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The stretch-dependent potassium channel TREK-1
and its function in murine myometrium

Kevin Monaghan, Salah A. Baker, Laura Dwyer, William C. Hatton, Kyung Sik Park, Kenton M. Sanders
and Sang Don Koh

Department of Physiology and Cell Biology, University of Nevada School of Medicine, Reno, NV 89557, USA

Non-technical summary During pregnancy the uterus must maintain a low contractile state to
permit growth of the fetus and inhibt premature delivery. We show uterine smooth muscle cells
express specific potassium channels (called stretch-dependent potassium channels; TREK-1).
These channels are activated by stretch, stabilize resting membrane potentials of cells at negative
potentials, and reduce excitability. During pregnancy the expression of TREK-1 channelsincreases,
and this may contribute to reduced excitability. Near the onset of labour, TREK-1 expression
declines, and this may promote the transition to a contractile state. Thus, our data suggest
dynamic regulation of TREK-1 channel expression in the uterus contributes to the maintenance
of pregnancy.

Abstract Smooth muscle of the uterus stays remarkably quiescent during normal pregnancy
to allow sufficient time for development of the fetus. At present the mechanisms leading to
uterine quiescence during pregnancy and how the suppression of activity is relieved at term are
poorly understood. Myometrial excitability is governed by ion channels, and a major hypothesis
regarding the regulation of contractility during pregnancy has been that expression of certain
channels is regulated by hormonal influences. We have explored the expression and function
of stretch-dependent K* (SDK) channels, which are likely to be due to TREK channels, in
murine myometrial tissues and myocytes using PCR, Western blots, patch clamp, intracellular
microelectrode and isometric force measurements. TREK-1 is more highly expressed than
TREK-2 in myometrium, and there was no detectable expression of TRAAK. Expression of
TREK-1 transcripts and protein was regulated during pregnancy and delivery. SDK channels were
activated in response to negative pressure applied to patches. SDK channels were insensitive to a
broad-spectrum of K* channel blockers, including tetraethylammonium and 4-aminopyridine,
and insensitive to intracellular Ca®*. SDK channels were activated by stretch and arachidonic
acid and inhibited by reagents that block TREK-1 channels, L-methionine and/or methioninol.
Our data suggest that uterine excitability and contractility during pregnancy is regulated by
the expression of SDK/TREK-1 channels. Up-regulation of these channels stabilizes membrane
potential and controls contraction during pregnancy and down-regulation of these channels
induces the onset of delivery.
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Introduction

The uterus expands in volume dramatically during
pregnancy. Distension and hypertrophy of the organ
are required to allow sufficient space for the developing
fetus. The non-pregnant uterus contracts in response to
stretch, but mechanisms are in play during pregnancy
to stabilize the excitability of myometrial muscles and
maintain mechanical quiescence to allow sufficient time
for the development of the fetus before it is expelled during
labour (Parkington & Coleman, 1990). At term, changes
occur to counteract the factors maintaining quiescence,
and successful parturition requires an increase in electrical
excitability of myometrial muscles and coordination of
contractions between uterine muscle bundles. At present
the mechanisms that facilitate uterine quiescence during
pregnancy and enhance contractility at term are poorly
understood, but these are important questions since
premature labour is a major health problem (Challis et al.
2000).

Myometrial smooth muscle excitability is governed
by ion channels, and a major hypothesis regarding the
regulation of contractility during pregnancy has been that
expression of certain channels is regulated by hormonal
influences (Toro et al. 1990; Song et al. 1999, 2001; Knock
et al. 2001; Sawada et al. 2005). Like other muscles,
myometrial smooth muscle cells (MSMCs) have negative
resting potentials maintained by Kt conductances (Toro
etal. 1990; Wang et al. 1998). Contractile events in MSMCs
are initiated by the influx of Ca?* via Cay1.2 (L-type)
Ca’* channels (Mironneau, 1973; Ohya & Sperelakis,
1989). While there are reports of isoform switching
of Ca’" channels between non-pregnant and pregnant
MSMCs and non-genomic reduction of Ca®* currents by
17B-oestradiol (Yamamoto, 1995; Helguera et al. 2002),
the consequences of these effects in terms of the delivery
of Ca** for contraction are unknown, and it is unlikely
that these changes are a primary means to regulate MSMC
excitability. Many types of Kt channels are expressed by
MSMCs. During pregnancy the function and composition
of K* conductances is dynamic, and changes in the types
and levels of channel isoforms and subunits expressed,
and changes in regulatory mechanisms have been reported
(Toro et al. 1990; Anwer et al. 1993; Knock et al. 2001; Song
et al. 2001; Sawada et al. 2005; Brown et al. 2007). While
the expression of some K* channels is consistent with
maintenance of quiescence during pregnancy, decreases in
expression of Kv4.3 would tend to enhance spontaneous
excitability during pregnancy (Song et al. 2001). In other
cases changes in channel expression are not mirrored
by functional changes. For example, the up-regulation
of large-conductance Ca’" activated K* (BK) currents
during pregnancy is not matched with the sensitivity of
uterine muscle strips to specific blockers of these channels
(Aaronson et al. 2006). Thus, at the present time, there is
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no clear explanation for the changes in excitability during
pregnancy or at the onset of labour.

