH of 7.35, osmolarity
of 330 mOsM. After a rinse, DRGs were triturated to
dissociate the neurons in the Krebs bath solution, and
the dissociated DRG neurons were plated on glass coverslips
coated with poly-D-lysine (Sigma) and maintained at room
temperature in Krebs solution. Whole-cell patch-clamp
recordings were performed within 1 to 4 h after cell plating.
Patch-clamp recordings for isolated leak K+ currents were
performed under the whole-cell mode with recording
electrode internal solution contained (in mM): 70 Cs2SO4, 5
KCl, 2.4 MgCl2, 0.5 CaCl2, 5 EGTA, 10 HEPES, 5 Na2ATP,
0.33 NaGTP, pH 7.35 and osmolarity of 330 mOsm. The
bath solution for isolating leak K+ currents contained
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(in mM): 145 Choline-Cl, 5 KCl, 2 MgCl2, 20 TEA-Cl,
10 HEPES, 10 Glucose, pH 7.35 and osmolarity
330 mOsm. Cells were perfused with the bath solution
flowing at 1 ml/min in a 0.5 ml recording chamber
placed on the stage of an Olympus IX70 microscope.
Recording electrode resistance was ~ 5 MΩ. The junction
potential was 14 mV and was adjusted during data analysis.
The series resistance of each recording was below 30 MΩ
and was not compensated. Recording signals were amplified
with Axopatch 200B (Axon Instruments), filtered at 2 kHz,
and sampled at 5 kHz using pClamp 10 software (Axon

Instruments). Unless otherwise indicated, all reagents were
purchased from Sigma. To determine leak K+ currents
following voltage steps, cells were held at − 74 mV under
voltage-clamp configuration, and voltage steps were applied
from − 104 mV to 34 mV with increments of 10 mV each
step and step duration of 500 ms. To determine
temperature sensitivity of leak K+ currents, recordings
were performed at the room temperature of 22 °C, cool
temperature of 14 °C and warm temperature of 30 °C.
Pharmacology of leak K+ currents in acutely dissociated
DRG neurons were tested with compounds including
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Fig. 1 Immunoreactivity of thermal K2P channels in lumbar dorsal root ganglia of rats. a Image shows TRAAK immunoreactivity (TRAAK-ir) in a L5
DRG section from an adult rat. b Overlay histograms show size distribution of TRAAK-ir positive (red bars, n = 890 cells) and total cells (open bars,
n = 3178 cells). c Image shows TREK-1 immunoreactivity (TREK-1-ir) in a L5 DRG section from an adult rat. d Overlay histograms show size
distribution of TREK-1-ir positive (red bars, n = 574 cells) and total cells (open bars, n = 2430 cells). e Image shows TREK-2 immunoreactivity (TREK-2-ir)
in a L5 DRG section from an adult rat. f Overlay histograms show size distribution of TREK-2-ir positive (red bars, n = 630 cells) and total cells (open
bars, n = 2928 cells). g Mean diameters of cells being positive to TRAAK-ir (1st bar, n = 890 positive cells), TREK-1-ir (2nd bar, n = 574 positive cells) and
TREK-2-ir (3rd bar, n = 630 positive cells). h Percent of cells being positive of TRAAK-ir (1st bar, n = 8 sections), TREK-1-ir (2nd bar, n = 7 sections) and
TREK-2-ir (3rd bar, n = 8 sections). Data in G and H represent Mean ± SEM, ***p < 0.001
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norfluoxetine (5 μM), riluzole (100 μM) and PGE2α (1 μM).
After recordings of leak K+ currents in the absence of testing
compounds, the testing compounds were bath applied sep-
arately to the recorded cells for 10 min and recordings were
then performed in the presence of the testing compounds.

