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Potassium channels are widely expressed in most types of cells in living organisms and regulate the functions of
a variety of organs, including kidneys, neurons, cardiovascular organs, and pancreas among others. However, the
functional roles of potassium channels in the reproductive system is less understood. This mini-review provides
information about the localization and functions of potassium channels in the female reproductive system. Five
types of potassium channels, which include inward-rectifying (Kir), voltage-gated (Kv), calcium-activated (K.,), 2-pore
domain (K,p), and rapidly-gating sodium-activated (Slo) potassium channels are expressed in the hypothalamus,
ovaries, and uterus. Their functions include the regulation of hormone release and feedback by Kir6.1 and Kir6.2,
which are expressed in the luteal granulosa cells and gonadotropin-releasing hormone neurons respectively, and
regulate the functioning of the hypothalamus—pituitary—ovarian axis and the production of progesterone. Both
channels are regulated by subtypes of the sulfonylurea receptor (SUR), Kir6.1/SUR2B and Kir6.2/SUR1. Kv and Slo2.1
affect the transition from uterine quiescence in late pregnancy to the state of strong myometrial contractions in
labor. Intermediate- and small-conductance K, modulate the vasodilatation of the placental chorionic plate resistance
arteries via the secretion of nitric oxide and endothelium-derived hyperpolarizing factors. Treatment with specific
channel activators and inhibitors provides information relevant for clinical use that could help alter the functions of
the female reproductive system.
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Introduction

The maintenance of extracellular potassium concentration
within a narrow range is vital for numerous cellular func-
tions, particularly for maintaining the electrical excitability of
heart and muscle cells [1]. The plasma potassium concentra-
tion is usually maintained within narrow limits (typically, 3.5
to 5.0 mmol/L) through multiple mechanisms [2]. The func-
tions of potassium channels are critical for urinary excretion
of potassium ions. The long-term maintenance of potassium
homeostasis is achieved by alterations in the renal excretion
of potassium in response to variations in intake [3]. Fig. 1
shows that 90% of potassium that is derived from dietary
intake is excreted by the kidney (up to 80 mEg/day intake
vs. 72 mEg/day in the urine) to maintain normal potassium
concentrations in the extracellular fluid (up to 70 mEg/day
in adults) [1]. In Korea, the recommended dietary intake of
potassium in individuals above 12 yr is 3,500 mg; the World
Health Organization recommends a similar intake. Intracellu-
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lar fluids contain approximately 98%, or rather 3,600 mmol
(140 g) of the potassium ions in the body, while the other
2% present in the extracellular compartment is usually main-
tained within a narrow range (3.8-4.5 mEg/L) in serum [4,5].
Since our ancestors could easily obtain potassium-rich fruit
and vegetables, the recommended content of 15 g/day was
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easily exceeded. There are several types of highly evolved
potassium channels in the kidney [4]. The balance in potas-
sium ion concentration across the cell membrane is essential
for maintaining the resting membrane potential and signal
conduction in nerve and muscle cells via the repolarization
of action potential. Potassium channels are pore-forming
transmembrane (TM) proteins and are classified into 4 major
families: calcium-activated, inward-rectifier, voltage-gated,
and 2-pore-domain potassium channels [6]. Certain research-
ers classify ATP-sensitive potassium channels as a fifth family
independent of inward-rectifier potassium channels [7,8].
Potassium channels consist of 2 subunits: primary
a-subunits and auxiliary B-subunits. The pore-forming sub-
units have 2-6 TM domains and the sensitivity of the chan-
nels to calcium, ATP, voltage, and oxygen among others
is conferred by the a-subunits. Voltage-gated potassium

channels (K, channels) comprise of 6 TM domains, calcium-
activated potassium channels (BK., channels) have 6 or 7 TM
segments, and inward-rectifying potassium channels have 2
TM segments as a-subunits [9]. In contrast, B-subunits regu-
late the activities of the channels; e.g., SUR-subunits in Kir6.
X channels are involved in the regulation of insulin secretion.
The various types of potassium channels are involved in con-
trolling different phases of the action potential—while the
majority of K, channels allow K" ion efflux when the mem-
brane is depolarized, Kir channels conduct K* ions during hy-
perpolarization [10]. Table 1 outlines the details of calcium-
activated (K¢,) and inward-rectifying (Kir) Ky, potassium
channel families and Table 2 outlines the details of voltage-
gated (K,) and the 2-pore domain (K,,) potassium channel
families. The well-known activators and inhibitors are also
listed in the tables [11].
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~80 meg/day

