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Abstract

Estrogen replacement therapies have been suggested to be beneficial in alleviating symp-
toms of overactive bladder. However, the precise regulatory mechanisms of estrogen in uri-
nary bladder smooth muscle (UBSM) at the cellular level remain unknown. Large
conductance voltage- and Ca®*-activated K* (BK) channels, which are key regulators of
UBSM function, are suggested to be non-genomic targets of estrogens. This study provides
an electrophysiological investigation into the role of UBSM BK channels as direct targets for
17B-estradiol, the principle estrogen in human circulation. Single BK channel recordings on
inside-out excised membrane patches and perforated whole cell patch-clamp were applied
in combination with the BK channel selective inhibitor paxilline to elucidate the mechanism
of regulation of BK channel activity by 173-estradiol in freshly-isolated guinea pig UBSM
cells. 17B-Estradiol (100 nM) significantly increased the amplitude of depolarization-
induced whole cell steady-state BK currents and the frequency of spontaneous transient
BK currents in freshly-isolated UBSM cells. The increase in whole cell BK currents by 17§-
estradiol was eliminated upon blocking BK channels with paxilline. 173-Estradiol (100 nM)
significantly increased (~3-fold) the single BK channel open probability, indicating direct
17B-estradiol-BK channel interactions. 17p-Estradiol (100 nM) caused a significant hyper-
polarization of the membrane potential of UBSM cells, and this hyperpolarization was
reversed by blocking the BK channels with paxilline. 173-Estradiol (100 nM) had no effects
on L-type voltage-gated Ca?* channel currents recorded under perforated patch-clamp con-
ditions. This study reveals a new regulatory mechanism in the urinary bladder whereby BK
channels are directly activated by 173-estradiol to reduce UBSM cell excitability.
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Abbreviations: BK channels, large conductance
voltage- and Ca*"-activated K* channels; Cay
channels, L-type voltage-gated Ca* channels;
DMSO, dimethyl sulfoxide; UBSM, urinary bladder
smooth muscle; EGTA, ethylene glycol-bis(2-
aminoethylether)-N,N,N',N'-tetraacetic acid; HEPES,
4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid;
P, single channel open probability; NP, single
channel total open probability of each excised patch;
OAB, overactive bladder; RyRs, ryanodine receptors;
SR, sarcoplasmic reticulum; TBKCs, transient BK
currents.

Introduction

The functions of the urinary bladder, which are to store and periodically release urine, are facil-
itated by the contraction and relaxation of urinary bladder smooth muscle (UBSM). Overactive
bladder (OAB), a highly prevalent chronic health condition in the United States, is often associ-
ated with increased UBSM contractility. The primary treatment for OAB involves antimuscari-
nic agents, which have limited efficacy and tolerability [1]. Many forms of OAB have been
linked directly to UBSM dysfunction [1, 2]. Therefore, novel therapeutic modalities for OAB,
targeting UBSM directly, are urgently needed.

Sharing a common embryonic origin, the genital and lower urinary tract systems are both
regulated by sex hormones, including estrogens [3, 4]. Systemic and vaginal estrogen therapies
have been considered beneficial in alleviating symptoms of OAB in postmenopausal women
[3, 4]. Epidemiological studies have also linked post-menopausal estrogen deficiencies with the
increased risk for OAB [3]. Despite these observations, conflicting evidence in the literature
exists concerning the role of estrogen as a treatment for OAB [3]. Some studies suggest benefi-
cial effects of estrogen replacement therapies for controlling symptoms of OAB, while other
studies report the opposite [3-5]. Thus, there remains the need for an improved understanding
of the mechanisms by which estrogens regulate UBSM function [5].

The predominant estrogen in human circulation is 17-estradiol, a potent hormone known
to regulate urinary bladder function [3, 4, 6, 7]. 17B-Estradiol-induced UBSM relaxation has
long been established in vitro [8-10] and in vivo [11]. The cellular mechanisms of these func-
tional effects of 17B-estradiol in UBSM are not well understood, but several mechanisms have
been suggested, including L-type voltage-gated Ca** (Cay) channel inhibition [2, 9] and K*
channel activation [12]. Among the K* channel targets of 17pB-estradiol are the large conduc-
tance voltage- and Ca’*-activated K* (BK) channels [13-16]. A previous study [12] suggested
the possible involvement of the BK channels in 17B-estradiol-induced UBSM relaxation as the
relaxant effects of 17p-estradiol were concentration-dependently blocked by the specific BK
channel inhibitor iberiotoxin. However, the role of the BK channels as targets for 17B-estradiol
has never investigated at the cellular level in UBSM.

