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INTRODUCTION

ABSTRACT Myometrial relaxation of mouse via expression of two-pore domain acid
sensitive (TASK) channels was studied. In our previous report, we suggested that
two-pore domain acid-sensing K" channels (TASK-2) might be one of the candidates
for the regulation of uterine circular smooth muscles in mice. In this study, we tried
to show the mechanisms of relaxation via TASK-2 channels in marine myometrium.
Isometric contraction measurements and patch clamp technique were used to verify
TASK conductance in murine myometrium. Western blot and immunehistochemical
study under confocal microscopy were used to investigate molecular identity of TASK
channel. In this study, we showed that TEA and 4-AP insensitive non-inactivating
outward K* current (NIOK) may be responsible for the quiescence of murine
pregnant longitudinal myometrium. The characteristics of NIOK coincided with two-
pore domain acid-sensing K* channels (TASK-2). NIOK in the presence of K* channel
blockers was inhibited further by TASK inhibitors such as quinidine, bupivacaine,
lidocaine, and extracellular acidosis. Furthermore, oxytocin and estrogen inhibited
NIOK in pregnant myometrium. When compared to non-pregnant myometrium,
pregnant myometrium showed stronger inhibition of NIOK by quinidine and
increased immunohistochemical expression of TASK-2. Finally, TASK-2 inhibitors
induced strong myometrial contraction even in the presence of L-methionine, a
known inhibitor of stretch-activated channels in the longitudinal myometrium of
mouse. Activation of TASK-2 channels seems to play an essential role for relaxing
uterus during pregnancy and it might be one of the alternatives for preventing
preterm delivery.

increase of cell-to-cell communications via high expression of
gap junction proteins [3]. Generally, these processes are known to

Myometrial contraction is regulated by many factors such
as protein kinases and changes in ionic conductance [1,2].
Myometrial contraction occurs throughout pregnancy. However,
its effectiveness is highly increased at term especially by the

be responsible for coordinated contractility during labor. In fact,
myometrial contractility is controlled by many hormones with
complicated mechanisms [4]. Normal labor at term associated
with the development of maternal acidemia [5,6] might be due
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to ischemia [7], which is responsible for the occlusion of blood
vessels by strong uterine contractions [8], complicating hormonal
effects during pregnancy. Quiescency during pregnancy and
organized strong contractions at labor are attributed to increased
progesterone [9] and estrogen, respectively [10,11].

Potassium channels are ubiquitous in the cellular membranes
of mammals. K" conductance is involved in the maintenance of
cell properties such as membrane excitability and cell growth.
Usually, negative potentials are produced by the activation of K'
channels that oppose membrane excitability [12-15]. There are
many types of K channels in smooth muscles such as Ca*'- and
voltage-activated K', and ATP-sensitive K channels (K, Ky,
and K,;;) which play an important role in regulating the resting
membrane potential (RMP) and its excitability [12,15-17]. Among
the many types of K' channels, the two-pore domain K* (K,p)
channel was identified most recently [18-20].

K,, channels can be divided into six subfamilies [20]. One
of them, TASK (TWIK (two-pore domain weak inwardly
rectifying K' channel)-related acid-sensing K channels) channels
have been identified in both electrically excitable and non-
excitable tissues [20,21]. TASK-1 and 2 channels can be inhibited
pharmacologically by several inhibitors [20], and they are very
sensitive to changes in extracellular pH [22]. Since myometrium
tissue is specifically adapted to stretches, TREK-1 channels
activated by membrane stretch are also known to be important in
the regulation of myometrial contractility [20,22].

In our recent study, we reported that the TASK-2 channel
might be one of the candidates for the regulation of uterine
circular smooth muscles in mice. TASK-2 inhibitors including
extracellular acidosis produced contraction in circular
muscle of murine uterus. In addition, contractility and
immunohistochemical expression of TASK-2 was significantly
increased in pregnant uterus. In this study, we showed that non-
inactivating outward K current (NIOK) might be responsible for
the quiescence of murine pregnant longitudinal myometrium via
the activation of TASK-2 channels.