-
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ICFK
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_— —
~70 meq

l

Urinary K
~72 meg/day

Fig. 1. The amounts of potassium of daily dietary intake, distribution in intracellular fluid (ICF) and extracelluler fluid (ECF), and daily fecal
and urinary excretion. Most dietary potassium is excreted by the kidney (up to 80 mEg/day intake vs. up to 72 mEg/day in the urine) to
maintain normal potassium concentrations. Approximately 98% of potassium is present in the ICF (up to 3,300 mEq), while the other 2%
present in the extracellular compartment (up to 70 mEq) which is usually maintained within a narrow range (3.8—4.5 mEq/L) in serum.
Hypokalemia has many causes including: excessive potassium loss due to diarrhea, excessive sweating from exercise, abuse of alcohol,
some diuretics, or laxatives. In contrast, hyperkalemia can be occurred due to acute kidney failure, chronic kidney disease, medication such
as angiotensin Il receptor blockers, angiotensin-converting enzyme inhibitors, or beta blockers, and dehydration or excessive potassium

supplements.
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Notably, the potassium channels participate not only in the
regulation of membrane potential but also in various cellular
functions, including volume regulation, cell proliferation, cell
migration, angiogenesis, and apoptosis [6]. This mini-review

focuses on the multiple potassium channels associated with
the cells of the female reproductive system, and discusses
their action on the hypothalamus—pituitary—ovarian axis for
the regulation of progesterone production from granulosa

Table 1. Summary of calcium activated (K¢,) and inwardly-rectifying (Kir) K. potassium channel families, activators and inhibitors

K., channels (8 isoforms & 5 subfamilies): BK.,, SK, IK

Kir channels (15 isoforms & 7 subfamiles): K,

HGCN IUPHAR HGCN IUPHAR
KCNMA1 Ke 1.1 KCNJ1 Kir1.1
KCNN1-3 Ke2.1-K,2.3 KCNJ2, )12, J4 & )14 Kir2.1-Kir2.4
KCNN4 Ke3.1 KCNJ3, 16, J9 & J5 Kir3.1-Kir3.4
KCNT1 & T2 Ked1 &K,4.2 KCNJ10 & J15 Kird.1 &Kir4.2
KCNU1 K41 KCNJ16 Kir5.1
KCNJ8 & J11 Kir6.1 &Kir6.2
KCNJ13 Kir7.1

Channel opener for K,: NS1619
Channel blocker for K,: Iberiotoxin, apamin, charybdotoxin

Channel opener for K,: Pinacidil, cromakalim, aprikalim (Kir6.x)

Channel blocker for K,: Tetraethylammonium (TEA), 4-aminopyridine
(4-AP), glibenclamide, tolbutamide

The table is adopted from reference [11].

Table 2. Summary of voltage gated (K,) and the 2-pore domain (K,,) potassium channel families, activators and inhibitors

K, channels (42 isoforms & 12 subfamilies)

K, channels (15 isoforms)

HGCN IUPHAR HGCN IUPHAR
KCNAT-AO K,1.1-K, 1,10 KCNK1 K1
KCNB1-B2 Ky2.1 &K,2.2 KCNK2 Kyp2.1
KCNC1-C4 K,3.1-K,3.4 KCNK3 K,p3.1
KCND1-D3 Ky4.1-K 4.3 KCNK4 Kopdh. 1
KCNF1 Ky5.1 KCNK5 Kyp5.1
KCNG1-G4 Ky6.1-K 6.4 KCNK6 Ky6.1
KCNQ1-Q5 K,7.1-K,7.5 KCNK7 Ky7.1
KCNV1& V2 K,8.1 &K,8.2 KCNK9 K,9.1
KCNS1-3 K,9.1-K,9.3 KCNK10 Ky10.1
KCNH1 & H5 K,10.1 &K,10.2 KCNK12 Ky12.1
KCNH2, H6, and H7 K,11.1-K,11.3 KCNK13 Ky13.1
KCNHS8, H3, and H4 K,12.1-K,12.3 KCNK15 Ky 15.1
KCNK16 Ky 16.1
KCNK17 Ky17.1
KCNK18 Ky18.1