BK channels are among the most physiologically-relevant K channels regulating UBSM
excitability and contractility [17, 18]. As both a Ca®" and voltage sensor, BK channels work to
oppose UBSM excitability by promoting cell membrane hyperpolarization, which in turn pre-
cludes Ca*" influx through L-type Cay channels to promote UBSM relaxation [17, 18]. In
UBSM, BK channels are activated by either Ca** influx through L-type Cay channels or by
Ca’" released from the sarcoplasmic reticulum (SR) ryanodine receptors (RyRs), known as
“Ca** sparks” [18]. BK channel activation by Ca** sparks triggers transient BK currents
(TBKC:s), also known as spontaneous transient outward currents (STOCs) [18], which regulate
UBSM excitability. Given the key role of the BK channels in UBSM function [17, 18], their
potential regulation by 17f-estradiol represents a critically important mechanism in UBSM cell
physiology. Indeed, an earlier study proposed a potential role for the BK channels in 17f-
estradiol-mediated UBSM relaxation [12]. However, in UBSM, the existence of a 17B-estradiol-
BK channel functional interaction has not been investigated at the cellular level. Therefore, this
study aimed to elucidate the functional role of the BK channels as non-genomic targets of 173-
estradiol in guinea pig UBSM cell excitability. We employed multiple electrophysiological pro-
tocols including single BK channel recordings on inside-out excised membrane patches and
the amphotericin-B perforated whole cell patch-clamp technique in combination with the
selective BK channel inhibitor paxilline.
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Materials and Methods
UBSM tissue acquisition and single cell isolation

All experimental procedures were conducted in accordance with the animal use protocol #2186
reviewed and approved by the Institutional Animal Care and Use Committee (IACUC) of the
University of South Carolina. Only male animals were used in this study to avoid changes in
the estrogen levels that occur during the menstrual cycle of the females. Forty-six adult male
Hartley-Albino guinea pigs (Charles River Laboratories, Raleigh, NC) of average weight 740
+177 g were euthanized by CO, inhalation using a SMARTBOX™ automated CO, delivery sys-
tem (Euthanex Corp, Palmer, PA) followed by thoracotomy. Subsequently, the urinary bladder
was removed after a transverse incision superior to the bladder neck. Dissection of UBSM tis-
sues was performed as previously described [19]. UBSM single cells were isolated from UBSM
tissues by enzymatic digestion using a combination of collagenase and papain as previously
described [19]. Freshly-isolated UBSM cells were used for patch-clamp experiments within

12 h of isolation.

Patch-clamp electrophysiology

UBSM cell suspension (0.3-0.5 ml) was placed in a glass-bottom chamber to settle for at least
20-30 min. We applied the amphotericin-B perforated whole cell patch-clamp technique as
previously described [19] to record voltage-step depolarization-induced whole cell BK currents,
TBKCs, L-type Cay currents, and the resting membrane potential of freshly-isolated guinea pig
UBSM cells. To determine the effects of 17B-estradiol on whole cell steady-state BK currents,
UBSM cells were voltage-clamped at a holding potential of -70 mV. Subsequently, voltage-step
depolarizations were applied from -40 to +80 mV at 20 mV intervals for 200 ms. The threshold
of STOCs was set at three times the single BK channel amplitude at -20 mV, or at 9 pA. Mem-
brane potential recordings were performed in current-clamp mode (I = 0) of the patch-clamp
technique. The effects of 17B-estradiol on peak L-type Cay channel currents were recorded at

0 mV in voltage-clamp mode of the amphotericin-B perforated patch-clamp technique in the
presence of paxilline (1 uM). Single BK channel recordings were performed on inside-out
excised membrane patches as previously described [19]. Single BK channel currents were mea-
sured at -60 mV with bath and pipette solutions containing symmetrical 140 mM KCl and
~300 nM free [Ca*'] (see $Solutions and drugs). These experiments were conducted using
pCLAMP version 10.2 software (Molecular Devices, Sunnyvale, CA) with an Axopatch 200B
amplifier (Digidata 1322A). Currents were filtered using an eight-pole Bessel filter (model
900CT/9L8L, Frequency Devices, Ottawa, IL). Borosilicate glass patch-clamp pipettes (Sutter
Instruments, Novato, CA) were pulled using a Narishige glass micropipette puller (model PP-
830, Narishige Group, Tokyo, Japan) and polished with a Microforge (model MF-830, Nar-
ishige Group). The final pipette resistance was 4-6 MQ for whole cell patch-clamp and 6-15
MQ for single BK channel recordings. All patch-clamp experiments were conducted at room
temperature (22-23°C).

Solutions and drugs

Ca’*-free dissection solution contained (in mM): 80 monosodium glutamate; 55 NaCl; 6 KCI;
10 glucose; 10 N-2-hydroxyethylpiperazine-N'-2-ethanesulphonic acid (HEPES); 2 MgCl,;
NaOH was administered to attain pH 7.3. The extracellular solution for whole cell patch-clamp
experiments had (in mM): 134 NaCl; 6 KCl, 1 MgCl,, 2 CaCl,, 10 glucose, and 10 HEPES, pH
adjusted to 7.4 with NaOH. The patch-pipette solution contained (in mM): 110 potassium
aspartate; 30 KCI; 10 NaCl; 1 MgCl,; 10 HEPES; 0.05 ethylene glycol-bis(2-aminoethylether)-
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N,N,N',N'-tetraacetic acid (EGTA); NaOH was used to adjust the pH to 7.2. Symmetrical K*
solution used for single BK channel recordings contained (in mM): 140 KCI; 1.08 MgCl,; 5
EGTA, and 3.16 CaCl,, adjusted to pH 7.2 with NaOH. Stock amphotericin-B solution was
freshly prepared daily in dimethyl sulfoxide (DMSO) and was added to the pipette solution
(200-300 pg/ml) prior to the experiment. 17B-Estradiol and paxilline were purchased from
Sigma- Aldrich (St. Louis, MO) and were dissolved in DMSO. The final concentration of
DMSO in the bath solution did not exceed 0.01%.