Data analysis
For the data of immunostaining on L5 DRG sections,
immunoreactivity-positive and immunoreactivity-negative
neurons in L5 DRG sections were counted and analysed
offline from the acquired fluorescent images. For electro-
physiological data, leak K+ currents were analyzed using
Clampfit 10 software. Total leak currents included both
leak K+ currents and leak currents of electrode-membrane
seals. In calculating leak K+ currents, the leak currents of
electrode-membrane seals were subtracted from total leak
currents. Input resistance was calculated based on the
steady state currents following a 10-mV voltage step from
− 74 mV to − 64 mV. Unless otherwise indicated, data are
reported as mean ± SEM, *p < 0.05, **p < 0.01, and ***p <
0.001, paired Student’s t test or one way ANOVA with
Dunnett post hoc test.

Results
We examined expression of TRAAK, TREK-1 and TREK-2
on L5 DRG neurons of rats using immunohistochemistry
method (Fig. 1). Strong TRAAK immunoreactivity (TRAA-
K-ir) was observed primarily in small-sized (< 35 μm)
L5 DRG neurons (Fig. 1a and b). Although a small
number of medium-sized L5 DRG neurons (35–45 μm)
also showed strong TRAAK-ir, most of medium- and
large-sized (> 45 μm) L5 DRG neurons showed very
weak immunoreactivity. Nevertheless, the weak TRAAK-ir
in these medium to large-sized DRG neurons appeared to
be higher than the background level (Fig. 1a). Similar to
TRAAK-ir, strong TREK-1 immunoreactivity (TREK-1-ir)
was mainly observed in small-sized L5 DRG neurons
(Fig. 1c and d). In contrast, medium- and large-sized L5
DRG neurons showed very weak immunoreactivity which
appeared to be slightly higher than the background level
(Fig. 1c). Strong TREK-2 immunoreactivity (TREK-2-ir)
was observed exclusively in small-sized L5 DRG neurons
(Fig. 1e and f). Medium- to large-sized L5 DRG neurons
were shown to be negative of TREK-2-ir. Overall, the sizes
of TRAAK-ir, TREK-1-ir and TREK-2-ir L5 DRG neurons
were 21.8 ± 0.19 (n = 890 cells), 20.3 ± 0.23 (n = 574),
and 19.7 ± 0.18 (n = 630) μm (Fig. 1g). Percentages of
TRAAK-ir, TREK-1-ir and TREK-2-ir L5 DRG were
27.2 ± 1.24% (n = 8 sections), 23.1 ± 0.52% (n = 7 sections),
and 20.1 ± 0.38% (n = 8 sections) in L5 DRG neurons,
respectively (Fig. 1h).
We performed patch-clamp recordings from small-sized

neurons acutely dissociated from L4–6 DRGs. To isolate
leak K+ currents, Cs+-based recording electrode internal

solution was used with Cs+ ion being a blocker for
voltage-gated K+ channels and also being a cation per-
meable to K2P channels. Furthermore, our bath solution
(extracellular side) contained TEA to block voltage-gated
K+ channels, and the bath solution contained no Na+ and
Ca2+ to null the currents flowing through voltage-gated
Na+ and Ca2+ channels. The ionic condition would
yield a reversal potential near − 80 mV for cations flow-
ing through K2P channels. With these ionic conditions
and under the voltage-clamp conditions, we observed
non-inactivating currents following the application of
voltage-steps to the recorded DRG neurons (Fig. 2a).