Channel opener for K: Correolide (K, 1.5), Stromatoxin-1 (K,2.1),
Flupirtine (K,7) PD118057, NS1643 (KCNH)

Channel blocker for K: 4-AP (K,), phrixotoxin-2 (K,4), Linopirdine
(K,7), dofetilide, E4031, Be-KM1 (KCNH)

Channel opener for K,p: Arachidonic acid (TREK-1), volatile
anesthetics (isoflurane)

Channel blocker for K,p: Fluphenazine, L-methionine (TREK-1), SSR,
antipsychotics (haloperidol)

The table is adopted from reference [11].
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cells (GCs) in the ovary, myometrial relaxation in the uterus
during pregnancy, the induction of uterine contractions in
labor, and the modulation of human chorionic gonadotropin
(hCG) production in the syncytiotrophoblast in the placenta
[5,12,13].

Expression and roles of potassium
channels in the ovary

The ovary facilitates the production and maintenance of
oocytes and supports the secretion of female sex hormones,
which is essential for the regulation of puberty and pregnan-
¢y and determines the reproductive lifespan [14]. The ovary is
protected by 3 outer layers: germinal epithelium, connective
tissue capsule, and tunica albuginea. The outer cortex and
inner medulla are located inside the ovary. Ovarian follicles
at various stages of maturation are present in the ovarian
cortex, and oocytes or female germ cells are present in each
follicle. From puberty, the development and degeneration of
follicles from the primordial follicle stage to the corpus lu-
teum is influenced by follicle-stimulating hormone (FSH). The
follicle primarily consists of oocytes and granulosa; proges-
terone is produced from luteinized GCs and by the corpus
luteum in the ovary in the non-pregnant state. Progesterone
concentrations peak 7-8 days after ovulation and rapidly
reduce along with the degeneration of the corpus luteum.
Progesterone inhibits the synthesis of gonadotropin-releasing
hormone (GnRH) to prevent the maturation of other follicles
and prepares the body for a possible pregnancy. If fertiliza-
tion does not occur, the corpus luteum degenerates and the
follicle is excreted via menstrual bleeding [15]. The ovulation
of mature follicles in the ovary is induced by a preovulatory
surge in the levels of luteinizing hormone (LH), and subse-
quently, estrogen is secreted by the GCs of the ovarian fol-
licles and the corpus luteum. The concentrations of LH and
FSH secreted by the pituitary gland and estradiol secreted by
the follicles peak during ovulation in the menstrual cycle [15].

In the ovary, the K, potassium channels and the BK,
channels participate in the regulation of progesterone secre-
tion, and the intracellular potassium and calcium concentra-
tions affect the secretion of progesterone [16]. BK¢, channels
induce the repolarization of the plasma membrane and play
an important role in the cellular response depending on the
Ca™* concentration. The acetylcholinergic agonist carbachol
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and oxytocin increase intracellular Ca** concentration in cul-
tured human granulosa-lutein cells. The intracellular calcium
signal affects progesterone release in lutein-GCs via BK, [16-
18]. hCG stimulates the release of oxytocin, which, along
with acetylcholine, acts as an ovarian signaling molecule.
Kunz et al. [16] reported that the activation of the BK, chan-
nels in GCs is generally necessary for endocrine function, and
BK¢, channel blockade using iberiotoxin causes a marked re-
duction in hCG-stimulated progesterone secretion. Notably,
hCG does not play a role in BK¢, activation; acetylcholine and
oxytocin, which are local neuroendocrine substances released
by GCs, participate in this process by causing a transient
increase in the intracellular Ca®* concentrations [19]. In sum-
mary, the activities of the BKc, channel in GCs is mediated by
intra-ovarian signaling involving neurotransmitters (e.g., ace-
tylcholine) and peptide hormones (e.g., oxytocin). Traut et al.
[20] reported the expression (in vitro and ex vivo) of several
classes of K, channels (IK, SK, and BK) in human GCs, which
participate in gonadotropin-stimulated sex steroid hormone
production.