METHODS
Tissue preparation

Female non-pregnant ICR (10~12 weeks old) and pregnant ICR
mice (19 days) were anaesthetized with isoflurane and sacrificed
by cervical dislocation. All experiments were performed in
accordance with the guidelines for animal care and use approved
by Chungbuk National University. The uteri were cut open from
the neck to the end of the uterine horns. Tissues were rinsed in
Krebs-Ringer bicarbonate (KRB) solution and then pinned down
on a Sylgard plate to maintain their original shape and length.
Connective tissue from the uteri was removed and the muscle
layers were isolated from the endometrium. For the measurement
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of mechanical contractions, strips (0.2x1 cm) of longitudinal
muscle were mounted in an organ bath (25 ml) of an isometric
contractile measuring system. In this system, one end of the
tissue was tied tightly to a fixed holder and the other side was
linked by a hook type holder to a force transducer (Harvard
Apparatus, Holliston, MA, USA). The force transducer was
connected to a PowerLab-Data Acquisition System and Charter
v5.5 software (ADInstruments, Boulder, CO, USA) with an
IBM compatible computer to measure isometric contractions.
To rule out nerve-mediated responses, a nerve blocker cocktail
(0.4 uM tetrodotoxin (TTX), 1 uM guanethidine, and 1 pM
atropine (ATR)) was applied 10 minutes before application of the
stimulators (and/or agonists). Each strip was stretched gradually
for 1.5~2 hr to achieve resting tension, and then the contractile
response was tested by applying a high K' (50 mM) solution to the
strip, which was repeated three or four times until the responses
reached a maximum level.

Preparation of isolated single cells

Longitudinal muscle from mice was dissected in Ca*'-free
physiological salt solution (Ca*-free PSS and chopped into small
segments (1x2 mm). These segments were incubated in Ca**-free
PSS for 30 min at 4°C. Then, they were incubated in 0.1% papain
solution for 15 min and then for 15~25 min again at 35°C in a
digestion medium containing 0.1% collagenase (Wako, Osaka,
Japan), 0.05% dithioerythreitol, 0.1% trypsin inhibitor, and 0.2%
bovine serum albumin. After digestion, the supernatant was
discarded, and the softened muscle segments were transferred to
Ca™ -free PSS for 30 min at 4°C. Single cells were then dispersed
by gentle agitation using a wide-bore glass pipette. Isolated
myometrial cells were maintained in Ca*'-free PSS at 4°C until
use. All experiments were carried out within 4 hr of harvesting
the cells and ere performed at room temperature.

Voltage-clamp patch experiments

Isolated single cells were transferred to a small chamber on
the stage of an inverted microscope (IX-70 or IX-71, Olympus,
Japan). The chamber was perfused with PSS (2~3 ml/min). Glass
pipettes with a resistance of 2~5 M(Q) were used to make a giga
seal of 5~10 GQ, by using standard patch clamp techniques [23].
Step depolarizing voltages in 20 mV increments were applied
from -100 mV to 80 mV for 450 msec in every 10 sec (V,=-80
mV). Ramp-depolarizing pulse from -120 mV to +80 mV
was also applied for 1900 msec in every 12 sec (V;=-80 mV).
Reversal potential (E,.,) of the outward current was evaluated
using protocols to determine the reversal of instantaneous tail
currents. Membrane currents were elicited in cells by a double-
pulse protocol in which membrane potential was depolarized
from -80 mV to 0 or 10 mV for 5~7 ms and then stepped to
potentials ranging from -30 to +60 mV. Membrane currents
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were measured after capacitance transients relaxed. Using these
protocols, outward current and instantaneous tail currents of
murine myometrial cells was recorded and analyzed. Membrane
currents were amplified with a 200B patch-clamp amplifier
(Axon Instruments, Calif.,, USA), and the data were digitized with
Digidata 1220 or Digidata 1322 and stored directly and digitized
on-line using pClamp software (version 5.5.1 or 9.2). Data were
displayed on a digital oscilloscope, pen recorder (Harvard
Universal Oscillograph, USA; Gould, Cleveland, Ohio, USA)
and a computer monitor, and were analyzed using pClamp 6.0
(pClamp 9.2) and Origin software 8.