a

20
0 

pA

50 ms

b pA

-100 -50 50

-200

200

400

600

mV

mV

pA

-100 -50 50
-200

200

400

600

800

1000
c

[Cl-]in/[Cl-]out=14:1
[Cl-]in/[Cl-]out= 1:1

25-25-75

25-25-75

Fig. 2 Determination of isolated leak K+ currents in acutely dissociated
small-sized DRG neurons of rats. a Sample traces show isolated leak
currents recorded from an acutely dissociated small-sized DRG neuron
following voltage-steps from − 104 mV to 34 mV with increments of
10 mV each step. Recordings were performed at the room
temperature of 22 °C. b I-V relationship of the leak currents recorded at
22 °C from acutely dissociated small-sized DRG neurons (n = 42). c I-V
curve of leak currents recorded with ratio of intracellular and
extracellular Cl− concentrations being 14:1 (n = 9) and 1:1 (n = 8). Data
represent Mean ± SEM in (b) and (c)
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The non-inactivating currents showed outward rectifica-
tion and had reversal potentials around − 75 mV (Fig. 2a
and b), near the reversal potentials of thermal K2P
channels. Cl− conductance did not appear to significantly
contribute to the non-inactivating currents under our
recording conditions since changing ratio of extracellular
and intracellular Cl− concentrations did not have sig-
nificant effects on the reversal potentials of the non-in-
activating currents (Fig. 2c). These results indicating
that the non-inactivating currents recorded under our
experimental conditions were isolated leak K+ currents
in DRG neurons.

We examined effects of temperatures on isolated leak
K+ currents in small-sized L5 DRG neurons. Two general
types of cells were encountered based on their temperature
sensitivity in these small-sized L5 DRG neurons. In the first
type of cells, large leak K+ currents were recorded at room
temperature of 22 °C, and the leak K+ currents were
strongly inhibited at cool temperature of 14 °C and potenti-
ated at warm temperature of 30 °C (Fig. 3a and b). Of 42
cells tested, ~ 76% of them (32 out of 42 cells) displayed the
temperature-sensitive leak K+ currents (Fig. 3b, n = 32).
Consistent with temperature sensitivity of the leak K+

currents, input resistance of these cells showed significant
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Fig. 3 Temperature sensitivity of isolated leak K+ currents in acutely dissociated small-sized DRG neurons of rats. a Sample traces of isolated leak
K+ currents recorded from an acutely dissociated small-sized DRG neuron at room temperature of 22 °C (top), cool temperature of 14 °C (middle),
and warm temperature of 30 °C (bottom). The leak currents were recorded at the voltage step from − 74 mV to 34 mV. b I-V curves of the
temperature sensitive leak K+ currents illustrated in (a) (n = 32). c Sample traces of leak K+ currents recorded from an acutely dissociated small-sized
DRG neurons at room temperature of 22 °C (top) and warm temperature of 30 °C (Bottom). Cool temperature of 14 °C evoked a conductance (Middle)
which was consistent with TRPM8 activation. Currents were recorded at the voltage step from − 74 mV to 34 mV. d I-V curves of leak K+ currents at
22 °C and 30 °C as well as conductance at 14 °C illustrated in (c) (n = 10). Data represent Mean ± SEM in (b) and (d)

Table 1 Temperature sensitivity of input resistances in acutely dissociated small-sized DRG neurons that display temperature-
sensitive leak K+ currents

Membrane capacitance (pF) at 22 °C Input resistance (GΩ)

T = 14 °C T = 22 °C (control) T = 30 °C

Type 1 (n = 32) 22.93 ± 1.47 2.85 ± 0.41* 1.99 ± 0.34 1.42 ± 0.3p = 0.08

Type 2 (n = 10) 10.88 ± 1.67# 3.24 ± 0.7ns 2.93 ± 0.74 2.48 ± 0.72ns

Data represent Mean ± SEM, *p < 0.05, ns not significantly different, comparing with the values at 22 °C; #p < 0.05, comparing between type 1 and type 2 cells
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increases at cool temperature of 14 °C (n = 32, p < 0.001)
and a strong tendency of decreases at warm temperature
of 30 °C (n = 32, p = 0.08) when comparisons were made
with those at 22 °C (Table 1). In the second types of cells,
leak K+ currents were very small at room temperature of
22 °C and were not increased by warm temperature of
30 °C (Fig. 3c and d, n = 10). However, cool temperature
of 14 °C evoked a conductance that could be only ex-
plained by the activation of the cold-sensing TRPM8
channels (Fig. 3c and d). These cells were also found to
have significantly smaller membrane capacitance in
comparison with the first type of cells (Table 1). Cool
temperature of 14 °C and warm temperature of 30 °C
had no significant effects on input resistance in these
cells (Table 1). Therefore, few temperature-sensitive
leak K+ current was present in these cold-sensing DRG
neurons.
For the first type of cells with temperature-sensitive

leak K+ currents, we determined effects of riluzole,
norfluoxetine and PGE2α on leak K+ currents at cool
temperature of 14 °C, room temperature of 22 °C, and
warm temperature of 30 °C. At 14 °C, leak K+ currents
were already suppressed by the cool temperature and
there was no further significant effect by riluzole (100 μM)
on leak K+ currents (Fig. 4a, d, e). However, at 22 °C and
30 °C, leak K+ currents were larger and riluzole signifi-
cantly inhibited the leak K+ currents at both temperatures