In the present study we explored the expression and
function of stretch-activated K™ channels in murine
MSMCs. These channels, encoded by members of the
two-pore KT channel superfamily (Kcnk; Patel et al.
1998), are expressed by visceral smooth muscle organs
that perform a ‘reservoir function’ and can expand in
volume without large increases in luminal pressure or
activation of phasic contractions (e.g. bladder; gastro-
intestinal tract; Ordway et al. 1995; Koh & Sanders,
2001; Park et al. 2005; Baker et al. 2008). Two-pore K
channels are expressed in human myometrium (Bai et al.
2005; Tichenor et al. 2005; Buxton et al. 2010), but the
function of these channels has not been characterized in
MSMCs. We hypothesize that distension of the uterus
and maintenance of quiescence during pregnancy are
facilitated by stretch-activation of an outward current
to counteract other stretch-dependent inward currents
common to smooth muscles. Increased expression of these
channels and distension of the uterus during pregnancy
could enhance the membrane-stabilizing effects of this
conductance, and loss of these channels near term might
dramatically enhance excitability. Here we describe novel
hormonal regulation of TREK-1 (Kcnk2) channels in
murine myometrium and describe the function of these
channels in MSMCs and intact strips of uterine muscles.
We also document a dramatic reduction in channel
expression near term and conclude that stretch-dependent
K* (SDK) channels contribute to the regulation of myo-
metrial excitability during pregnancy.

Methods

Tissue and cell preparation

CD1 (2-3 months old) and ovariectomized (OVX, 2 weeks
after ovariectomy) mice were killed by inhalation of iso-
flurane (Baxter Healthcare, Deerfield, IL, USA) followed
by cervical dislocation. Uteri were cut open from the
neck to the end of the uterine horns and rinsed
with Krebs—Ringer bicarbonate buffer (KRB, see below).
Muscle strips were used for isometric force and intra-
cellular microelectrode recordings. The animals used for
these studies were maintained, and experiments were
performed, in accordance with the NIH Guide for the
Care and Use of Laboratory Animals. All protocols were
approved by the Institutional Animal Use and Care
Committee at the University of Nevada, Reno.

Isolation of smooth muscle cells

Small strips of smooth muscle layer from the uterine
horns were equilibrated in Ca’*"-free Hanks’ solution
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consisting of (mm): 125 NaCl, 5.6KCl, 15NaHCO;,
0.36 Na,HPO,, 0.4 KH,PO,, 10 glucose, 2.0 sucrose and
10 Hepes adjusted to pH 7.2 with NaOH, for 30 min. The
buffer was replaced with an enzyme solution containing
(per ml) collagenase 1.3 mg, bovine serum albumin 2 mg,
trypsin inhibitor 2 mg and ATP 0.27 mg. The tissue was
placed in a 37°C water bath for 10-12 min without
agitation. After three to four washes with Ca**-free Hanks’
solution, the tissue was triturated through a series of three
blunt pipettes of decreasing tip diameters. Dispersed cells
were stored at 4°C in Ca*"-free solution. Experiments
were performed at room temperature within 6 h of cell
dispersion.

Patch clamp techniques

The single-channel patch clamp technique was used to
record membrane currents from dissociated MSMCs.
Currents were amplified with an Axopatch 200B
(Molecular Devices, Sunnyvale, CA, USA). Data were
digitized with either a 12-bit or a 16-bit analog to
digital converter (Digidata 1322A and Digidata 1320A,
respectively, Molecular Devices). Data were stored directly
and digitized online using pCLAMP software (v. 9.0,
Molecular Devices). The data were sampled at 5kHz
for single-channel recordings with low pass filtered at
1kHz using an eight-pole Bessel filter. The pipette
resistances were 5-8 M. Single-channel recordings were
performed in asymmetrical K* (5/140 mm) solution with
charybdotoxin (200 nM) in the pipette solution to block
BK channels. Negative pressure was applied to patches
by suction via a 1ml syringe and pressure—volume
relationships were calibrated using a pressure transducer.

Intracellular microelectrode recordings

After preparing the tissue, impalements of cells were
made with glass microelectrodes having resistances of
80-120 MQ2. Transmembrane potentials were recorded
with a standard electrometer (Duo 773; WPI, Sarasota, FL,
USA). Data were recorded on a PC running Acknowledge
3.2.6 software (Biopac Systems, Santa Barbara, CA, USA).
To allow for prolonged intracellular recordings during
stretch, a small area of muscle in the plane of stretch was
pinned down using micropins. Impalements were made
at the margin between the stretched and pinned areas
of muscle. Stretch was induced by a micromanipulator
(WPI).

Isometric force measurements

Standard organ bath techniques were employed to
measure the changes in force generated by uterus smooth
muscle strips. One end of a smooth muscle strip was
attached to a fixed mount and the opposite end to an
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isometric strain gauge (Fort 10, WPI) in oxygenated
KRB solution maintained at 37.5 & 0.5°C. A resting force
of 4.9 mN was applied to set the muscles at optimum
length, and the muscles were allowed to equilibrate
for 1-2h with constant perfusion with KRB solution.
Mechanical responses were recorded on a computer
running Acqknowlege 3.2.6 and measurements of the
area under the curve (AUC) obtained. The AUC was
determined as the integral values above the baseline
of selected area for 10 min recordings (mN min). The
AUC for the tissues exposed to tested drugs were
compared to the AUC for tissues under control conditions,
during an equivalent period of time. Bathing solutions
were exchanged by switching the perfusion to the
drug-containing solution.