Immunohistochemical labeling of TASK-2 channels

We used immunoreactivity to visualize cells expressing TASK-
2. Single cells from non-pregnant and pregnant tissues were
also labeled with the same antibody [23]. For detecting TASK-
2 immunoreactivity, cells were incubated for an hour in PSS
containing monoclonal antibodies raised against the TASK-
2 (diluted 1:200, SantaCruze, Dallas, Texas, U.S.A.). Cells were
centrifused (800 rpm, 2 min) and the suspended solution was
washed 5 times with PSS. The cells were incubated for an hour
in anti-rat IgG antibody solution labeled with a fluorescent
marker (goat anti-rat IgG Texas Red, 1:500, Molecular probes,
USA). Negative controls were prepared by omitting the primary
antibodies or by replacing them with non-immune serum in
order to check the specificity of the immunostaining. The tissues
and cells labeled with antibodies were examined with a Leica
Type TCS SP2 AOBS confocal microscope (Leica Microsystems,
Heidelberg GmbH, Germany) under Leica inverted microscope
(Leica DMIRE2, Leica, Germany). Optical lens of dry type of
40.0x and NA (0.75) was used (Leica Microsystems, Germany).
Confocal microscope captured images with an excitation
wave length appropriate for Texas Red (488 nm). Final images
were constructed with Leica Confocal Software Ver. 3.0 (Leica
Microsystem).

Western blot

Tissues were fresh-frozen in liquid nitrogen until all time point
samples were collected, and were homogenized in homogenation
buffer containing 0.01% (v/v) protease inhibitor cocktail (Sigma
Chemical Co., St. Louis, MI, U.S.A.). Proteins were measured
by a Bradford protein assay (Bio-Rad Laboratories, Richmond,
CA) using BSA as the standard. Equal amounts (20~40 pg) of
soluble proteins were separated using 8% sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) at 100 V for 90
min and transferred to a PVDF membrane at 0.25A for 2 hrin a
Mini Trans Blot Cell (Bio-Rad, Hercules, CA) at 4°C. The PVDF
membranes were blocked with 5% skim-milk in TBS buffer
solution (25 mM Tris-HCI (pH7.4) and 150 mM NaCl) overnight
at 4°C with gentle shaking, followed by incubation with TASK-1, 2,
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and 3 (SantaCruze, Dallas, Texa, U.S.A., 1:500) antibodies diluted
in TBS buffer containing 1% skim-milk at room temperature
for another 1 hr. After 3 washes with TBS buffer containing
0.1% Tween-20 (TBST), the membranes were incubated with
horseradish peroxidase-conjugated secondary antibody (1:5000)
diluted in TBS containing 1% skim-milk at room temperature
for 1 hr, followed by 3 washes with TBST. Na'/K'-ATPase o
(SantaCruze, Dallas, Texa, U.S.A., 1:20000) and Goat anti-Mouse
IgG (FC) secondary antibody (Thermo Scientific, 1:20000) were
also used. To detect the reaction, membranes were further treated
with ECL(ELPIS) reagent for 1 min and subsequently imaged
using an Lass 3000 (FUJIFILM).

Solution and drugs

Ca™ PSS contained the followings (in mM): NaCl 140, KCI 4.5,
CaCl, 2, MgCl, 1, glucose 10, and HEPES (N-[2-hydroxyethyl]
piperazine-N'-[2-ethanesulphonic acid]) 10, and its pH was
adjusted to 7.4 with NaOH. Equimolar concentrations of
external Na' were replaced with K' to make high K' solution.
Ca® was simply omitted from Ca®* PSS for Ca**-free PSS
solution. For whole-cell path clamp technique, the pipette
solution containing (in mM) 140 KCl, 5 MgCl,, 0.1 Na,GTP, 2.5
creatine phosphate (disodium salt), 5 HEPES and 11 EGTA was
used adjusted to pH 7.2 by Tris. Phosphate-added cold Tyrode’s
solution contained (in mM) NaCl 145, KCI 5, MgCl, 2, CaCl,
2, glucose 10, NaH,PO, 0.42, Na,HPO, 1.81, and HEPES 10,
adjusted to pH 7.4. KRB solution (CO,/bicarbonate-buffered
Tyrode) contained (in mM) NaCl 122, KCl 4.7, MgCl, 1, CaCl, 2,
NaHCO; 15, KH,PO, 0.93, and glucose 11 (pH 7.3~7.4, bubbled
with 5% CO,/95% O,). The membrane impermeable pH buffer,
2-N-morpholinoethanesulphonic acid (MES, Sigma Chem Co., St
Louis, MO, USA) was used to adjust the KRB solution to pH 6.4
when necessary. Equimolar concentrations of external Na' were
replaced by K' for 50 mM K" solution. The external solution was
changed to the next solution already pre-incubated (bubbled with
5% CO,/95% O,, 36°C) in water bath before application. All drugs
used in this study were purchased from Sigma.