Data analysis and statistics

Single BK channel openings were analyzed over 5-10 min intervals before and after the addi-
tion of 17B-estradiol (100 nM). The values for single BK channel open probability [4] of each
excised patch (NP,) were calculated using Clampfit 10.2 software as previously described [19].
Single BK channel P, for each patch was calculated as NP, where N refers to the number of
channels in the patch. The effects of 173-estradiol on whole cell steady-state BK currents and
the cell membrane potential were analyzed using Clampfit 10.2 software. The effects of 17p-
estradiol on voltage-step depolarization-induced whole cell BK currents were analyzed by tak-
ing the average value of the last 50 ms of each pulse before and after the application of 173-
estradiol (100 nM). The effects of 17B-estradiol on the amplitude and frequency of TBKCs
were analyzed using Minianalysis software (Synaptosoft, Decatur, GA). Data are presented as
the means + SEM. In the summarized data, “n” indicates the number of UBSM cells used and
“N” represents the total number of guinea pigs. CorelDraw Graphics Suite X3 software (Corel
Co., Mountain View, CA) and GraphPad Prism 4.03 software (GraphPad Software, Inc., La
Jolla, CA) were used for statistical analysis and data illustration. Two-way ANOVA followed
by Bonferroni post-hoc test were performed to evaluate the effects of 17B-estradiol on whole
cell BK currents. Paired Student’s t-test was used for all other experimental series. P values
<0.05 were considered statistically significant.

Results

17B-Estradiol enhanced whole cell depolarization-induced steady-state
K* currents in freshly-isolated UBSM cells

The average whole cell capacitance of all cells used in the present study was 29.8+2.2 pF

(n =64, N =46). 17B-Estradiol (100 nM) caused a significant increase in whole cell steady-state
K" currents (n = 11, N = 10; P<0.05, Fig 1A and 1B). As illustrated in Fig 1 A and 1B, the den-
sity of whole cell steady-state K™ currents at +80 mV were 30.1+14.6 pA/pF for the controls
and 35.8+16.0 pA/pF in the presence of 17-estradiol. To determine whether these stimulatory
effects were mediated by the BK channels, we examined the effects of 17B-estradiol in the pres-
ence of the BK channel inhibitor paxilline (1 uM). As shown in Fig 1C and 1D, when BK chan-
nels were blocked with 1 uM paxilline, 17B-estradiol had no significant effects on the residual
whole cell steady-state K* currents. The density of whole cell steady-state K* currents at +80
mV was 13.5+2.3 pA/pF for the controls (paxilline only) and after the application of 17p-estra-
diol in the continued presence of paxilline was 13.4+2.4 pA/pF (n = 14, N = 12; P>0.05; Fig 1C
and 1D). These results indicate that in UBSM cells, the increase in whole cell steady-state K*
currents by 17B-estradiol is mediated by the BK channels.
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Fig 1. 17B-Estradiol increases depolarization-induced whole cell steady-state BK currents in freshly-isolated UBSM cells. A) Representative traces
from a voltage-clamp experiment illustrating that 17p-estradiol (100 nM) increases whole cell steady-state BK currents in an isolated UBSM cell. B) The
current-voltage relationship curves illustrate the 173-estradiol (100 nM)-mediated increase of whole cell steady-state BK currents in isolated UBSM cells
(n=11, N=10; ¥*P<0.05). C) Representative traces from a voltage-clamp experiment illustrating the lack of effects of 17f3-estradiol (100 nM) on whole cell
steady-state BK currents in the presence of the BK channel inhibitor paxilline (1 uM). D) The current-voltage relationship curves illustrate that 173-estradiol
(100 nM) had no significant effects on whole cell steady-state BK currents in the presence of 1 uM paxilline (n = 14, N = 12; P>0.05).

doi:10.1371/journal.pone.0141950.g001
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17B-Estradiol increased the frequency of TBKCs in freshly-isolated
UBSM cells

TBKCs have a key role in regulating UBSM cell excitability [17, 18]. We sought to elucidate the
regulation of TBKC activity by 173-estradiol in UBSM cells. TBKCs were recorded at a holding
potential of -20 mV. As illustrated in Fig 2, 17B-estradiol (100 nM) significantly increased the
frequency of TBKCs from 0.48+0.15 Hz (control) to 0.59+0.18 Hz (n = 9, N = 9; P<0.05), with-
out effecting TBKC amplitude (n =9, N = 9; P>0.05). Collectively, these data indicate that
17B-estradiol regulates TBKC activity in UBSM cells.