Molecular studies

Myometrium total RNA and cDNA preparation and
amplification were identical to those reported previously
(Baker et al. 2008). Briefly, RNA was prepared using
SNAP Total RNA isolation kit (Invitrogen, Carlsbad,
CA, USA) as per the manufacturer’s instructions. RNA
was treated with RNAse-free DNAse I (2units) at
37°C (New England Biolabs, Inc., Ipswich, MA, USA)
prior to cDNA preparation. First strand ¢cDNA was
synthesized from each RNA using Superscript II reverse
transcriptase with 500 g ul™"! of oligo dT primers cDNA.
The following PCR primers designed against murine
sequences were used (the genebank accession number is
given in parenthesis for the reference nucleotide sequence
used): TREK-1 (Kcnk2) (accession no. NM_010607,
nt 506-527 and 803-822, amplicon=316bp or nt
1485-1512 and 1637-1664, amplicon =180bp or nt
1226-1337, amplicon =112bp); TREK-2 (Kcnkl0)
(accession no. NM_029911, nt 1915-1942 and 2070-2097,
amplicon = 183 bp or nt 908—1034, amplicon = 127 bp);
TRAAK (Kcnk4) (accession no. NM_008431, nt
880-901 and 960-980, amplicon=101bp); cyto-
globin (accession no. NMO013607, nt 268-289 and
497-519, amplicon =252 bp (589 bp, if genomic DNA
contamination)); GAPDH (glyceraldehyde-3-phosphate
dehydrogenase; accession no. NM_001001303, nt
353-371 and 505-522, amplicon=170bp (270bp, if
genomic DNA contamination)); and HPRT (hypo-
xanthinephophoribosyltransferase; accession no.
NM_013556, nt 289-486, amplicon=198bp). Real
time-PCR (RT-PCR) was performed on murine uterine
smooth muscle in reproductive ages (2-3 months old).
Real time quantitative PCR (qPCR) was performed using
Syber Green chemistry on a SDS 7300 real-time PCR
system (Applied Biosystems, Foster City, CA, USA).
Regression analysis of the mean values of eight multiplex
RT-PCRs for the log;o diluted cDNA was used to generate
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standard curves. Unknown quantities relative to the
standard curve for a particular set of primers were
calculated yielding transcriptional quantification of gene
products relative to the endogenous standard GAPDH,
cytoglobin or HPRT. The reproducibility of the assay was
tested by analysis of variance comparing repeat runs of
samples, and the mean values generated at individual
time points were compared by Student’s # test.

Western blot and immunohistochemistry

Western blot. For membrane protein extraction, murine
myometrium was homogenized in lysis buffer. Membrane
preparations were obtained by centrifugation (1000 g
for 10 min, P1; 10,000 ¢ for 20 min, P2; and 100,000 g
for 60 min, P3) at 4°C. Protein concentrations were
determined by the Bradford assay using bovine gamma
globulin as standard and the protein concentration was
adjusted to 1 mgml~'. The blots were incubated with
either affinity-purified anti-TREK-1 polyclonal antibodies
(Alomone Laboratories, Jerusalem, Israel) or myosin
heavy chain polyclonal antibody (Chemicon/Millipore).
Blots were incubated with the appropriate horseradish
peroxidase-conjugated secondary antibodies, visualized
by ECL chemistry (Lumigen, GE Healthcare, Piscataway,
NJ, USA). Densitometric analysis of the Western blot TIFF
images was performed using Un-Scan-It software (Silk
Scientific, Orem, UT, USA). TREK-1 protein expression in
Sham and ovariectomized mice uteri was calculated from
the pixel intensity values (minus background) normalized
to the pixel intensity values of MHC (myosin heavy chain).
Each antiserum was pre-incubated with the appropriate
immunizing peptide as a control experiment to block
reactivity.

TREK-1 immunohistochemistry. Distribution of TREK-1
channel proteins in murine myometrium was examined
with immunohistochemistry using antibodies raised
against TREK-1 (Alomone Laboratories). Tissues for
immunohistochemical studies were fixed with 4%
paraformaldehyde in phosphate buffered saline (PBS) for
30 min at room temperature then washed (4 x 15 min)
in PBS and cryoprotected in a graded series of sucrose
solutions (5, 10, 15 and 20% w/v in PBS, 1 h each). Tissues
were then embedded in TissueTek embedding medium
(Sakura Finetek, Torrance, CA, USA) and 20% sucrose
in PBS (1 part/2 parts v/v) and rapidly frozen in iso-
pentane pre-cooled in liquid nitrogen. Cryosections were
cut using a Leica CM 3500 cryostat at a thickness of
10-15 pm and collected on vectabond coated microscope
slides. Non-specific antibody binding was blocked using
bovine serum albumin (BSA, 1% in PBS, Sigma) for 1 h at
room temperature. Tissues were incubated with primary
antibody to TREK-1 (1: 200) overnight at 4°C. After
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labelling with primary antibody, tissues and sections were
washed for 2 h in PBS before being incubated in secondary
antibody (Alexa Fluor 488-coupled goat anti-rabbit IgG)
for 1h at room temperature. Secondary antibody was
obtained from Molecular Probes/Invitrogen and diluted
to 1:200 in PBS. After washing with PBS, specimens
were mounted with Vectashield (Vector Laboratories,
Burlingame, CA, USA). For the negative control TREK-1
antibody had been pre-absorbed with its control anti-
gen. Tissues were examined with a Zeiss LSM 510
META confocal microscope with an excitation wave-
length of 488 nm. Confocal micrographs shown are
digital composites of Z-series scans of several optical
sections through a depth of 20-30 x 0.5 um for full or
partial thickness of the musculature. Final images were
constructed with Zeiss LSM 510 META software.