(Fig. 4b-e). Similar to riluzole, norfluoxetine (5 μM) also
significantly inhibited leak K+ currents at the temperatures
of 22 °C and 30 °C but had no significant effects at 14 °C
(Fig. 5a and b). Of 11 cells tested with PGF2α (1 μM), leak
K+ currents in 8 cells were significantly inhibited by
PGF2α at 22 °C and 30 °C but not affected by PGF2α at
14 °C (Fig. 5c and d), and the leak K+ currents in
remaining 3 cells were not affected by PGF2α at any
temperatures.

Discussion
A previous study suggested that TREK-2 channel is a
major leak K+ channels in DRG neurons [14]. A more
recent study shows that TREK-2 channels are expressed
selectively in IB4-binding C-fiber nociceptors [1]. In the
present study we show that strong immunoreactivity to
TRAAK and TREK-1 is present in many small-sized
DRG neurons and in a small number of medium-sized
DRG neurons. Most medium- to large-sized DRG neurons
appeared to have weak immunoreactivity to TRAAK and
TREK-1. In contrast, immunoreactivity to TREK-2 is
exclusively present in small-sized DRG neurons, and
medium- to large-sized DRG neurons are lack of
immunoreactivity to TREK-2. When cells with strong
immunoreactivity are counted, it appears that TRAAK,
TREK-1 and TREK-2 channels are expressed primarily
in small-sized L5 DRG neurons of rats. However, the
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possible expression of TRAAK and TREK-1 in many
medium- to large-sized DRG neurons cannot be excluded
because of their weak immunoreactivity on these cells.
Our result of TREK-2 expression in small-sized L5 DRG is
consistent with TREK-2 expression in C-fiber nociceptors
shown in the previous study [1]. We further show that the
order of expression abundance is TRAAK>TREK-1 >
TREK-2 in L5 DRG neurons. The expression of TRAAK,
TREK1 and TREK-2 in small-sized DRG neurons raises a
high possibility that they may be co-expressed in the same
neurons to mediate leak K+ currents.
We performed patch-clamp recordings of isolated leak

K+ currents on small-sized DRG neurons acutely dissociated
from adult rats. To our knowledge this is the first study of
isolated temperature-sensitive leak K+ currents on somato-
sensory neurons. Our results of temperature-sensitive leak
K+ currents are consistent with the expression of TRAAK,
TREK-1 and TREK-2 channels in many small-sized L5 DRG
neurons shown by our immunohistochemistry method. We
show that leak K+ currents in majority of small-sized DRG
neurons were decreased by cool temperature of 14 °C and
increased by warm temperature of 30 °C. This suggests a

significant contribution of temperature-sensitive K2P chan-
nels in membrane leak conductance in these sensory neu-
rons. We have previously shown that cool temperatures
significantly decrease action potential rheobase and increase
the excitability of nociceptive-like somatosensory neurons,
and the excitatory effects were accompanied by a significant
increase of membrane input resistance [12]. The excitability
changes at cool temperatures shown in our previous
study may be explained by the effects of cool temperatures
on temperature-sensitive K2P channels demonstrated in
the present study.
In a small population of small-sized DRG neurons cool