17B-Estradiol increased single BK channel P, in UBSM cell excised
membrane patches

To elucidate if 17B-estradiol has a direct effect on the BK channels, we conducted single BK
channel recordings on inside-out excised membrane patches. 178-Estradiol (100 nM) increased
the mean BK channel NP, from the control value of 0.05+0.03 to 0.20+0.07 (n = 13, N = 11;
P<0.05). Further, as illustrated in Fig 3, single BK channel opening events were completely
abolished by 1 uM paxilline in all excised membrane patches. These data provide strong sup-
port that 17B-estradiol directly and rapidly activates BK channels in UBSM cells.

17B-ESTRADIOL (100 nM)

1.0 1 *

0.8 1 —

0.4

0.2

0.0

CONTROL 17B-ESTRADIOL

Fig 2. 17B-Estradiol increases the frequency of TBKCs in freshly-isolated UBSM cells. A) An original representative recording illustrating the
stimulatory effects of 173-estradiol (100 nM) on TBKC activity in an isolated UBSM cell. B) Summarized data illustrating the increase in TBKC frequency by
17B-estradiol (100 nM) in UBSM cells (n =9, N = 9; *P<0.05).

doi:10.1371/journal.pone.0141950.9002
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Fig 3. 17B-Estradiol increases single BK channel P, in excised patches from freshly-isolated UBSM cells. A) An original representative recording of
BK channel currents recorded in the inside-out configuration of the patch-clamp technique before and after the addition of 100 nM 17B-estradiol in an excised
patch from an isolated UBSM cell. Single channel activity was completely abolished by 1 uM paxilline. “O” indicates open channel state and “C” indicates
closed channel state. B) Summarized data for the effects of 17B-estradiol (100 nM) on the BK channel NP, (n =13, N = 11; ¥*P<0.05). Single BK channel
recordings were performed at a holding potential of -60 mV.

doi:10.1371/journal.pone.0141950.9003
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17B-Estradiol hyperpolarized the resting membrane potential of UBSM
cells

Next, we aimed to elucidate the BK channel-dependent regulation of the UBSM cell membrane
potential by 17B-estradiol in UBSM cells. 173-Estradiol (100 nM) significantly hyperpolarized
the UBSM cell membrane potential to -25.8+2.3 mV from the control value of -22.1+2.4 mV
(n=12,N =11; P<0.05; Fig 4A and 4B). The BK channel inhibitor paxilline (1 pM) reversed
the hyperpolarizing effects of 17-estradiol on the UBSM cell membrane potential to -22.2+1.9
mV (n=12,N = 11; P<0.05; Fig 4A and 4B). As shown in Fig 4C and 4D, 17B-estradiol had no
effects on the UBSM cell membrane potential when administered in the presence of paxilline
(1 uM), with the membrane potential of -19.3+6.7 mV in comparison to the control (paxilline
only) value of -20.0£7.0 mV (n =7, N = 7; P>0.05). These data support the concept that 17f-
estradiol regulates the UBSM cell membrane potential through a mechanism involving the
modulation of BK channel activity.

17B-Estradiol did not inhibit L-type Cay currents in freshly-isolated
UBSM cells

In guinea pig UBSM cells, the inhibition of L-type Cay currents by 17B-estradiol has been
reported at micromolar concentrations using the conventional patch-clamp technique [9],
which does not maintain the native physiological environment of UBSM cells. Thus, we sought
to determine whether nanomolar concentrations of 17f-estradiol (100 nM) modulates L-type
Cay channel activity in UBSM cells in the presence of the BK channel inhibitor paxilline

(1 uM) using the perforated patch-clamp technique. As exemplified by Fig 5, 173-estradiol
(100 nM) had no effect on L-type Cay channel currents. At 0 mV, the average inward current
density under control conditions was -1.4+0.3 pA/pF and after the addition of 100 nM 17p-
estradiol was -1.6+0.4 pA/pF (n =5, N = 5; P>0.05; Fig 5). These results support the novel con-
cept that under physiological conditions of the perforated patch-clamp, nanomolar concentra-
tions of 17B-estradiol do not directly affect L-type Cay channel activity.