In addition to the intracellular calcium levels, the intracel-
lular potassium levels also affect progesterone secretion from
luteal cells [21]. Typical Ky channels consist of an inward-
rectifier K* ionophore (Kir6.x) and a sulfonylurea receptor
(SURX); there are 2 Kir6.x isoforms (Kir6.1 and 6.2), and 3
SUR isoforms (SUR1, SUR2A, and SUR2B). Although 6 com-
binations of Kir6.x and SURx can be formed, only 4 types of
K channel have been reported: those found in pancreas
B-cells (SUR1/Kir6.2), cardiac and skeletal muscles (SUR2A/
Kir6.2), smooth muscles (SUR2B/Kir6.2), and vascular smooth
muscles (SUR2B/Kir6.1) [22]. Of these, only Kir6.1/SUR2B is
detected in the corpus luteum of the ovary and myometrium
of the rat, while the placenta expresses Kir6.1 with SUR1
and SUR2B [23]. These ovarian K, channels are involved in
the production of progesterone in luteinized GCs [5]. The
Kare inhibitor glibenclamide triggers the depolarization of the
plasma membrane induced by the blockage of the K, chan-
nels; it reduces hCG-induced progesterone production in
ovarian GCs [5]. However, the exact underlying mechanism
remains unclear. Other ion channels, including K,4.2 (KCND2)
and L-type and T-type voltage-dependent Ca** channels and
a K,p-independent progesterone production process are also
involved in hormone regulation [24,25]. Therefore, proges-
terone production is likely regulated via complex physiologi-
cal processes.
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Expression and role of K,;; channels in
pulsatile secretion of gonadotropin-
releasing hormone in the hypothalamus

Progesterone secretion is mediated by the Kir6.1/SUR2B K
channel subtype in the ovary. K, channels are also involved
in modulating the excitability of GnRH neurons in an estro-
gen-sensitive manner (Fig. 2). The pancreatic B-cell subtype
of channels containing Kir6.2/SUR1 subunits is the K, chan-
nel subtype that is predominantly expressed in GnRH neu-
rons in the hypothalamus [26]. The K, channel Kir6.2/SUR1
modulates the pulsatile release of GnRH, and negative feed-
back from ovarian steroids affects the release of hormones in
the hypothalamus and pituitary by altering the activity of the

Kare channels. The Kir6.2 mRNA levels in the preoptic area
responds to treatment with both E2 and progesterone. The
Kare channel blocker tolbutamide enhances the frequency
of pulsatile GnRH release under steroid treatment [27]. In
contrast, the K, channel activator diazoxide prevents the
increase in the frequency of the LH pulse. As the Kir6.2/SUR1
subtype has a sulfonylurea receptor, this channel is activated
by diazoxide, while it is blocked by sulfonylureas, including
glibenclamide and tolbutamide [28]. Zhang et al. [26] re-
ported that the glucose concentration and the presence of
glucokinases also influence the excitability of GnRH neurons;
whereas GnRH neurons are excited in high glucose con-
centrations, neuron excitability is inhibited in conditions of
low glucose concentrations, such as starvation. Glucokinase
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Fig. 2. Involvement potassium channels in hypothallus-pituitary-ovarian axis. While progesterone secretion is mediated by the Kir6.1/
SUR2B, K, channels subtype in the ovary, Kir6.2/SUR1 subunits is predominantly expressed in gonadotropin-releasing hormone (GnRH)
neurons in the hypothalamus. The K, channel Kir6.2/SURT modulates the pulsatile release of GnRH, and activity of the Ky channels
responds to negative feedback from ovarian steroids-E2 and progesterone. The acetylcholine and oxytocin increase intracellular Ca®* con-
centration in lutein-granulosa cells, the intracellular calcium signal affects progesterone release via BK., human chorionic gonadotropin
stimulates the release of oxytocin, which, along with acetylcholine, acts as an ovarian signaling molecule. LH, luteinizing hormone.
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facilitates the phosphorylation of glucose to glucose-6-phos-
phate and is expressed in GnRH neurons. While Kir6.2 and
SURT1 transcripts were found to be expressed in all neuronal
cells, 66.7% of neuronal pooled cells expressed glucokinase
mRNA. This suggests that glucokinase plays a role in regulat-
ing GnRH release via the K, channels [26].