temperature of 14 °C evoked a conductance that was
consistent with TRPM8 channel activation [23, 25].
Since TRPM8 is a non-selective cation channel, its acti-
vation should mainly produce outward currents under
the ionic conditions of our recordings. Interestingly, we
found that leak K+ currents were very small and not
temperature sensitive in these cold-sensing neurons. Our
results suggest that few thermal sensitive K2P channel is
expressed in cold-sensing TRPM8-expressing DRG neu-
rons. This would further suggest that temperature-sensitive
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Fig. 5 Effects of norfluoxetine and PGF2α on isolated leak K+ currents at different temperatures in acutely dissociated small-sized DRG neurons of
rats. a Summary data of the amplitudes of isolated leak K+ currents at 14 °C, 22 °C and 30 °C in the absence (control, open bars) and present of
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K2P channels have minimal role in controlling the excitabil-
ity of cold-sensing TRPM8-expressing DRG neurons.
For temperature-sensitive leak K+ currents in small-sized

DRG neurons, we show that riluzole, norfluoxetine and
PGF2α significantly inhibited leak K+ currents at 22 °C and
30 °C. However, the leak K+ currents recorded at 14 °C
were not further inhibited in these cells by the three com-
pounds. These results may suggest that cold temperatures
of 14 °C maximally inhibited the thermal K2P channels.
Therefore, the inhibitory effects of the cool temperature
occluded the inhibitory effects of these compounds. In
heterologous expression system, riluzole produces phasic
potentiation followed by inhibition of TREK-1 and
TREK-2 channels, and it also produces tonic potentiation
of TRAAK channels; norfluoxetine inhibits both TREK-1
and TREK2 channels [7, 18]. Effects of PGF2α on leak
K+ channels have not been reported previously but its
derivative 11-deoxy-PGF2α has been shown to inhibit
TREK-1 and activate TREK-2 channel [5]. We show
that all three compounds produced inhibitory effects
on temperature-sensitive leak K+ currents. This may sug-
gest that temperature-sensitive leak K+ currents in these
cells are mediated by two or more temperature-sensitive
K2P channels. For example, TRAAK channels may be usu-
ally co-expressed with TREK-1 and/or TREK-2 channels
so that riluzole displayed a net effect of inhibition on
temperature-sensitive leak K+ currents. Another possibility
is that temperature-sensitive K2P channels in these neu-
rons may be formed as heteromeric channels by TRAAK,
TREK-1, and/or TREK-2 [3]. These heteromeric channels
are shown to be functional in heterologous expression sys-
tem but their pharmacological profiles have not been well
characterized. The contribution of each subtype of these
channels to the temperature sensitive leak K+ currents
in DRG neurons will rely on subtype selective blockers
in future studies.
Thermal K2P channels have been suggested to be in-

volved in controlling nociceptive neuron excitability
and may be therapeutic targets for treating pathological
pain [2]. Thermal K2P channel expression can be
downregulated following inflammation, which may be
an underlying mechanism of enhanced neuronal excitability
[17]. Functions of thermal K2P channels may be downregu-
lated by G-protein coupled signaling molecules [8], and
the inhibitory effects on temperature-sensitive leak K+

currents by PGF2α are consistent with this regulatory
mechanism. Functional downregulation of leak K+

channels in nociceptive neurons may sensitize nociceptors
to induce pathological pain. On the other hand, K2P
channel activators may decrease nociceptors’ excitabil-
ity and may be used to alleviate pathological pain.
Efforts have been put recently to synthesize selective
K2P channel activators for potential therapeutic uses
for pain management [5, 19].

Abbreviations
DRG: Dorsal root ganglion; K2P: Two-pore domain K+ channels;
PBS: Phosphate Buffered Saline; PGF2α: Prostaglandin F2α

Acknowledgments
We thank the members of the Laboratory for discussions.

Funding
This study was supported by NIH grants DE018661 and DE023090 to J.G.G.

Availability of data and materials
The datasets generated and/or analyzed during the current study are
available from the corresponding author upon reasonable request.

Authors’ contributions
JGG conceived and designed the experiments and wrote the paper. VV
performed electrophysiology experiments and JL performed immunostaining
experiments. All authors read and approved the final manuscript.