Discussion

The current study provided the first electrophysiological evidence establishing the novel regu-
latory mechanism by which the BK channels are direct targets for 173-estradiol at nanomolar
concentrations in guinea pig UBSM cells. Our results demonstrate that 17-estradiol rapidly
increases: 1) the amplitude of whole cell steady-state BK currents; 2) the frequency of TBKCs;
3) single BK channel NP,; and 4) hyperpolarizes the UBSM cell membrane potential; and 5)
does not directly inhibit L-type Cay channel currents at nanomolar concentrations.
17B-Estradiol is most widely known for its long-term genomic mechanisms involving gene
expression and the promotion of female sexual and reproductive health. However, emerging
evidence in UBSM and other cell types suggests the existence of several non-genomic mecha-
nisms of 17p-estradiol, which may acutely influence cell excitability and contractility. These
non-genomic mechanisms include: inhibition of L-type Cay channels [9, 20, 21], endothelial-
dependent release of nitric oxide [22], activation of protein kinases [23], and activation of the
BK channels [13, 24]. Involvement of the BK channels in the mechanism of 17-estradiol-
induced response is supported by studies from non-UBSM cell types and recombinant systems
expressing BK channels, which indicate the activation of BK channels by 17f-estradiol is
dependent on their regulatory B1-subunit [5, 13-16]. The role of the regulatory B1-subunit was
also supported by studies from freshly-isolated murine colonic myocytes, where the increase in
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Fig 4. 17B-Estradiol hyperpolarizes the membrane potential of freshly-isolated UBSM cells. A) A representative trace of a membrane potential
recording in current-clamp mode (/ = 0) demonstrating the hyperpolarizing effects of 17B-estradiol (100 nM) in an isolated UBSM cell. The hyperpolarizing
effect of 173-estradiol (100 nM) was reversed by 1 uM paxilline. B) Summarized data illustrating the hyperpolarizing effects of 173-estradiol on the UBSM cell
membrane potential and that 1 uM paxilline reverses the 173-estradiol-induced hyperpolarization (n =12, N = 11; ¥*P<0.05). C) A representative trace of a
membrane potential recording in current-clamp mode demonstrating that when the BK channels are blocked with 1 yM paxilline, 173-estradiol (100 nM) did
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not cause membrane hyperpolarization in an isolated UBSM cell. D) Summarized data illustrating that 17(3-estradiol had no effect on the UBSM cell
membrane potential in the presence of 1 uM paxilline (n =7, N =7; P>0.05).

doi:10.1371/journal.pone.0141950.9004

CONTROL

\

\

17B-ESTRADIOL (100 nM)
<

100 p

50 ms

CONTROL

173-ESTRADIOL

CURRENT (pA/pF)

Fig 5. 17B-Estradiol does not inhibit L-type Cay channel activity in freshly-isolated UBSM cells. A) A
representative recording of the peak L-type Cay channel currents recorded at 0 mV in a freshly-isolated
UBSM cell in the absence (control) or presence of 17B-estradiol (100 nM). B) Summary data of the current
density of L-type Cay channel currents in the absence (control) or presence of 100 nM 173-estradiol (n =5,
N =5; P>0.05).

doi:10.1371/journal.pone.0141950.g005
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BK channel P, by 17B-estradiol was not observed in excised membrane patches from B1-sub-
unit knockout (B17°) mice [25].

In UBSM, in vitro functional studies have demonstrated the inhibition of rodent and pig
UBSM contractility by 17B-estradiol [8, 10, 12]. These observations correspond to reports in
rat UBSM, where 17B-estradiol decreased the amplitude and frequency of spontaneous Ca**
flashes [10]. A previous study in guinea pigs showed that 17B-estradiol-induced inhibition of
UBSM contractility was still achieved in the presence of the estrogen receptor antagonist ICI-
182,780 [10]. This finding supports a non-genomic mechanism for 17-estradiol in controlling
UBSM contractility that is independent of estrogen receptor activation. In guinea pig UBSM, it
has been suggested that 17B-estradiol acts as both an L-type Cay channel inhibitor and K*
channel activator [12]. It has been shown that micromolar concentrations of 17B-estradiol
inhibit L-type Ca** currents in guinea pig UBSM cells [9], while a separate study showed the
relaxant effects of 17B-estradiol on guinea pig UBSM contractility were blocked in a concentra-
tion-dependent manner by the selective BK channel inhibitor iberiotoxin [12]. As BK and L-
type Cay channels are functionally coupled [17, 18], it was important to elucidate these path-
ways at the cellular level in UBSM using nanomolar concentrations of 17B-estradiol under
physiological experimental conditions.

Our results show that 17p-estradiol increased the amplitude of whole cell steady-state K*
currents (Fig 1) consistent with reports in non-UBSM cell types [14, 25]. The rapid effects of
17B-estradiol on whole cell K* currents were blocked by the BK channel inhibitor paxilline,
suggesting a BK channel-dependent mechanism. In UBSM cells, Ca®* sparks released from the
SR RyRs activate TBKCs, which fundamentally regulate UBSM cell excitability [17, 18]. Activa-
tion of TBKCs hyperpolarizes the UBSM cell membrane potential and decreases Ca** influx
through L-type Cay channels [17, 18]. 17B-Estradiol (100 nM) caused a significant increase in
the frequency of TBKCs (Fig 2), indicating that 173-estradiol positively modulates BK channel
activity in UBSM cells.