Solutions and drugs

In intracellular microelectrode recordings and mechanical
experiments the tissue chamber housing muscles was
constantly perfused with oxygenated KRB of the following
composition (mM): NaCl 118.5, KCI 4.5, MgCl, 1.2,
NaHCOj; 23.8, KH,PO, 1.2, dextrose 11.0, CaCl, 2.4.
The pH of the KRB was 7.3-7.4 when bubbled with
97% 0,-3% CO, at 37.0%£0.5°C. In patch-clamp
experiments smooth muscle myocytes were bathed in
high Kt (HK') solution containing (mMm): 140 KCl,
0.1 EGTA, 5Hepes adjusted to pH 7.4 with Tris. The
pipette solution was a Ca*>"-free physiological salt solution
(MnPSS) containing (mm): 5KCl, 135 NaCl, 2 MnCl,,
10 glucose, 1.2 MgCl,, and 10 Hepes adjusted to pH
7.4 with Tris. Charybodotoxin (ChTx, 200nMm) was
included in the patch pipette to inhibit BK channels.
Arachidonic acid (AA), tetraethylammonium (TEA)
chloride, 4-aminopyridine (4-AP), and charybdotoxin
were obtained from Sigma-Aldrich Corp. (St Louis, MO,
USA). Methioninol and L-methionine were purchased
from Fluka Biochemika (Buchs, Switzerland). These drugs
were dissolved in test solutions directly. AA was dissolved
in ethanol (10 mgml™') and stored under nitrogen at
—20°C before experiments. The final concentration of
ethanol was less than 0.1% and had no effect at this
concentration.

Statistical analysis

Data are expressed as means % S.E.M. Student’s f test was
used where appropriate to evaluate differences in the data.
Pvaluesless than 0.05 were taken as statistically significant
differences. The » values reported in the text refer to the
number of recordings from the muscle strips, which is
equivalent to the number of animals used unless otherwise
stated.

© 2011 The Authors. Journal compilation © 2011 The Physiological Society
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Results

The expression of mechanosensitive 2-pore domain
K* (K2P) channels in myometrium

Molecular candidates for the SDK conductance include
TREK-1, TREK-2 and TRAAK channels (Franks &
Honore, 2004). We hypothesized that myometrial smooth
muscles may express mechanosensitive K™ channel to
help stabilize excitability of uterine muscles. RT-PCR
was performed on murine uterine smooth muscle at
reproductive ages (2-3 months old). Amplicons for
TREK-1 and TREK-2 but not TRAAK were detected
(Fig. 1A-D). The relative expression levels of TREK-1
and TREK-2 were determined by qPCR. TREK-1 trans-
cript levels were significantly higher than TREK-2 trans-
cript levels (Fig.1E, 0.13340.032 vs. 0.008 & 0.002,
respectively, normalized to cytoglobin; P < 0.005, n=6).
We then examined TREK-1 protein expression in
murine myometrium (#=4 animals). Figure 2A shows
Masson Trichrome staining of a cryostat section of
the uterus showing endometrium (EM) and myo-
metrium (MM). After antibody labelling, examination
of cross-sections by confocal microscopy showed
TREK-1-like immunoreactivity (TREK-1-LI) throughout
the myometrium (Fig. 2B). Higher magnification confocal
micrographs of sections revealed TREK-1-LI in the plasma
membrane in single myometrial myocytes (Fig.2C). No
immunoreactivity was observed in the negative control
where TREK-1 antibody had been pre-absorbed with its
control antigen (Fig. 2D). These experiments demonstrate
expression of TREK-1 protein in murine myometrium.

TREK-1 in myometrium
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Mechanosensitive K* channels in myometrial
smooth muscle

Functional SDK channels in murine MSMCs
were characterized with single-channel recordings.
Single-channel currents evoked by negative pipette
pressure were obtained in cell-attached patches of MSMCs.
On-cell patches were held at 0 mV in asymmetrical K*
gradients (5/140 mM) (to exclude contamination from
non-selective cation conductances) and exposed to
negative pipette pressures from —20 to —40cmH,O.
The pipette solution contained charybdotoxin (200 nMm)
to block BK channels. Application of —40cmH,0
dramatically increased NP, (number of channels (N) x
open probability (P,)) of SDK channels to 0.76 £ 0.41
from only rare openings in control (n=17 from
25 patches). Upon application of —20 cmH,0 to the
same patch, NP, was slightly increased (Fig.3A). When
atmospheric pressure was restored, the open probability
reversed to low levels. The channels activated under these
conditions generated outward currents (i.e. K™ channels)
and the amplitude of unitary currents was 2.1 +0.2 pA
at 0 mV, which was a similar conductance (~90 pS in
symmetrical K™) to that in previous reports (Koh &
Sanders, 2001; Koh et al. 2001). We tested the effects of
several common K* channel blockers on SDK channel
activity of MSMCs in inside-out patches. SDK channels
were strongly activated in inside-out patches due to patch
excision. Applications of 4-aminopyridine (4-AP, 5 mMm)
and TEA (1-10 mm) to the cytoplasmic surface of patches
had no significant effect on the NP, of SDK channels
(Fig. 3B, n=4 respectively). The cytoplasmic surface of

A cytoglobin (252bp) B Kenk2 (316bp) E gPCR
e \5‘:’\ 0{} \5{5 o \5\.\ \\f\i’ \5{"
500bp
500bp == - Yok
8
100bp 100bp-» 3
s [
j=]
C Kenk10 (183bp) D Kcnk4 (101bp) %M -
AN ¢ P 5
£
5000p=p 500bp -9 ED_U
Kenk2 Kenk10