Ethics approval
This study does not involve human participants, human data or human
tissues. Animal care and use conformed to NIH guidelines for care and use
of experimental animals. Experimental protocols were approved by the
Institutional Animal Care and Use Committee of the University of Alabama at
Birmingham.

Consent for publication
The manuscript does not contain any individual person’s data in any form.

Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Received: 1 June 2018 Accepted: 27 June 2018

References
1. Acosta C, Djouhri L, Watkins R, Berry C, Bromage K, Lawson SN. TREK2

expressed selectively in IB4-binding C-fiber nociceptors hyperpolarizes their
membrane potentials and limits spontaneous pain. J Neurosci. 2014;34:
1494–509.

2. Alloui A, Zimmermann K, Mamet J, Duprat F, Noel J, Chemin J, Guy N,
Blondeau N, Voilley N, Rubat-Coudert C, Borsotto M, Romey G, Heurteaux C,
Reeh P, Eschalier A, Lazdunski M. TREK-1, a K+ channel involved in
polymodal pain perception. EMBO J. 2006;25:2368–76.

3. Blin S, Ben Soussia I, Kim EJ, Brau F, Kang D, Lesage F, Bichet D. Mixing and
matching TREK/TRAAK subunits generate heterodimeric K2P channels with
unique properties. Proc Natl Acad Sci U S A. 2016;113:4200–5.

4. Cohen A, Ben-Abu Y, Hen S, Zilberberg N. A novel mechanism for human
K2P2.1 channel gating. Facilitation of C-type gating by protonation of
extracellular histidine residues. J Biol Chem. 2008;283:19448–55.

5. Dadi PK, Vierra NC, Days E, Dickerson MT, Vinson PN, Weaver CD, Jacobson
DA. Selective small molecule activators of TREK-2 channels stimulate dorsal
root ganglion c-fiber Nociceptor two-pore-domain potassium channel
currents and limit calcium influx. ACS Chem Neurosci. 2017;8:558–68.

6. Dong YY, Pike AC, Mackenzie A, McClenaghan C, Aryal P, Dong L, Quigley A,
Grieben M, Goubin S, Mukhopadhyay S, Ruda GF, Clausen MV, Cao L,
Brennan PE, Burgess-Brown NA, Sansom MS, Tucker SJ, Carpenter EP. K2P
channel gating mechanisms revealed by structures of TREK-2 and a
complex with Prozac. Science. 2015;347:1256–9.

7. Duprat F, Lesage F, Patel AJ, Fink M, Romey G, Lazdunski M. The
neuroprotective agent riluzole activates the two P domain K(+) channels
TREK-1 and TRAAK. Mol Pharmacol. 2000;57:906–12.

8. Enyedi P, Czirjak G. Molecular background of leak K+ currents: two-pore
domain potassium channels. Physiol Rev. 2010;90:559–605.

9. Fink M, Lesage F, Duprat F, Heurteaux C, Reyes R, Fosset M, Lazdunski M. A
neuronal two P domain K+ channel stimulated by arachidonic acid and
polyunsaturated fatty acids. EMBO J. 1998;17:3297–308.

Viatchenko-Karpinski et al. Molecular Brain  (2018) 11:40 Page 8 of 9



10. Goldstein SA, Bayliss DA, Kim D, Lesage F, Plant LD, Rajan S. International
Union of Pharmacology. LV. Nomenclature and molecular relationships of
two-P potassium channels. Pharmacol Rev. 2005;57:527–40.

11. Han HJ, Lee SW, Kim GT, Kim EJ, Kwon B, Kang D, Kim HJ, Seo KS. Enhanced
expression of TREK-1 is related with chronic constriction injury of
neuropathic pain mouse model in dorsal root ganglion. Biomol Ther
(Seoul). 2016;24:252–9.

12. Kanda H, Gu JG. Effects of cold temperatures on the excitability of rat
trigeminal ganglion neurons that are not for cold sensing. J Neurochem.
2017;141:532–43.

13. Kang D, Choe C, Kim D. Thermosensitivity of the two-pore domain K+
channels TREK-2 and TRAAK. J Physiol. 2005;564:103–16.

