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Abstract

The human endometrial epithelium is pivotal to menstrual cycle progression, implantation and early pregnancy. Endometrial function is directly
regulated by local factors that include pH, oxygen tension and ion concentrations to generate an environment conducive to fertilization. A super-
family of potassium channels characterized by two-pore domains (K2P) and encoded byKCNKgenes is implicated in the control of the cell rest-
ing membrane potential through the generation of leak currents and modulation by various physicochemical stimuli. The aims of the study were
to determine the expression and function of K2P channel subtypes in proliferative and secretory phase endometrium obtained from normo-
ovulatory women and in an endometrial cancer cell line. Using immunochemical methods, real-time qRT-PCR proliferation assays and electro-
physiology. Our results demonstrate mRNA for several K2P channel subtypes in human endometrium with molecular expression of TREK-1
shown to be higher in proliferative than secretory phase endometrium (P < 0.001). The K2P channel blockers methanandamide, lidocaine, zinc
and curcumin had antiproliferative effects (P < 0.01) in an endometrial epithelial cancer cell line indicating a role for TASK and TREK-1 channels
in proliferation. Tetraethylammonium- and 4-aminopyridine-insensitive outwards currents were inhibited at all voltages by reducing extracellular
pH from 7.4 to 6.6. Higher expression of TREK-1 expression in proliferative phase endometrium may, in part, underlie linked to increased cell
division. The effects of pH and a lack of effect of non-speciÞc channel blockers of voltage-gated potassium channels imply a role for K2P
channels in the regulation of human endometrial function.
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Introduction

The adult human endometrium is central to reproductive success
undergoing monthly cyclical renewal in preparation for implantation.
During the proliferative phase, regeneration of the endometrium
involving increased proliferation of both stromal and epithelial cells
occurs principally in response to oestradiol 17b. Following ovulation,
progesterone converts the epithelium to a secretory phenotype, endo-
metrial proliferation ceases and a transient receptive state, Ôthe win-
dow of implantationÕ, is induced. During this brief period, electrolyte
balance of the intrauterine ßuid is crucial in ensuring apposition and
attachment of the blastocyst to the luminal epithelium. Indeed, ßuid

shifts and oedema occur in the endometrium throughout the
perimplantation period [1], yet comparatively little is known or under-
stood regarding the mechanisms generating ionic gradients across
the endometrium.

The ionic composition of intrauterine ßuid differs from normal
serum in having a higher potassium (K+) concentration [2] and is
supported by evidence fromin vitro ion measurements in superna-
tants from cultured human endometrial epithelium [3]. Interestingly,
a K+-rich intrauterine environment has been shown to promote both
sperm fertilizing capacity and blastocyst cleavage [4]. Thus, critical
aspects of fertilization, implantation and early pregnancy are depen-
dent on an appropriate ionic microenvironment which is in part deter-
mined by ion channel activity.

Ion channels provide a specialized conduit for the rapid transfer of
ions across the lipid bilayer. Their speciÞc roles in endometrial epithe-
lia, in common with those in epithelia of other organs,e.g.kidney, air-
ways, gastrointestinal tract, include electrolyte homeostasis, ßuid/
nutrient secretion and setting of the resting membrane potential [5].
A limited amount of information on ion channels within the human
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endometrium indicates the presence of an amiloride-sensitive sodium
channel (ENaC) that mediates epithelial sodium absorption [3] as well
as a cystic Þbrosis transmembrane regulator (CFTR) involved in anion
ßux [6]. Gene proÞling by microarray analysis has also identiÞed
trends in endometrial channel expression with speciÞc phases of the
menstrual cycle. For example, Kaoet al.,[7] demonstrated a marked
up-regulation of cDNA for the sulfonylurea receptor (a key accessory
protein of the ATP-sensitive K+ channel) and the L-type calcium chan-
nel during the window of implantation. The geneKCNJ2(encoding an
inwardly rectifying K+ channel, KIR2.1) has been shown to be highly
expressed in proliferative phase endometrium along withKCNG1
(encoding Kv6.1) and the epithelial sodium channel,SCNN1Agene
for ENaC [8].

In recent years, the K2P channel superfamily, distinguished from
the classical voltage- and receptor-gated K+ channel families by the
presence of two pores arranged in tandem between four transmem-
brane domains, has achieved prominence. Channels belonging to the
mammalian K2P family, Þrst reported following the discovery of
TWIK-1 [9], are gated by a range of physicochemical stimuli that
include pH, oxygen tension and stretch [10, 11]. The channels include
TWIK-1 [9], TWIK-2 [12], TREK (TWIK related) [13], TRAAK [14] and
TASK [15] where TWIK-1 is a weak, inwardly rectifying channel, TRA-
AK channels are activated by arachidonic acid whereas TASK chan-
nels are acid sensitive [15].