Potassium channels in GnRH neurons form a rich substrate
for the modulation of activity. As 2 main components of
voltage-gated potassium channel currents in cells, both the
slowly inactivating potassium current (l) and the fast inacti-
vating A-type potassium current (1) are generated in GnRH
neurons. In recent studies, estradiol was shown to suppress
both I, and |, these voltage-gated potassium conductance
are largely responsible for the overall excitability and dis-
charge activity in GnRH neurons [29-31]. The expression
of genes encoding potassium channel proteins is altered in
GnRH neurons at different stages of estrus in mice [32].

Expression and role of potassium
channels in the uterus

The human uterus expands drastically during pregnancy ow-
ing to uterine smooth muscle hypertrophy, and the myome-
trium is one of the strongest uterine muscles that facilitates
birth [33,34]. The uterus does not play any major role during
pregnancy. Uterine quiescence during pregnancy is necessary
for preventing preterm labor. Potassium efflux leads to the
repolarization of the plasma membrane, which is responsible
for maintaining the resting membrane potential. Inadequate
repolarization of smooth muscle cells in the myometrium can
lead to aberrant uterine activities, such as dystocia, preterm
labor, and post-term labor [12]. The myometrium expresses
several types of potassium channels, including BKc,, Kup
small-conductance Ca**-sensitive, voltage-gated, and 2-pore
potassium channels [12]. The role of each type of potassium
channel in the regulation of basal myometrial contractility
and their contribution to molecular expression varies depend-
ing on the gestational stage [35].

BK,, channels play a prominent role in inducing smooth
muscle relaxation as they mediate the depolarization of the
plasma membrane and contribute to the generation of ap-
proximately 35% of the total cell repolarizing potassium
current [36]. The potassium current density in term mouse
myometrium was observed to decrease significantly. The
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functional importance of the BK, channels decreases as a
result of several factors, including a change in surface nega-
tive charges, decreased channel density, a positive shift in
voltage-activation relation, and reduced sensitivity to cal-
cium ions [24,37]. Furthermore, BK., channels are replaced
by smaller conductance delayed rectifier channels in the
abovementioned period; these remove the noises in the cur-
rent and generate a smooth current that requires limited
rectification [36]. However, there is another explanation for
the turnover from uterine quiescence to the state of uterine
contraction. First, the sensitivity of BKc, to the intracellular
calcium and voltage levels changes owing to alternative splic-
ing of transcripts of the BK¢, channel, which is accompanied
by post-translational modifications as well. Second, protein
kinases exert different modulatory effects based on the ges-
tational stage. Third, Ca** levels increase during pregnancy
[37,38]. Notably, the differences in the regulation of channel
transcripts implies that different populations of channels ex-
ist in the myometrium; this alteration in transcripts during
pregnancy may be regulated by sex hormones [21,38]. In
particular, the expression of B1-subunit transcripts is partially
regulated by estrogen and it is observed to peak in early
pregnancy [39]. The regulatory B-subunit helps modulate
uterine excitability by exhibiting sensitivity to both Ca** and
voltage during gestation [37].

As BK., channels play a prominent role in myometrial con-
traction, several agents that activate and inhibit these chan-
nels, including B-adrenoceptor agonists, relaxin, hCG, and
nitric oxide (NO), have been studied based on their role in
controlling myometrial contraction [35]. Notably, although
the BKc, channel is the most abundant potassium channel
in the myometrium and contributes to the regulation of
myometrial functions, it does not play a role in the regula-
tion of basal or uterine relaxation during late pregnancy or
labor [35,40]. The BK, channels are activated by NS1619, a
benzimidazole derivate that promotes the activation of BK,
channels; the administration of this agent did not signifi-
cantly affect the contractile activity in human term-pregnant
myometrium when oxytocin was secreted [41]. These results
suggest that although BKc, channels play a more significant
role than other potassium channels in myometrial relaxation
during the non-pregnancy period and in early gestation, the
significance of their regulation is lesser in late gestation.