Directly confirming the 17B-estradiol-BK channel functional interactions, we found that
17B-estradiol (100 nM) significantly increased the single BK channel NP, of inside-out excised
membrane patches of UBSM cells (Fig 3). These results are in support of earlier electrophysio-
logical reports in non-UBSM cell types showing activation of the BK channels by 17B-estradiol
[13-16, 26]. Our single BK channel recordings were performed using symmetrical K* solutions
with fixed Ca®* concentration and in the absence of signaling pathways that may alter BK
channel P,,. The rapid effects of 17B-estradiol on the UBSM BK channels further indicate direct
non-genomic mechanisms. Thus, our data provide clear-cut evidence that 17B-estradiol
directly activates BK channels in UBSM cells.

The negative feedback mechanism by which BK channels limit UBSM excitability originates
from its ability to control the cell membrane potential [18]. 17B-Estradiol (100 nM) caused a
BK channel-dependent cell membrane hyperpolarization in UBSM cells (Fig 4). 178-Estradiol-
mediated hyperpolarization in UBSM cells is consistent with the stimulatory effects of 17f-
estradiol on TBKCs and whole cell steady-state BK currents.

Our study is the first to reveal a direct functional role for the BK channels in mediating the
effects of 17B-estradiol in UBSM at the cellular level. Importantly, the effects of 17B-estradiol
on BK channel activity in the current study were achieved using a nanomolar concentration,
well below the micromolar concentrations previously used in UBSM functional studies [8-10,
12]. In particular, it was previously reported using the conventional patch-clamp technique
that 17p-estradiol, at much higher non-physiological micromolar concentrations (1 uM),
inhibited peak Ca** currents by 50% in guinea pig UBSM cells [9]. However, 17B-estradiol
never reaches micromolar concentrations in the blood plasma even under pathophysiological
conditions. We demonstrated here for the first time using the perforated whole cell patch-
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clamp technique, that 17B-estradiol (100 nM) had no direct effects on L-type Cay channel
activity in freshly-isolated guinea pig UBSM cells (Fig 5). These data suggest that 17B-estradiol
directly activates the BK channels at nanomolar concentrations, which are insufficient to affect
L-type Cay channel activity. Unlike our study, previous studies that showed L-type Cay chan-
nel inhibition by 17B-estradiol in guinea pig UBSM cells have used physiologically-irrelevant
high micromolar concentrations [9]. Thus, our study reveals the novel findings that L-type
Cay channel inhibition by 17-estradiol is not involved in UBSM relaxation under normal
physiological conditions.

The current study provides strong evidence supporting a role for the BK channels as low-
affinity non-genomic targets for 17f-estradiol in UBSM. Our study does not exclude the possi-
bility that 17B-estradiol may exert genomic effects on the BK channels directly through estro-
gen receptor stimulation. However, the rapid increase in single BK channel NP, by 178-
estradiol (Fig 3) clearly indicates that the BK channels are direct non-genomic targets for 17f3-
estradiol. As the role of estrogens in UBSM physiology and pathophysiology is not fully under-
stood, the current study provides a foundational basis for future studies in human UBSM.
Indeed, decreased estrogen levels have been associated with the increased occurrence of urinary
urgency and frequency in post-menopausal women [3-5, 27]. Thus, the activation of the BK
channels by 17p-estradiol, which in turn hyperpolarizes the membrane potential to cause
UBSM relaxation, may underlie some of the observed benefits of estrogen replacement thera-
pies in alleviating symptoms of OAB [5].

In conclusion, we reveal a new paradigm in UBSM cell physiology, indicating a direct role
for the BK channels in mediating the inhibitory effects of 17p-estradiol on UBSM cell
excitability.

Acknowledgments

We would like to thank Dr. Wenkuan Xin for the critical evaluation of this manuscript and Dr.
James W. Hardin for his help with statistical analysis.

Author Contributions

Conceived and designed the experiments: KLH GVP. Performed the experiments: AP KLH
SPP GVP. Analyzed the data: AP KLH SPP GVP. Wrote the paper: AP KLH SPP GVP.

References

1. Andersson KE, Wein AJ. Pharmacology of the lower urinary tract: basis for current and future treat-
ments of urinary incontinence. Pharmacol Rev. 2004; 56(4):581-631. Epub 2004/12/17. doi: 10.1124/
pr.56.4.4 PMID: 15602011.

2. Hanna-Mitchell AT, Kashyap M, Chan WV, Andersson KE, Tannenbaum C. Pathophysiology of idio-
pathic overactive bladder and the success of treatment: a systematic review from ICI-RS 2013. Neu-
rourol Urodyn. 2014; 33(5):611—7. Epub 2014/05/23. doi: 10.1002/nau.22582 PMID: 24844598.

3. Robinson D, Toozs-Hobson P, Cardozo L. The effect of hormones on the lower urinary tract. Meno-
pause Int. 2013; 19(4):155-62. Epub 2013/12/18. doi: 10.1177/1754045313511398 PMID: 24336244.

4. Robinson D, Cardozo L, Milsom I, Pons ME, Kirby M, Koelbl H, et al. Oestrogens and overactive blad-
der. Neurourol Urodyn. 2014; 33(7):1086-91. Epub 2013/07/23. doi: 10.1002/nau.22464 PMID:
23868110.