Statistics

Data were expressed as means+standard errors of the mean
(means+SEM). The Student’s t-test (paired and unpaired) was
used wherever appropriate to evaluate differences in data.
Wilcoxon rank-sum test and Mann-Whitney test was also used in
molecular experiments. p values less than 0.05 were regarded as
statistically significant.

Korean J Physiol Pharmacol 2016;20(5):547-556



550

Kyeong KS et al

RESULTS

Characterization of the isometric contractions of
murine uterus longitudinal muscle

OXT treatment produced tonic contractions superimposed
with phasic contractions. Initial peak contractions induced by
OXT were 1.5+0.18 g (non-pregnant, n=48, 38) and 2.1+0.20
g (pregnant, n=32, 38), respectively. Tonic contractions were
0.5+0.07 g (non-pregnant, n=48, 46) and 2.0+0.20 g (pregnant,
n=32, 38) (Fig. 1A). Tonic contractions induced by OXT were
significantly different in non-pregnant and pregnant myometrial
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Oxytocin 10 nM Oxytocin 10 nM

B Phas\ccont
NP [ 059
L 2m|n
Quinidine 10 ul uM w 20HM M 30 uM
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\_ - 3 min
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20 uM
Quinidine 10 uM 30 uM

Fig. 1. Effect of quinidine on the isometric contraction of uterine
longitudinal muscle in mice. (A) Oxytocin (OXT) produced initial and
tonic contractions; however, tonic contractions were not sustained in
non-pregnant myometrium (NP, non-pregnant; TP, term-pregnant).
(B) Quinidine (10, 20, and 30 puM) produced concentration-dependent
phasic contractions. Tonic contractions were also produced at high
concentrations of quinidine in pregnant myometrium. (C) Quinidine was
applied to myometrium in the presence of TEA (10 mM). TEA (10 mM)
produced strong phasic contractions in non-pregnant myometrium
(1.2+0.15 g) but not in pregnant myometrium. Quinidine (10~30
uM), even in the presence of TEA, increased contraction frequency in
non-pregnant myometrium and produced stronger contractions in
pregnant myometrium.
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tissues.

Effect of quinidine on isometric contraction of murine
uterus longitudinal muscle

The effect of quinidine, an inhibitor of the K,, channel, on
myometrium was studied in uterine longitudinal muscle. As
shown in Fig. 1B, quinidine (10, 20, and 30 uM) provoked
contractions and increased their frequencies in a concentration-
dependent manner in pregnant and non-pregnant myometrial
preparations (Fig. 1B, 1C). At high concentrations, quinidine-
induced contractions began to merge with tonic contractions,
and this tendency was stronger in pregnant myometrium. At a
concentration of 50 pM, quinidine significantly increased the
magnitude of tonic contractions (0.15+0.05 g, non-pregnant;
0.4£0.09 g, pregnant; data not shown).

We also examined the effect of quinidine on myometrial
contractility in the presence of tetraethylammonium (TEA)
and 4-aminopyridine (4-AP), which are known inhibitors of
Kc, and K, channels, respectively. As shown in Fig. 1C, TEA
(10 mM) produced strong phasic contractions in non-pregnant
myometrium (1.2+0.15 g) but did not produce contractions
in pregnant tissue. The magnitude of quinidine-induced
contractions was compared in the presence of 10 mM TEA.
Quinidine (10, 20, and 30 uM) produced much larger phasic
contractions in pregnant tissue than in non-pregnant tissue
(0.9+0.16, 0.8+0.13, 0.2+0.05 g, non-pregnant; 1.5+0.23, 1.6+0.27,
1.1+0.18 g, pregnant; Fig. 1C). Quinidine elicited contractions in
the presence of nerve blockers (see Methods) (data not shown).
Thus, these contractions were not mediated by neurotransmitters.