100bp4 100bp -9

Figure 1. Expression of mechano-sensitive Kp channels in murine myometrium

Representative agarose gels displaying amplification products from myometrium-derived RNA using gene specific
primers for TREK-1 (Kcnk2), TREK-2 (Kcnk10), and TRAAK (Kcnk4). A, cytoglobin primers were used to confirm
that the products generated were representative of RNA. Three independent preparations are presented. B-D,
TREK-1 (B) and TREK-2 (C) but not TRAAK (D) was expressed in murine myometrium. E, qPCR revealed higher
transcriptional expression of TREK-1 than TREK-2. The values are normalized to cytoglobin expression in the
myometrial tissue. **P < 0.005. Br and Ut denote brain and uterine smooth muscle, respectively.
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the patch was also exposed to Ca** concentrations ranging
from 1077 to 10~°M. NP, of SDK channels was not
affected by changes in cytoplasmic Ca*" concentration
(Fig. 3B, n=4), confirming that the currents recorded
were not due to an isoform of Ca®*-activated K channels.
SDK channels in MSMCs were also tested for responses to
arachidonic acid (AA), an activator of TREK-1 channels
(Franks & Honore, 2004), and methioninol, a blocker of
SDK channels (Park et al. 2005; Baker et al. 2008). In these
experiments there were few openings of SDK channels at
a holding potential of 0 mV in asymmetrical K* gradient
(5/140 mm). AA (10 uMm) dramatically increased NP,
of SDK channels (Fig.3C). The amplitude of unitary
currents from AA-activated channels was 2.0 + 0.1 pA
at 0mV (n=4). This unitary amplitude at 0 mV was
identical to previously reported SDK channels in murine
colonic and bladder smooth muscle cells (Koh & Sanders,
2001; Baker et al. 2008). Amplitude histograms in Fig. 3D
and E were obtained from 1min of recording under
control conditions (NP, = near 0) and during exposure
to AA (10 uM) (NP, =0.45+0.12, n=4, after 1 min
exposure of AA). Methioninol (1 mm) decreased NP,
of AA-activated K* channels (Fig.3C). The effects of
methioninol were reversible upon washout of the drug.
The functional role of SDK channels in murine
myometrium was investigated by testing the effects of
stretch on resting membrane potential using intracellular
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microelectrode recordings. Potential contamination by
spontaneous neural activity was reduced by addition
of tetrodotoxin (TTX, 1uM), nitro-L-arginine (L-NA,
100 uM) and atropine (1 um) to the KRB solution
bathing the muscles. Under these conditions, stretch
(150% elongation from control length; L,) caused
hyperpolarization (5.4+0.7mV, n=5, P<0.01) of
myometrial muscle cells and decreased firing of action
potentials (Fig. 3F), suggesting that stretch may activate a
K* conductance in intact muscle strips. Thus, activation
of SDK channels and elicitation of hyperpolarization may
stabilize myometrial muscles and reduce the generation
of action potentials and contractions in response to
elongation of myometrial muscle fibres.

The Effects of L-methionine on electrical
and mechanical activity of myometrium

Intracellular microelectrode recordings from murine
myometrial muscles were also made to test the effects of
L-methionine on membrane potential. Figure 4A shows
typical basal electrical activity of myometrial muscles
with regular clustered action potentials. Addition of
L-methionine (1 mMm) in the presence of TTX depolarized
muscles from —614+3mV to —53+2mV (n=4;
P < 0.01, Fig.4A) and increased the frequency of action
potentials. These data suggest that L-methionine-sensitive

Figure 2. Immunohistochemistry of TREK-1
in murine myometrium

A, Masson Trichrome staining in a cryostat
section revealed the histology of the murine
endometrium (EM) and the myometrium (MM).
Laser scanning confocal micrographs showed
TREK-1-like immunoreactivity (TREK-1-LI) in
cryostat sections. B, intenseTREK-1-LI
immunostaining (green fluorescence) is
observed throughout the myometrium (MM).
C, higher magnification of the selected region
in panel B showed the TREK-1-Ll in plasma
membrane in myocytes (see arrows in inset). D,
no immunoreactivity is observed in the negative
control where the TREK-1 antibody that had
been pre-absorbed with its control antigen
respectively. Scale bars: A and B, 100 um; C,
20pum; inset in C, 10 wm; D, 20um.
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K* channels (i.e. SDK/TREK-1) contribute to the resting
membrane potentials and excitability of myometrium.
Therefore we investigated the effects of L-methionine
on myometrial contractility. The ‘contractility’ was
determined from averaged area under the contraction
curve (AUC) for a 10 min recording period (see Methods).
L-Methionine (1 mm) increased the AUC from 43.5 £+ 5.1
to 72.6+7.2mN min (Fig.4B upper and b; n=4;
P < 0.01). We also tested the effects of L-methionine on
myometrial contractility in the presence of TEA. TEA
(1 mM) also increased the AUC (to 72.7 & 8.4 mN min,
Fig.4C upper and b), and addition of L-methionine

A negative Pressure

-40cmH,0

Lm pA

-20cmH,;0
= 10 sec

B pharmacology
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(1 mm) in the continued presence of TEA further increased
AUC to 160.1 =+ 12.5 mN min (n=4; P < 0.001 compare
to TEA presence, Fig.4C upper and c). We tested the
effects of methioninol (1 mm) on myometrial contractility
from ovariectomized (OVX) mice and from mice at day
18 of pregnancy (p-18). Methioninol had no affect on
tone or AUC (n =5, Fig. 5A) on myometrial muscles of
OVX mice. However, methioninol increased basal tone to
7.2£29mN (n=4, Fig. 5B) in myometrial muscles of
P-18 mice. These data suggest that TREK-1 channels play
a very important role in preventing contractions at late
stages of pregnancy.