5. Hanna-Mitchell AT, Robinson D, Cardozo L, Everaert K, Petkov GV. Do we need to know more about
the effects of hormones on lower urinary tract dysfunction? ICI-RS 2014. Neurourol Urodyn. 2015;in
press.

6. Game X, Rischmann P, Arnal JF, Malavaud B. [Role of estrogens in lower urinary tract physiology and
physiopathology]. Prog Urol. 2013; 23(8):502—10. Epub 2013/06/04. doi: 10.1016/j.purol.2013.03.012
PMID: 23725580.

PLOS ONE | DOI:10.1371/journal.pone.0141950 November 4, 2015 12/14


http://dx.doi.org/10.1124/pr.56.4.4
http://dx.doi.org/10.1124/pr.56.4.4
http://www.ncbi.nlm.nih.gov/pubmed/15602011
http://dx.doi.org/10.1002/nau.22582
http://www.ncbi.nlm.nih.gov/pubmed/24844598
http://dx.doi.org/10.1177/1754045313511398
http://www.ncbi.nlm.nih.gov/pubmed/24336244
http://dx.doi.org/10.1002/nau.22464
http://www.ncbi.nlm.nih.gov/pubmed/23868110
http://dx.doi.org/10.1016/j.purol.2013.03.012
http://www.ncbi.nlm.nih.gov/pubmed/23725580

@’PLOS ‘ ONE

BK Channel Regulation by Estrogens

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24.

25.

Koski ME, Chermansky CJ. Does estrogen have any real effect on voiding dysfunction in women? Curr
Urol Rep. 2011; 12(5):345-50. Epub 2011/07/07. doi: 10.1007/s11934-011-0208-y PMID: 21732190.

Dambros M, van Koeveringe GA, Bast A, van Kerrebroeck PE. Relaxant effects of estradiol through
non-genomic pathways in male and female pig bladder smooth muscle. Pharmacology. 2004; 72
(2):121-7. Epub 2004/08/28. doi: 10.1159/000080184 PMID: 15331918.

Sheldon JH, Argentieri TM. Acute administration of 17 beta-estradiol inhibits calcium currents in iso-
lated guinea pig detrusor myocytes. J Pharmacol Exp Ther. 1995; 274(2):723-9. Epub 1995/08/01.
PMID: 7636734.

Valeri A, Brain KL, Young JS, Sgaragli G, Pessina F. Effects of 17beta-oestradiol on rat detrusor
smooth muscle contractility. Exp Physiol. 2009; 94(7):834—46. Epub 2009/04/28. doi: 10.1113/
expphysiol.2009.047118 PMID: 19395661; PubMed Central PMCID: PMC2757913.

Patra PB, Thorneloe KS, Laping NJ. Effect of estrogen and progesterone on urodynamics in the con-
scious rat. Urology. 2009; 74(2):463—6. Epub 2009/07/04. doi: 10.1016/j.urology.2008.12.046 S0090-
4295(09)00037-5 [pii]. PMID: 19573897.

Yasay GD, Kau ST, Li JH. Mechanoinhibitory effect of estradiol in guinea pig urinary bladder smooth
muscles. Pharmacology. 1995; 51(5):273-80. Epub 1995/11/01. PMID: 8584578.

Maher J, Hunter AC, Mabley JG, Lippiat J, Allen MC. Smooth muscle relaxation and activation of the
large conductance Ca?*-activated K* BK¢, channel by novel oestrogens. Br J Pharmacol. 2013; 169
(5):1153-65. Epub 2013/04/17. doi: 10.1111/bph.12211 PMID: 23586466; PubMed Central PMCID:
PMC3696336.

Valverde MA, Rojas P, Amigo J, Cosmelli D, Orio P, Bahamonde MI, et al. Acute activation of Maxi-K
channels (hSlo) by estradiol binding to the beta subunit. Science. 1999; 285(5435):1929-31. Epub
1999/09/18. PMID: 10489376.

De Wet H, Allen M, Holmes C, Stobbart M, Lippiat JD, Callaghan R. Modulation of the BK channel by
estrogens: examination at single channel level. Mol Membr Biol 2006; 23(5):420-9. Epub 2006/10/25.
doi: 10.1080/09687860600802803 PMID: 17060159.

de Wet H, Lippiat JD, Allen M. Analysing steroid modulation of BK(Ca) channels reconstituted into pla-
nar lipid bilayers. Methods Mol Biol. 2008; 491:177—-86. Epub 2008/11/11. doi: 10.1007/978-1-59745-
526-8_14 PMID: 18998093.

Petkov GV. Role of potassium ion channels in detrusor smooth muscle function and dysfunction. Nat
Rev Urol. 2012; 9(1):30—40. Epub 2011/12/14. doi: 10.1038/nrurol.2011.194 PMID: 22158596;
PubMed Central PMCID: PMC3759241.