Regulation of murine pregnant longitudinal
myometrial contractility by TASK-2 channel inhibitors

Because quinidine is a potent inhibitor of two-pore domain
channels (TASK; IC;,=22 pM for TASK-2 of expressed cell) [24],
we also studied the effects of other TASK channel inhibitors
such as lidocaine (1 mM), bupivacaine (100 nM), and [pH],=6.4
All of these TASK channel inhibitors increased contractility in
pregnant longitudinal myometrium (Fig. 2) [21]. To rule out the
involvement of other K channels, TEA (10 mM) and 4-AP (5
mM) was also used. TASK channels in pregnant myometrium
were inhibited with bupivacaine and [pH],=6.4 in the presence
of TEA (10 mM) and 4-AP (5 mM). As shown in Fig. 2A and 2D,
[pH],=6.4 and bupivacaine provoked contractions in the presence
of TEA and 4-AP. [pH],=6.4 and bupivacaine also provoked
contractions in the presence of nerve blockers as well as TEA and
4-AP (Fig. 2B and 2D).

The increased expression and activation of stretch-dependent
K,, channels (TREK-1) has been reported in pregnant
myometrium [18,25,26]. Therefore, to rule out the involvement
of TREK-1, we studied the effect of TASK-2 in the presence of
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L-methionine, a TREK-1 inhibitor, on pregnant longitudinal
myometrial contractility (Fig. 2C and 2E). L-methionine (1 mM)
produced transient contraction (0.8+0.20 g, n=11), which decayed
to a low level (0.2+0.12 g, n=11) within 10~15 min (Fig. 2C and
2E). Further robust contractions were produced in the presence of
L-methionine, bupivacaine, lidocaine, and quinidine. Bupivacaine
(100 and 500 nM) and lidocaine (1 mM) produced contractions
of 1.2£0.21 g (n=8), 1.24£0.25 g (n=10), and 1.1£0.24 g (n=10),
respectively. Quinidine (20 uM) produced phasic contractions
of 1.240.34 g (n=9), and 50 uM produced phasic contractions
(0.9+0.19 g, n=10) superimposed on tonic contractions (0.5£0.15
g, n=9) (Fig. 2E). Among these inhibitors, quinidine produced
tonic contractions in pregnant myometrium. The observation
that TASK-2 inhibitors produced strong contractions even in
the presence of L-methionine, strongly suggests that TASK-
2 activity increases during pregnancy due to the increase of its
expression and/or functional activity and that it might play a role
in stabilizing membrane excitability, hence, facilitating relaxation
during pregnancy and contraction at parturition.
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ometrium. (B) Bupivacaine (100 nM)
(n=10)  also produced robust contractions even
in the presence of nerve blockers. (C)
L-methionine (1 mM), which inhibits
stretch-dependent K,, channels (TREK-
1), produced contractions that spon-
taneously decayed to near baseline
values within 10~15 min. However,
lidocaine produced robust contraction
in the presence of L-methionine. (D~E)
Data are summarized.

(n=8) (n=10)

Identification of TASK-2 channel current and its
regulation in murine non-pregnant and pregnant
single myometrial cells

We studied outward currents from single isolated murine
longitudinal myometrial cells. Non-inactivating outward K'
currents (NIOK) in pregnant cells using a step depolarizing
pulse (see Methods) were inhibited to 43.6+3.50% by TEA (n=>5)
and to 41.8+5.17% by 4-AP plus TEA (n=5) at +80 mV (data
not shown). The remaining current, which coincides with TEA
and 4-AP resistant current (TEA and 4-AP insensitive non-
inactivating outward K" current (NIOK)), is shown in the left
panel of Fig. 3A. The reversal potentials (E,.,) of TEA and 4-AP
resistant currents were briefly evaluated by changing the external
K" concentration from 5 to 30 mM (see Methods; Fig. 4). E,.,
shifted to new expected values at 30 mM of external K'. Using
these protocols, instantaneous tail currents of outward current
in non-pregnant and pregnant myometrial cells were reversed at
-36.8+7.04 mV (from -60.6+2.17 mV; n=3) and -40.6+4.50 mV
(from -64.6+4.14 mV; n=>5) by 30 mM K'. Therefore, this result
suggests that outward current remained after treatment with K'
channel blockers and was a Ca*-insensitive NIOK current. The
characteristic of Ca*-insensitivity of NIOK is responsible for
independence of intra- and extracellular Ca** including the block
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of K, channels by TEA in experimental condition (see methods).