C arachidonic acid
AL (10uM)

methioninol {1mM)

TEA (1mM)
4-AP (SmM) < 10000 5 3000
PR — [ ©C00 s
= E 6000 %2001}
oL Ca?* (100nM) S 4000 2 1000
B e et s T 5
= 0 =

L10PA

30 sec

F membrane potential

stretch (150% of L)

0
2 0 2 4 6 8

-2 0 2 4 6 8
pA PA

- -50

my

- -70

1 min

Figure 3. Properties of stretch-dependent K* (SDK) channels in uterus myocytes

Cells were held at 0 mV in asymmetrical KT (5/140 mm). A, application of negative pressure (=40 cmH,0
or —20 cmH;0) to patch pipettes increased channel activity in cell-attached patches of murine myometrial
smooth muscle cells. B, excised patches from the same cell in panel A revealed a high open probability of
SDK channels. 4-Aminopyridine (4-AP), tetraethylammonium (TEA) and changes in cytosolic Ca?* had no effect
on open probability of SDK channels. C, arachidonic acid (AA) increased the open probability of SDK channels and
methioninol decreased the open probability of SDK channels. c and o denote channel close and open, respectively.
C, lower panel, an extended time scale from the box. D and £, all-point amplitude histograms were displayed before
and after arachidonic acid (AA). F, intracellular microelectrode recording from intact murine myometrium shows
that stretch (150% elongation from control length; L,) caused hyperpolarization and cessation of spontaneous

action potentials.
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Dynamics of TREK-1 expression in murine
myometrium

We used ovariectomized mice to test whether extreme
changes in hormonal levels affect TREK-1 expression.
Immunoblotting revealed expression of TREK-1 proteins
in myometrium from both sham-operated and OVX
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Figure 4. The effects of L-methionine on membrane potential
and contractility of intact uterine muscle strips

A, L-methionine (1 mm) depolarized uterine smooth muscle and
induced continuous firing of action potentials. Regions a and b are
shown in the insets on an expanded time scale. Dashed line denotes
level of resting membrane potential under control conditions. B and
C, uterine muscles displayed spontaneous contractile activity. B,
addition of L-methionine (1 mm) induced large phasic contractions
with increased amplitude. Regions a and b are shown below on an
expanded time scale. C, tetraethylammonium (TEA) increased
contractility in strips of murine uterus (upper panel and b). The
application of L-methionine further increased contractility and
duration of phasic contractions in the presence of TEA (upper panel
and ¢). a, b and c are expanded from the upper panel.

mice (upper panel in Fig.6A). TREK-1 antiserum
detected a 45kDa protein whole cell lysates in the
reducing agent S-mercaptoethanol. This 45 kDa mono-
mer corresponds to the predicted molecular weight of
TREK-1. Pre-incubation of TREK-1 blocking peptide
caused competitive loss of immunoreactivity of TREK-1
(middle panel in Fig. 6A). Expression of MHC was used
as a control. Expression of TREK-1 in sham-operated
and OVX muscles was normalized to MHC. TREK-1
was significantly decreased in OVX muscles (0.12 4= 0.02)
in comparison to sham-operated controls (0.28 & 0.02)
(P <0.001, n= 6 animals for each group, Fig. 6B). These
data suggest that TREK-1 channels in the myometrium
may be regulated by hormone levels.

Transcriptional changes in TREK-1 expression
during gestation and labour

We compared the expression of TREK-1 (Kcnk2)
transcript in non-pregnant, pregnant and post-partum
myometrium. TREK-1 was expressed throughout
pregnancy in myometrium (day 14 and day 18, Fig. 7A).
The level of TREK-1 expression in 18 days of pregnancy
(p-18) was significantly greater than in non-pregnant
myometrium (0.20 +0.07 vs. 0.69 = 0.08, respectively;
P<0.01; n=6 animals for each group, Fig.7B).
These values were normalized to cytoglobin. We also
investigated the expression of TREK-1 transcripts in
murine non-pregnant (np) and postpartum (pp: within
24 h after delivery) myometrium. TREK-1 transcripts
were not resolvable at the qualitative level in postpartum
myometrium (Fig. 7C), but qPCR revealed decreased
levels of TREK-1 transcripts in postpartum myometrium
compared with non-pregnant myometrium (0.050 &£ 0.02
vs. 0.28 = 0.07, respectively. P < 0.05; n= 6 animals for
each group, Fig.7D). We also compared expression of
TREK-2 (KcnklI0) in non-pregnant and pregnant (p-18)

A OVX methioninol {1mM}

U L Jow

B p-18 10 min
methioninol (1mM)

U il @\mu
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Figure 5. The effects of methioninol on contractility of
ovariectomized (OVX) and pregnant (p-18) myometrium

A, methioninol (1 mm) did not affect phasic contractions. B, in
contrast, methioninol increased basal tone in pregnant myometrium.
Dashed line denotes level of basal tone.
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myometrium. Unlike TREK-1 expression during
pregnancy (Fig. 7A, B, E and F), TREK-2 transcripts were
unchanged at P-18 (Fig. 7E and G, n =5 animals for each
group). In fact TREK-2 expression is low in non-pregnant
myometrium and is not dynamically regulated during
pregnancy. In contrast, TREK-1 expression is dynamic
during pregnancy. Activation of TREK-1 channels may
help to stabilize excitability during through most of
pregnancy, and decreased expression of these channels
near term may facilitate the onset of labour to terminate
pregnancy.

Discussion

This study shows expression of K,P channels in murine
uterus, confirming previous studies showing expression
of these channels in human myometrium (Bai et al.
2005; Tichenor et al. 2005; Buxton et al. 2010). These
channels regulate excitability responses to stretch in myo-
metrial muscles. Stretch of uterine muscles resulted in
net hyperpolarization, and pharmacological blockade
of TREK-1 channels increased excitability. An exciting
observation was that the expression of TREK-1 channels
is not constant throughout pregnancy. The expression
of TREK-1 increased during most of the period of
pregnancy, and expression fell precipitously near term.
Thus, TREK-1 channels may help stabilize membrane
potential and excitability during pregnancy, and loss of
these channels may increase excitability at term. Data from
OVX mice suggest that hormones regulate expression of
TREK-1 channels, as expression fell to low levels in OVX
muscles. Hormonal regulation, possibly via oestrogen,
may be responsible for increased TREK-1 expression
during pregnancy and the drop in expression near term
because these changes mirror the changes in oestrogen
levels in pregnancy.