Instead of the BK, channel, the K, Ky, and Slo2.1 (rap-
idly-gating sodium-activated) potassium channels affect the

www.ogscience.org
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transition from uterine quiescence in late pregnancy to the
state of active contractions that aids the expulsion of the
fetus in labor [35,41,42]. The intracellular Na*, K*, and Ca**
ions and the ion channels are involved in the regulation of
uterine relaxation and contraction. The Kir6.1/SUB2B K,
channel is the predominant subtype in the myometrium and
ovary [43]. The expression patterns of the BK, and K, chan-
nels are similar in each gestational stage, while the expres-
sion of Kir6.1 and SUR2B transcripts is significantly higher
in the non-pregnant state than in late pregnancy before or
during labor [43]. The K, channel activator pinacidil inhibits
oxytocin-induced uterine contractions (both in terms of am-
plitude and frequency) in the myometrium in late pregnancy
and in non-pregnant women; its effect was attenuated in the
laboring myometrium owing to the differences in expression
during gestation and labor [41].

The hyperpolarization of the plasma membranes of myo-
metrial cells depends on the K* efflux for the maintenance
of uterine quiescence, while the depolarization of the mem-
brane potential owing to increased Na* influx is essential for
countering uterine contractions by myocytes. Ky, channels,
which are high-conductance K* channels activated by Na*,
require high concentrations of intracellular Na* instead of
Ca”™ ions. Recently, Ferreira et al. [42] reported that oxytocin
could regulate myometrial smooth muscle cell excitability via
the Na*-activated Slo2.1 K* channel. The peptide-hormone
oxytocin regulates the transition from uterine quiescence to
contraction. Slick, a rapidly-gating sodium-activated potas-
sium channel, induces K* efflux and opposes Na* influx via
NALCN (Na* leak channel, non-selective) at low levels of
oxytocin [42]. However, when the levels of oxytocin increase
at the end of pregnancy and it binds to its receptors, protein
kinase C is activated and SLO2.1 expression is inhibited. As a
result, after K* efflux is reduced, the voltage-dependent Ca™*
channels are activated. When Ca”* influx occurs and actin-
myosin cross-bridging is initiated, myometrial contractility is
augmented [42].

Small-conductance Ca**-sensitive and voltage-insensitive
potassium channels (SK), voltage-gated potassium chan-
nels (K,), and 2-pore potassium channels are also expressed
in the myometrium [44,45]. While small-conductance K*
(SK¢,) channels and intermediate-conductance calcium-
activated K* (IK.,) channels are expressed in smooth muscle
cells, including those of the myometrium, IK., channels are
primarily expressed in immune/inflammatory cells. The role

www.ogscience.org

of IK¢, channels in the myometrium has not been studied
thoroughly [46-48]. Dimethylamine-nitric oxide (DEA/NO)
inhibits myometrial contraction via a NO-induced relaxation
mechanism. Apamin and scyllatoxin specifically block Ca**-
dependent apamin-sensitive K™ channels (SKc,1 to SK¢,3);
the administration of 10 nM apamin or scyllatoxin could
completely inhibit the DEA/NO-induced relaxation of the
myometrium [45]. This indicates that the participation of
the SK¢, channels in NO-induced myometrial relaxation, es-
pecially in the overexpression of the SK,3 isoform, results
in uterine dysfunction and delayed parturition [49]. In mice,
the expression of the SK¢,3 channel decreases from the mid-
gestational stages; sensitivity of this channel to apamin also
reduces from late gestation. SK¢,3 immunoreactivity was also
observed in telocytes, formerly referred to as interstitial cells
of Cajal or interstitial Cajal-like cells (ICLC), in non-pregnant
myometrium, as well as in the glandular and luminal endo-
metrial laminal epithelia in rats [46,50,51]. Although similar
ICLC have been observed in rodent and human myometrial
tissue, the functional role of these cells in the uterus remains
unclear [52].