In the next step, we studied NIOK currents using
pharmacological blockers of the TASK-2 channel. As shown in
Fig. 3A, 3B, quinidine (50 uM) inhibited the current to 61+9.2%
of the control (n=5) at +80 mV in non-pregnant cells. The
corresponding inhibition in pregnant cells was to 35£5.4% of the
control (n=5). Thus, inhibitory potency was significantly greater
in pregnant cells than in non-pregnant cells (Fig. 3B). Because the
TASK channel was inhibited by decreased pH, and bupivacaine,
we also studied the effect of pH, and bupivacaine on NIOK
currents. As shown in Fig. 3C, pH, (pH,=6.4) and bupivacaine
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(mv) OXT (10 and 50 nM), bupivacaine (500
nM), estrogen (1 uM), and Ba™* (3 mM),
respectively (n=5, 5, 4, 3, 6, 4 and 3,
respectively; *p<0.05). Such as TASK-2
is very promising for managing labor at
term and developing target medicines.
As shown in Fig. 3C~3E, OXT (10 and
50 nM) inhibited the NIOK current to
87+1.94% and 85+2.93% in pregnant
cells in a reversible manner, respectively
(p<0.05). Estrogen (1 puM) also inhibited
the NIOK current to 68+7.65% (n=4;
p<0.05).

(500 nM) inhibited NIOK. NIOK was inhibited to 86+1.57%
and 8142.86% in pregnant cells at +80 mV (n=5 and 6; p<0.05)
(Fig. 3C and 3E). Meanwhile, extracellular alkalosis (pH,=8.4)
increased NIOK to 126+9.69% in pregnant cells (n=5, p<0.05).
These inhibitory effects are summarized in the current/voltage (I/
V) relationship (Fig. 3D). In addition, Ba** (3 mM) also inhibited
NIOK currents to 82+6.41% of the control (n=3; Fig. 3E) [24].
Development of the pregnant myometrium and parturition
is regulated by sex hormones. Therefore, understanding the
mechanism of parturition in terms of ion channels such as TASK-
2 is very promising for managing labor at term and developing
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Fig. 4. Identification of NIOK by reversal potentials (E,.,). (A, B)
The reversal potentials (E,.,) of NIOK were evaluated by changing
the external K concentration from 4.5 to 30 mM. E,,, shifted to new
expected values at 30 mM of external K", Instantaneous tail currents
in the NIOK of non-pregnant and pregnant myometrial cells were
reversed at -37 mV (n=3) and -41 mV (n=5) by 30 mM K".
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target medicines. As shown in Fig. 3C~3E, OXT (10 and 50
nM) inhibited the NIOK current to 87+1.94% and 85+2.93%
in pregnant cells in a reversible manner, respectively (p<0.05).
Estrogen (1 uM) also inhibited the NIOK current to 68+7.65%
(n=4; p<0.05).

Identification of TASK-2 by immunohistochemistry
and Western blot in murine myometrium

The electrophysiology and mechanical findings led us to study
TASK-2 channel expression. Confocal images at 2 um intervals
showed localization of the TASK-2 channel on the cell membrane
of pregnant myometrial cells (Fig. 5A). As shown in Fig. 5B,
we found highly increased immunoreactivity for the TASK-2
antibody in single pregnant myometrial cells compared to that
in non-pregnant cells by confocal microscopy. The increased
expression of TASK-2 in pregnancy compared to the control was
also observed by Western blot (595+243.88 vs 100+19.61, p<0.05;
n=3 and 4) (Fig. 5C). Although data not shown, TASK-1 was also
expressed in mouse but not significantly different in two groups
(data not shown). Meanwhile, TASK-3 was not expressed in
murine myometrium under Western blot.