Non-pregnant uterus contracts in response to
distension (Bani et al. 1999) so mechanisms must exist
to stabilize excitability of the pregnant uterus to counter-
act the stretch produced by growth of the fetus. The
excitability mechanisms of the uterus are under dynamic
hormonal regulation, and there is extensive literature
investigating changes in ion channels in pregnancy
(Sanborn, 2000; Wray & Noble, 2008). In most smooth
muscles, influx of Ca’t via L-type Ca*" channels is
required for contraction, and the open probability of
Ca?* channels is mainly regulated by membrane potential.
While modifications in L-type Ca** channel isoform occur
during pregnancy which might affect Ca®* entry (Helgura
et al. 2002), the dominant regulation of excitability of
the myometrium appears to occur through changes in K*
channel expression. It should be noted that the changes
in K* channel expression would occur in reverse of the
frequently discussed concept of contraction-associated
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proteins (CAPs) that have been described as a cassette of
proteins that are expressed by myometrial cells to initiate
the increase in contractility at the onset of labour (Lefebvre
et al. 1995). Expression of Kt channels would be expected
to increase to facilitate uterine quiescence, but K channels
would likely need to drop at term to facilitate labour.
Many types of K™ channels are expressed by MSMCs
(Toro etal. 1990), and current densities due to several types
of channels change during pregnancy and/or at term (Toro
et al. 1990). Thus, regulation of myometrial excitability is
likely to be a highly integrated response. Considerable
investigation has focused on BK channels because of
the abundant expression of these channels by MSMCs.
Even subtle changes in expression of BK channels could
profoundly affect excitability due to their large unitary
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Figure 6. Western blots of TREK-1 protein in murine
non-pregnant myometrium (Sham) and ovariectomized (OVX)
myometrium

A, representative immunoblot showing protein expression of TREK-1
from the homogenates of uterus smooth muscle preparations in
sham-operated and ovariectomized (OVX) mice. Upper, each lane
contains 50 ug of protein. Middle, immunoblot of TREK-1 from the
homogenates of uterus smooth muscle from sham-operated and
OVX mice in the presence of TREK-1 blocking peptide. Lower, an
immunoblot of smooth muscle myosin heavy chain (MHC). B,
densitometry revealed TREK-1 expression in sham-operated and OVX
myometrium. Expression ratio of TREK-1 protein was normalized to
MHC expression. *P < 0.001 from 6 tissues.
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conductance (Anwer et al. 1993; Perez et al. 1993). Several
reports have probed gestational regulation of BK channels,
and changes in Ca®" sensitivity and responsiveness to
protein kinases have been reported (Perez et al. 1993;
Pérez & Toro, 1994; Zhou et al. 2000). An interesting
form of regulation occurs via BK splice variant switching.
Expression of BK channels with the ‘STREX’ exons
adds a phosphorylation sequence to the a-subunit that
switches responses to PKA-dependent phosphorylation
from activation to inhibition (Tian et al. 2001).
Isoform expression with STREX exons decreases during
pregnancy and expression is also suppressed by oestrogen
(Zhu et al. 2005). This isoform switching of BK channels
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might contribute to the conversion of inhibition of BK
channel open probability in response to PKA and PKG in
non-pregnant myometrium to activation of BK channels
in pregnant myometrium (Pérez & Toro, 1994). While this
mechanism could contribute to the maintenance of uterine
quiescence during pregnancy, sustained down-regulation
of STREX-containing BK channels, even several hours post
partum, suggests that BK channels are not involved in
the preparative stages of labour and actually may oppose
the strengthening of contractions at term. It should also
be noted that selective BK channel blocking drugs were
ineffective in regulating contractility of either pregnant or
non-pregnant myometrial muscles (Aaronson et al. 2006)
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Figure 7. Transcriptional changes in TREK-1 (Kcnk2) expression in non-pregnant, pregnant and post-
partum myometrium

A, representative gels displaying amplification products from myometrium-derived RNA using gene specific primers
for TREK-1 in non-pregnant (np), pregnant day 14 (p-14) and pregnant day 18 (p-18) myometrium. Three
independent preparations are presented for each stage of gestation. Cytoglobin primers were used to confirm that
the products generated were representative of RNA. Brain is included as positive control. B, real-time quantitative
PCR revealed significantly increased levels of TREK-1 transcripts in pregnant day 18 (p-18) myometrium. **P < 0.01
from 6 tissues. C, representative gels displaying TREK-1 expression in murine non-pregnant (np) and postpartum
(pp; within 24 h after delivery) myometrium. GAPDH primers were used to confirm that the products generated
were representative of RNA. D, gPCR revealed decreased levels of TREK-1 transcripts in postpartum (pp) myo-
metrium compared with non-pregnant (np) myometrium. *P < 0.05 from 6 animals. £ and F, representative
gels displaying TREK-1 (Kcnk2) and TREK-2 (Kcnk10) expression in non-pregnant (np, £) and pregnant (p-18,
F) myometrium. G, gPCR showed that TREK-2 expression was not significantly different between non-pregnant
(np) and pregnant (p-18) myometrium. Hypoxanthine guanine phosphoribosyl transferase (Hprt) was used as a
house-keeping gene. NTC denotes non-template control.
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bringing into question the importance of this conductance
in regulating uterine excitability.