K, channels are the most diverse of potassium chan-
nels. The a-subunits of voltage-gated K, channels form the
conductance pore and there are 12 classes and 40 types
of a-subunits of K, channels. Voltage-gated K, channels
are blocked by 4-aminopyridine (4-AP) or tetraethylammo-
nium (TEA). The administration of both 1 and 5 mM 4-AP
significantly enhanced myometrial contractility in the non-
pregnant, as well as mid- and late-pregnant myometrium
[35]. These results indicate that voltage-gated K, channels
contribute to uterine quiescence during mid to late preg-
nancy. Although treatment with TEA and 4-AP did not af-
fect the contraction interval, the duration and amplitude of
myometrial contractions were increased in both cases. The
blockade response of Kv channels by 4-AP is not mediated
by BK¢, channels of the endometrium and nerves in the
myometrium [44]. It has been suggested that several differ-
ent K, channel subtypes are present in the myometrium of
both non-pregnant and term-pregnant mice. Myometrial
contractions in non-pregnant mice were induced even at
surprisingly low concentrations of 4-AP [53]. The K 4.3 chan-
nel is not expressed in term-pregnant tissues. Phrixotoxin-2,
which is a K\4.2/ K,4.3 blocker, induced contractions in non-
pregnant myometrium, whereas the same was not induced
in pregnant myometrium [44]. The genes encoding voltage-
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gated K, channels can be categorized into 9 families, named
KCNA to KCNV gene families (Table 2). Two types of K,
channels encoded by members of the KCNQ (K,7) and KCNH
(K,11) gene families appear to act as key regulators of uter-
ine contractility and may serve as novel therapeutic targets
[52]. All isoforms of KCNQ are expressed in non-pregnant
mice, with KCNQ1 (Kv7.1) as the dominant form [54]. The
KCNQ and KCNE isoforms are expressed in early and late
gestational stages in mice as well, the majority of KCNQ iso-
forms are upregulated in late pregnancy [54]. KCNE is a type
of B-subunit associated with voltage-gated KCNQ a-subunits.
These findings suggest that instead of facilitating the main-
tenance uterine quiescence in early pregnancy, these pro-
teins primarily regulate myometrial contractility in the late
stages of pregnancy. All KCNQ genes, except KCNQ5, were
also observed to be expressed in human term myometrium.
Flupirtine and retigabine, which are activators to the KCNQ-
encoded K" channel (K7), rapidly inhibited spontaneous and
oxytocin-mediated myometrial contractility by 40-70% [54].
Ether-a-go-go-related genes or ERGs (ERG1-3) are members
of the KCNH gene family (KCNH1-3). The ERG-encoded
channel blockers dofetilide, E4031, and Be-KM1 increased
oxytocin-mediated contractions in mouse myometrium, while
the ERG activators PD118057 and NS1643 inhibited sponta-
neous contraction [55]. In summary, although several types
of Ky channels are expressed in uterine myometrium, there
are contradictory results with respect to their upregulation or
downregulation based on the gestational stage. K7 (KCNQ)
and K11 (KCNH) channels play central roles in regulating
myometrial activity at term and are possible targets for toco-
lytic agents in preterm labor [54].

The TWIK-related K* (TREK-1) channel is a 2-pore K* chan-
nel. TREK-1 is a stretch-activated tetraethyl ammonium-
insensitive K* channel that is sensitive to pH, hypoxia,
stretching, temperature, phosphorylation, and NO [56]. This
channel is expressed in human myometrium, particularly
during pregnancy. Its expression is upregulated during preg-
nancy and is induced upon stretching [57]. The TREK-1 chan-
nel plays a role in the regulation of uterine contractions. The
TREK-1 activator arachidonic acid was observed to reduce
uterine contractions, while the TREK-1 blocker L-methionine
exerted the opposite effect. Interestingly, this response is
related to the effect of progesterone on uterine relaxation.
Both progesterone and arachidonic acid were observed to
exert similar effects on TREK-1 activity. The progesterone-
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induced inhibition of uterine contraction was reversed in the
presence of the TREK-1 inhibitor L-methionine [33]. Further-
more, since the expression and activity of this channel are es-
sentially induced in response to uterine wall stretching, TREK-
1 may play a significant role in the determination of the
type of pregnancy. Different TREK-1 expression patterns and
activities in preterm versus term and in singleton versus twin
pregnancies may help explain the differences in the uterine
contractile response in each case [58].