merge

Fig. 5. Identification of TASK-2 by
immunohistochemistry and Western
blot in mouse myometrium. (A, B)
Laser scanning confocal micrograph
shows TASK-2 immunoreactivity on
the membrane of a single pregnant
cell. Confocal images at 2 um intervals
showed localization of the TASK-
2 channel on the cell membrane of
pregnant myometrial cells. Highly
increased immunoreactivity for the
TASK-2 antibody in single pregnant
myometrial cells ws observed compared
to that in non-pregnant cells. (C) TASK-2
was increased in pregnancy compared
to the control under Western blot (595
vs 100, p<0.05; n=3 and 4).
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DISCUSSION

K,, channels are regulated by various factors such as
extracellular pH [22] and mechanical stretch [27]. The
pharmacological characteristics of TASK-2, one of the K,,
channels, are inhibited by quinidine, bupivacaine, lidocaine,
and extracellular acidosis [20]. Our experiment showed similar
results and also showed increased TASK-2 expression by
immunohistochemistry and Western blot during pregnancy.
Furthermore, TASK-2 had functional characteristics directly
controlled by OXT and estrogen, which increase at delivery.
This is the first study proposing sex hormone and extracellular
pH-sensitive K' conductance as key regulators of pregnant
myometrium.

As shown in Fig. 3A and 3B, quinidine inhibited TEA and 4-AP
insensitive NIOK in murine myometrium. The inhibitory effect
of quinidine on NIOK was more potent in pregnant myometrial
cells compared to that in non-pregnant cells. NIOK in the
presence of TEA and 4-AP was inhibited by quinidine to 61%
in non-pregnant cells and to 35% in pregnant cells. Quinidine
potently inhibited TASK-2 and TRESK-2 channels. Quinidine (100
uM) inhibits TRESK-2 and TASK-2 channels completely and by
65% in transfected cells, respectively [24,28].

However, we found that TRESK-2 was not expressed in murine
pregnant myometrium (data not shown). Therefore, TASK-
2 activity not TRESK-2 in the pregnant myometrium much
more increased compared to that from non-pregnant tissue.
In addition, NIOK was inhibited by bupivacaine, extracellular
acidosis, and sex hormones such as estrogen (Fig. 3C~3E), which
are key hormones for producing myometrial contractions at
parturition. Estrogen including OXT regulate K' channels via the
activation of second messengers [29,30] and/or the open channel
block mechanism [31]. Barium also inhibits TASK-2 but has no
significant effect on TASK-1 [20,24]. We found an inhibitory
effect of barium (3 mM) on NIOK in murine myometrium
(82£6.41% of the control; n=3; Fig. 3E). In 2011, however,
inhibitory effect of external barium on TREK-1 was reported.
Therefore, it should be careful interpretation too [32]. Even
though, we did not insert data, we also found increasing effect of
progesterone on NIOK in 3 cells from 5 tested cells. Furthermore,
pregnant myometrium showed increased TASK-2 expression by
immunohistochemistry (Fig. 5B). Western blot also revealed that
the expression of TASK-2 channel protein was increased in mice
and was particularly strong in pregnant myometrium (595+243.88
vs 100£19.61, p<0.05; n=3 and 4) (Fig. 5C). Therefore, increased
TASK-2 expression is thought to play an important role in
pregnant myometrium, which relaxes during the gestation period
and contracts at parturition.

Generally, it is hard to separate the effect of [pH], from [pH]; since
the internal and external environments interact with each other
[33,34]. Since plasma pH tends to be altered during pregnancy
and at labor [5,6,35], the change of pH is regarded as one of
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the targets for regulation of myometrial contractility. Our data
indicated that the relaxation of murine longitudinal uterine
muscle was produced by the activation of acid-sensitive TASK-2
channels during pregnancy. Especially, we found that decreased
pH, enhanced myometrial contraction combined with decreased
NIOK in murine myometrium. It was also reported that
decreased pH, abolished phasic contractions in humans [36,37].
Meanwhile, increased pH, produces relaxation by inhibiting
voltage-dependent L-type Ca™" channels (VDCC,) [34].