14. Kang D, Kim D. TREK-2 (K2P10.1) and TRESK (K2P18.1) are major background
K+ channels in dorsal root ganglion neurons. Am J Physiol Cell Physiol.
2006;291:C138–46.

15. Kennard LE, Chumbley JR, Ranatunga KM, Armstrong SJ, Veale EL, Mathie A.
Inhibition of the human two-pore domain potassium channel, TREK-1, by
fluoxetine and its metabolite norfluoxetine. Br J Pharmacol. 2005;144:821–9.

16. Kim Y, Bang H, Gnatenco C, Kim D. Synergistic interaction and the role of C-
terminus in the activation of TRAAK K+ channels by pressure, free fatty
acids and alkali. Pflugers Arch. 2001;442:64–72.

17. La JH, Gebhart GF. Colitis decreases mechanosensitive K2P channel
expression and function in mouse colon sensory neurons. Am J Physiol
Gastrointest Liver Physiol. 2011;301:G165–74.

18. Lotshaw DP. Biophysical, pharmacological, and functional characteristics of
cloned and native mammalian two-pore domain K+ channels. Cell Biochem
Biophys. 2007;47:209–56.

19. Loucif AJC, Saintot PP, Liu J, Antonio BM, Zellmer SG, Yoger K, Veale EL,
Wilbrey A, Omoto K, Cao L, Gutteridge A, Castle NA, Stevens EB, Mathie A.
GI-530159, a novel, selective, mechanosensitive two-pore-domain potassium
(K2P ) channel opener, reduces rat dorsal root ganglion neuron excitability.
Br J Pharmacol. 2018;175:2272-83.

20. Maingret F, Lauritzen I, Patel AJ, Heurteaux C, Reyes R, Lesage F, Lazdunski
M, Honore E. TREK-1 is a heat-activated background K(+) channel. EMBO J.
2000;19:2483–91.

21. Maingret F, Patel AJ, Lesage F, Lazdunski M, Honore E. Mechano- or acid
stimulation, two interactive modes of activation of the TREK-1 potassium
channel. J Biol Chem. 1999;274:26691–6.

22. Marsh B, Acosta C, Djouhri L, Lawson SN. Leak K(+) channel mRNAs in
dorsal root ganglia: relation to inflammation and spontaneous pain
behaviour. Mol Cell Neurosci. 2012;49:375–86.

23. McKemy DD, Neuhausser WM, Julius D. Identification of a cold receptor
reveals a general role for TRP channels in thermosensation. Nature. 2002;
416:52–8.

24. Noel J, Zimmermann K, Busserolles J, Deval E, Alloui A, Diochot S, Guy N,
Borsotto M, Reeh P, Eschalier A, Lazdunski M. The mechano-activated K+
channels TRAAK and TREK-1 control both warm and cold perception. EMBO
J. 2009;28:1308–18.

25. Peier AM, Moqrich A, Hergarden AC, Reeve AJ, Andersson DA, Story GM,
Earley TJ, Dragoni I, McIntyre P, Bevan S, Patapoutian A. A TRP channel that
senses cold stimuli and menthol. Cell. 2002;108:705–15.

26. Schwartz ES, Xie A, La JH, Gebhart GF. Nociceptive and inflammatory
mediator upregulation in a mouse model of chronic prostatitis. Pain. 2015;
156:1537–44.

27. Zhang J, Cao M, Chen Y, Wan Z, Wang H, Lin H, Liang W, Liang Y. Increased
expression of TREK-1 K+ channel in the dorsal root ganglion of rats with
detrusor Overactivity after partial bladder outlet obstruction. Med Sci Monit.
2018;24:1064–71.

Viatchenko-Karpinski et al. Molecular Brain  (2018) 11:40 Page 9 of 9


	Abstract
	Introduction
	Methods
	Immunohistochemistry
	Patch-clamp recordings
	Data analysis

	Results
	Discussion
	Abbreviations
	Acknowledgments
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval
	Consent for publication
	Competing interests
	Publisher’s Note
	References