Expression of potassium channels in the
placenta

The placenta partakes in gas exchange, nutrient delivery, and
waste transfer between the mother and fetus and has im-
munological and metabolic functions. Chorionic villi are in
contact with maternal blood and are covered by a continu-
ous layer of syncytiotrophoblasts. Two different lineages of
undifferentiated cytotrophoblastic stem cells differentiate
into villous and interstitial cytotrophoblastic cells. Syncytio-
trophoblastic cells secrete pregnancy-associated hormones,
including hCG and progesterone. hCG is a glycoprotein
hormone and shares a common a-subunit with LH and FSH.
hCG is produced by placental syncytiotrophoblasts after im-
plantation in a process modulated by the partial pressure of
oxygen, the presence of reactive oxygen species, and potas-
sium channels [13]. It stimulates progesterone production,
decidualization, angiogenesis, and cytotrophoblast differ-
entiation [59]. K,1.5 and K,22.1 are classic delayed rectifier
K, channels that are sensitive to oxygen and TEA [7]. These
channels are expressed in the syncytiotrophoblast. Diaz et al.
[13] reported that the expression oxygen-sensitive K,, chan-
nels could be downregulated under hypoxic conditions (1%
PO,) and lead to lower hCG secretion from the placenta.
Oxidative stress mediates hCG secretion and K™ permeability,
and the regulation of this mechanism depends on the partial
pressure of oxygen [13].

Other potassium channels, including K,9.3, Kir6.1, TASK-
1, and BKc, channels are expressed in the human placental
vasculature. It was also reported that all calcium-activated
potassium channels (BKc,, IKc,, and SK¢,) and K, channels are
expressed in the smooth muscle cells of chorionic plate re-
sistance arteries (CPAs) [60,61]. The low-resistance feto—pla-
cental circulation and vasodilatation are essential for the suc-
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cessful maintenance of pregnancy. Local vasodilators such as
NO, prostacyclin, and endothelium-derived hyperpolarizing
factors (EDHFs) mediate vasorelaxation [62-64]. EDHFs are as
potent as NO and prostaglandin as blood pressure regulators.
Endothelial intermediate and small-conductance K., channels
(IK¢, and SK,) are major components of EDHFs [65]. IK., and
SK¢, are primarily expressed in the endothelial and smooth
muscle cells of placental CPAs. In the endothelium, these
channels may play a more important role in vascular func-
tion. Endothelial K* currents were observed to be inhibited in
hypoxic conditions owing to the downregulation of IK, and
SK¢, expression in the ovine uterine arteries and in porcine
coronary arteries [66,67]. Endothelium-derived NO may regu-
late IKc,- and SK,-dependent vasodilatation; the expression
of endothelial nitric oxide synthase (NOS) and inducible NOS
was observed to be significantly downregulated in women
with preeclampsia. Therefore, the abnormal expression or
dysregulation of IK and SK channels in the endothelium and
smooth muscle cells of CPAs, NO, and EDHFs may play a cru-
cial role in the pathogenesis of preeclampsia [62]. In human
placental mitochondria, the potassium channel is formed by
the subunit Kir6.1, which contributes to placental mitochon-
drial steroidogenesis by facilitating cholesterol uptake and
intermembrane translocation through a mechanism indepen-
dent of the transport of K* ions inside the mitochondria [68].

Conclusion

This mini-review provides insight into the roles of potas-
sium channels, which form the largest and most diverse ion
channel family, in the relaxation of smooth muscle cells and
vasodilatation via the regulation of cell membrane potential
as well as in specialized cellular functions, such as the regula-
tion of female sex hormone secretion, relaxation of uterine
muscles in pregnancy, turnover into labor, and the success-
ful maintenance of pregnancy mediated by the regulation
of vascular tone in placental CPAs. Among the ATP-sensitive
potassium channels, Kir6.1/SUR2B in GCs and Kir6.2/SUR1
expressed in GnRH neurons in the hypothalamus modulate
progesterone release and a negative feedback mechanism.
All'5 types of potassium channels are expressed in uterine
myometrium. Calcium-activated potassium channels play
a major role in the relaxation of smooth muscles in non-
pregnant state as well as in early to mid-term pregnancy.

www.ogscience.org

Other channels affect the transition from uterine quiescence
to active myometrial contractions in late pregnancy, including
voltage-activated and rapidly-gating sodium-activated potas-
sium channels. The prevention of hypoxia in the placenta is
important for treating preeclampsia. Endothelial intermedi-
ate- and small-conductance calcium-activated potassium
channels mediate the vasodilatation of placental CPAs via the
secretion of NO and EDHFs.
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