However, pregnant myometrium is kept quiescent by increased
progesterone levels [9] and the inhibition is lifted by increased
estrogen from mid-gestation to birth to coordinate contractions
at labor [10,11]. Progesterone decreases the expression level of
the myometrial OXT receptor (OXTR) indirectly [38]. Thus,
progesterone withdrawal [39] induces estrogen activation at term,
which initiates parturition by transforming the myometrium into
a highly organized contractile state. Because NIOK was inhibited
(Fig. 3C~3E) by estrogen during pregnancy, estrogen seems to
have a dual effect in regulating myometrial contractility.

Myometrial contractile responses in mammals are generated
from changes in ionic conductance [1,2]. Although K, and K,
channels are ubiquitous in smooth muscle and important for
the regulation of its excitability, K,, channels are also known
to contribute to the RMP [1]. As activation of K channels
suppresses membrane excitability in vessels [13,17] as well as
the myometrium at labor [16,40-42], we examined the effect of
TASK-2 inhibitors on myometrial contractility in the presence
of TEA and 4-AP. In accordance with previous reports showing
that most K,, channels are insensitive to TEA and 4-AP [20],
application of TEA and/or 4-AP produced no contractions except
for weak transient contractions in some pregnant muscle cells
(Figs. 1C, 2A~2C) [30]. As shown in Fig. 2, TASK-2 inhibitors
such as quinidine, acidosis, bupivacaine, and lidocaine produced
robust contractions even in the presence of TEA, 4-AP, and/
or L-methionine. This result suggests that TASK-2 might play
a central role in the regulation of myometrial contractility in
longitudinal muscle. In our previous study, we reported that
the TASK-2 channel might be one of the targets regulating the
murine circular myometrium [21].

TASK-1 is also known to be a [pH], -sensitive K,, channel
[20]. Although TASK-1 is not sensitive to quinidine, it was also
observed in murine myometrium under Western blot. Since TASK
channels are sensitive to the alteration of external pH, TASK-
1 including TASK-2 channels could be targets for myometrial
relaxation. Nevertheless, we believe that our electrophysiological
results imply that TASK-2 is much more strongly linked to the
physiological regulation of murine myometrial contractility
than TASK-1. Even though the data is not presented here, we
also found TASK-1 and TASK-2 channel expression in human
myometrium (data not shown). Up to date, only very weaker and
variable expression of TASK-2 channels compared to other K,
channel of human myometrium was reported under RT-PCR
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study [18]. However, we also found TASK-2 channel expression of
human myometrium and have evidence of enhanced expression
of TASK-2 channel expression in pregnant tissues compared
to that from non-pregnant tissues of human in Western blot.
In addition, we also studied the expression TASK-3 since its
characteristic is also similar to that of TASK-2. In murine uterus,
however, it was not expressed in Western Blot. In addition, we
also studied the expression of other kinds of K,, channels such
as such as TRESK, and TREK-2 under PCR. Its expression was
decreased in pregnant myometrium compared to non-pregnant
myometrium (data not shown). Therefore, we need to elucidate
the differences in the physiological function of humans and
mice including the expression patterns of TASK-1 and TASK-2
channels in the future.

Uterine longitudinal muscles showed spontaneous contractions
in non-pregnant (1.5+0.10 g, 0.7£0.05 cycles/min; n=53) and
pregnant myometrium (1.840.18 g, 0.7+0.09 cycles/min; n=18,
17). However, the contractions were abolished with stretching (see
Methods) in both tissues (data not shown). This phenomenon can
be explained by TREK-1. The increased expression and function
of stretch-dependent K, channels (TREK-1) has been reported
in the myometrium during pregnancy [18,25,26]. In addition to
the role of stretch activated K,, channels [25,26], this is the first
report relating the conductance of [pH] -sensitive TASK-2 to a
functional mechanism of relaxation during pregnancy. We noted
strong contractions using TASK-2 inhibitors in the presence of
TREK-1 inhibitors (Fig. 2C and 2E). Therefore, the increased
expression of TASK-2 might also be a reasonable explanation for
uterine accommodation of the growing fetus during pregnancy
rather than the increase in fetus-induced passive response to
stretch-mediated channels.
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