ATP sensitive K* channels (Karp) are also expressed
in MSMCs, and the effects of Karp agonists have been
reported to increase during pregnancy and then to decline
to non-pregnant levels at term (Modzelewska et al. 1998;
Okawa et al. 1999; Sawada et al. 2005). Kuypp channels
are composed of Kir6.1 and SUR2B subunits in the rat,
and expression of these subunits followed the gestational
changes in responses to Karp agonists. Thus, increasing
Karp expression could also contribute to reduced uterine
excitability during pregnancy and decreased expression
near term could contribute to enhanced contractility near
birth. Expression of another inward rectifier, ROMK, has
also been reported to change during gestation (Lundgren
et al. 1997), but nothing is known about the significance
of this conductance in regulating myometrial excitability.
Finally, several types of voltage-dependent Kt (Kv)
channels have also been observed in MSMCs (Knock
et al, 2001) and there are reports of gestational regulation
of expression of Kv channels, particularly Kv4 family
channels. Non-pregnant rat myometrial muscles respond
vigorously to 4-AP and phrixotoxin-2, but this response
disappears in pregnant muscles (Aaronson et al. 2006;
Smith et al. 2007). This effect correlates with the loss
of expression of Kv4.3 channel protein, which, due to
voltage-dependent properties of these channels, might
contribute to resting membrane potentials of MSMC.
Oestrogen treatment also greatly reduces the expression
of Kv4.3 channels, mimicking the down-regulation of Kv4
during pregnancy (Song et al. 2001). Loss of a prominent
K* channel, particularly one that contributes to resting
potentials of MSMCs, however, seems contrary to the need
to reduce excitability during pregnancy.

Smooth muscle cells express a variety of mechano-
sensitive ion channels that, when activated, provide net
inward current under physiological conditions. These
include swelling-activated Cl~ channels (Dick et al.
1999), stretch-activated, non-selective cation channels
(Wellner & Isenberg, 1993, 1994), Ca*"-activated Cl~
channels (Ji et al. 2002) and Ca’>" channels (Farrugia
et al. 1999). Activation of mechanosensitive inward
currents leads to depolarization, Ca®* entry and muscle
contraction, and this cellular reflex has been referred to
for many years as the ‘myogenic effect. Many visceral
smooth muscle organs have the need to avoid contractile
responses as they fill because they serve a storage function
during normal physiological processes. Although neural
reflexes can produce ‘receptive relaxation’ in some organs
(e.g. proximal stomach), visceral smooth muscle cells
themselves employ mechanisms to reduce contractions
in response to stretch. For example, colonic and bladder
myocytes express K,P channel genes, most importantly
for Kenk2, which encodes TREK-1 channels that display
stretch-dependent activation. These channels stabilize
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membrane potential during elongation of smooth muscle
cells and tissues (Koh & Sanders, 2001; Park et al. 2005;
Baker et al. 2008). Data from the present study shows that
uterine muscles utilize K,P channels to limit excitability
in response to stretch. TREK-1 is the dominant member
of stretch-dependent K,P in MSMCs. In this study we
demonstrated an increase in TREK-1 expression in pre-
gnant myometrium and this correlated with increased
basal tone in response to TREK-1 channel blockade.
In contrast, TREK-1 expression was very low in myo-
metrium of OVX mice, and TREK-1 channel blockers
had no effect on tone. TREK-2 expression did not change
in pregnancy. TREK-1 expression is dynamic during
pregnancy, and these channels provide a conductance
that increases during pregnancy to dampen excitability.
This conductance falls dramatically at term to facilitate
uterine excitability during labour. Regulation of TREK-1
expression appears to be controlled by female hormones,
and failure to regulate this conductance could be a factor
in pre-mature labour.

The present study suggests that Kcnk2 encodes SDK
channels in MSMCs: (i) SDK channel openings were
stimulated by negative pressure applied to patches;
(ii) SDK channels were K* channels with the same
conductance as TREK-1 channels expressed in HEK293
cells (Koh et al. 2001); (iii) TREK channels and the
SDK channels in MSMCs were relatively insensitive to
a broad-spectrum of K channel blockers, including
TEA and 4-AP (Koh & Sanders, 2001); (iv) the
SDK conductance in MSMCs was unaffected by intra-
cellular Ca’*, confirming currents were not due to
large-conductance Ca®* activated K* channels, and
insensitivity to intracellular Ca*" is also a property of
TREK channels (Patel et al. 1998; Koh & Sanders, 2001);
(v) channels of the same conductance as those activated
by stretch in MSMCs were activated by arachidonic acid, a
known activator of TREK-1 channels (Patel et al. 1998;
Franks & Honore, 2004); (vi) stretch and arachidonic
acid-activated currents were inhibited by L-methionine
and/or methioninol, reagents that block TREK-1 channels,
but have no effect on other K* conductances common
to smooth muscle cells (e.g. delayed rectifiers, large and
small conductance Ca?*-activated K channels, and Kurp:
see Park et al. 2005); (vii) TREK-1 was more highly
expressed in MSCMs than TREK-2, and TRAAK was
not expressed; (viii) expression of TREK-1 was regulated
during pregnancy.

In conclusion our data support the concept that
uterine excitability and contractility during pregnancy
may be regulated by dynamic expression of SDK/TREK-1
channels. It is possible that increased expression of
these channels stabilizes membrane potential and limits
contraction during pregnancy and down-regulation of
these channels contributes to facilitation of labour. More
extensive studies will be required to determine which
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hormonal pathway is involved in regulation of TREK-1
expression.
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