Given the emerging signiÞcance of K2P channels in maintaining
resting membrane potential and their coupling to cellular function, we
propose that K2P channels in the human endometrium may be of cru-
cial signiÞcance where slight perturbations locally in lipid regulation,
ion transport, pH or oxygen tension could jeopardize the ambient con-
ditions necessary for successful fertilization and implantation. The
objectives of our study were therefore to determine the major K2P
channel subtypes expressed in the human endometrium, their relation-
ship to the menstrual cycle and their roles in endometrial physiology.

Material and methods

Patient inclusion criteria and tissue collection

Ethical approval for this study was granted by the Lincolnshire
Research Ethics Committee (study no. 03/2/39). Endometrial tissue
biopsies were collected from fully informed patients who provided
written consent prior to clinical procedures being undertaken. The
research described was undertaken in accordance with the World
Medical Association Declaration of Helsinki. Criteria for recruitment
were non-pregnant women aged between 18 and 40 years (mean
32.2 ± 4.7;n = 49), admitted for gynaecological investigation (pelvic
pain, menorrhagia) or laparoscopic sterilization and with regular (28–
34 days) monthly cycles. Endometrial samples collected from days 5
–11 were assigned to the proliferative phase (n = 31) whereas secre-
tory phase endometrium was designated as such based on a luteal
phase progesterone level of>13 nmol/l (n = 11). In cases where pro-
gesterone levels were not available (for example, laparoscopic sterili-
zations), the secretory stage was deÞned as post-day 16 of the cycle,

determined from the date of the last menstrual period (n = 7).
Women diagnosed with diabetes, endometriosis, Þbroids, polycystic
ovarian syndrome, cancer or amenorrhea were excluded from the
study as were those who had been on any form of hormonal contra-
ception up to 1 month before recruitment to the study.

Endometrial biopsies obtained by pipelle sampling were placed
immediately in DulbeccoÕs modiÞed EagleÕs Medium (DMEM, Invitro-
gen, Paisley, UK) and supplemented with 1% penicillin/streptomycin.
Samples were washed in ice-cold sterile phosphate-buffered saline
and dispersed no longer than 24 hrs after collection or snap frozen
within 10 min. for downstream analyses of molecular and protein
channel expression.

Cell line: The Ishikawa endometrial cell line (99040201), derived
from an endometrial adenocarcinoma of a 39-year-old woman, was
obtained from the European Collection of Cell Culture (Sigma-Aldrich,
Dorset, UK).

Primary endometrial cell culture

Fresh endometrial biopsies (50–500 mg) were Þnely chopped and
enzymatically digested with collagenase (1 mg/ml; Sigma-Aldrich) in
calcium/magnesium-free Hanks Balanced Salt solution (HBSS) in a
37°C water bath for a maximum of 45 min. If the tissue sample con-
tained obvious amounts of blood (particularly early and late menstrual
stage samples), then the preparation was carefully layered onto a
60% Percoll (Invitrogen, Paisley, Scotland) solution and centrifuged
at 800 r.p.m. for 30 min. at 4°C to remove erythrocytes.

Following centrifugation, cells were transferred to a fresh tube
containing HBSS then passed through a 40l m nylon cell strainer
(BD Falcon, Oxford, UK) to separate stromal and epithelial cells. The
former, owing to their smaller size, passed through the strainer
whereas the larger glandular cells were retained. Both cell fractions
were separately passed through the cell strainer a second time to fur-
ther enrich the two cell preparations, washed again in HBSS then cen-
trifuged at 50g for 7 min. The Þnal step involved resuspending the
cells in DMEM supplemented with 10% heat-inactivated foetal bovine
serum (Sigma-Aldrich) followed by incubation at 37°C in a humidiÞed
incubator containing 5% CO2 in air. Media was changed every 2–
3 days for a maximum of 14 days or two passages.

RNA extraction and cDNA synthesis

Total RNA was extracted from either snap-frozen endometrial biop-
sies (50–200 mg) or~5–9 9 106 cells of the cultured Ishikawa cell
line, using TriZol reagent according to the manufacturerÕs instruc-
tions. Only RNA that resulted in an A260/280 ratio of 1.8–2.0, and
displayed clearly distinguishable 18s and 28s rRNA bands in an aga-
rose gel was reverse transcribed to generate cDNA. Synthesis of
cDNA was carried out with SuperScript II RNase Reverse Transcrip-
tase (200 units/l l, Invitrogen) and Oligo (dT)12-18 primers (Invitro-
gen) at 42°C with 1l g of total RNA as template, in a Þnal volume of
20 l l. Negative controls for the reverse-transcription reaction were
prepared by omitting the RT enzyme.
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