Petkov GV. Central role of the BK channel in urinary bladder smooth muscle physiology and pathophys-
iology. Am J Physiol Regul Integr Comp Physiol. 2014; 307(6):R571-R84. Epub 2014/07/06. doi: 10.
1152/ajpregu.00142.2014 PMID: 24990859.

Malysz J, Afeli SA, Provence A, Petkov GV. Ethanol-mediated relaxation of guinea pig urinary bladder
smooth muscle: involvement of BK and L-type Ca®* channels. Am J Physiol Cell Physiol. 2014; 306(1):
C45-58. Epub 2013/10/25. doi: 10.1152/ajpcell.00047.2013 PMID: 24153429; PubMed Central
PMCID: PMC3919972.

Cairrao E, Alvarez E, Carvas JM, Santos-Silva AJ, Verde |. Non-genomic vasorelaxant effects of
17beta-estradiol and progesterone in rat aorta are mediated by L-type Ca®* current inhibition. Acta
Pharmacol Sin. 2012; 33(5):615—-24. Epub 2012/04/03. doi: 10.1038/aps.2012.4 PMID: 22465948.

Ogata R, Inoue Y, Nakano H, lto Y, Kitamura K. Oestradiol-induced relaxation of rabbit basilar artery by
inhibition of voltage-dependent Ca channels through GTP-binding protein. Br J Pharmacol. 1996; 117
(2):351-9. Epub 1996/01/01. PMID: 8789390; PubMed Central PMCID: PMC1909250.

Broughton BR, Miller AA, Sobey CG. Endothelium-dependent relaxation by G protein-coupled receptor
30 agonists in rat carotid arteries. Am J Physiol Heart Circ Physiol. 2010; 298(3):H1055-61. Epub
2010/01/12. doi: 10.1152/ajpheart.00878.2009 PMID: 20061543.

Kelly MJ, Lagrange AH, Wagner EJ, Ronnekleiv OK. Rapid effects of estrogen to modulate G protein-
coupled receptors via activation of protein kinase A and protein kinase C pathways. Steroids. 1999; 64
(1-2):64-75. Epub 1999/05/14. PMID: 10323674.

Rosenfeld CR, Roy T. Large conductance Ca2*-activated and voltage-activated K* channels contribute
to the rise and maintenance of estrogen-induced uterine vasodilation and maintenance of blood pres-
sure. Endocrinology. 2012; 153(12):6012—-20. Epub 2012/10/17. doi: 10.1210/en.2012-1717 PMID:
23070547; PubMed Central PMCID: PMC3512069.

Dick GM, Sanders KM. (Xeno)estrogen sensitivity of smooth muscle BK channels conferred by the reg-
ulatory beta1 subunit: a study of beta1 knockout mice. J Biol Chem. 2001; 276(48):44835—40. Epub
2001/10/09. doi: 10.1074/jbc.M106851200 PMID: 115901583.

PLOS ONE | DOI:10.1371/journal.pone.0141950 November 4, 2015 13/14


http://dx.doi.org/10.1007/s11934-011-0208-y
http://www.ncbi.nlm.nih.gov/pubmed/21732190
http://dx.doi.org/10.1159/000080184
http://www.ncbi.nlm.nih.gov/pubmed/15331918
http://www.ncbi.nlm.nih.gov/pubmed/7636734
http://dx.doi.org/10.1113/expphysiol.2009.047118
http://dx.doi.org/10.1113/expphysiol.2009.047118
http://www.ncbi.nlm.nih.gov/pubmed/19395661
http://dx.doi.org/10.1016/j.urology.2008.12.046
http://www.ncbi.nlm.nih.gov/pubmed/19573897
http://www.ncbi.nlm.nih.gov/pubmed/8584578
http://dx.doi.org/10.1111/bph.12211
http://www.ncbi.nlm.nih.gov/pubmed/23586466
http://www.ncbi.nlm.nih.gov/pubmed/10489376
http://dx.doi.org/10.1080/09687860600802803
http://www.ncbi.nlm.nih.gov/pubmed/17060159
http://dx.doi.org/10.1007/978-1-59745-526-8_14
http://dx.doi.org/10.1007/978-1-59745-526-8_14
http://www.ncbi.nlm.nih.gov/pubmed/18998093
http://dx.doi.org/10.1038/nrurol.2011.194
http://www.ncbi.nlm.nih.gov/pubmed/22158596
http://dx.doi.org/10.1152/ajpregu.00142.2014
http://dx.doi.org/10.1152/ajpregu.00142.2014
http://www.ncbi.nlm.nih.gov/pubmed/24990859
http://dx.doi.org/10.1152/ajpcell.00047.2013
http://www.ncbi.nlm.nih.gov/pubmed/24153429
http://dx.doi.org/10.1038/aps.2012.4
http://www.ncbi.nlm.nih.gov/pubmed/22465948
http://www.ncbi.nlm.nih.gov/pubmed/8789390
http://dx.doi.org/10.1152/ajpheart.00878.2009
http://www.ncbi.nlm.nih.gov/pubmed/20061543
http://www.ncbi.nlm.nih.gov/pubmed/10323674
http://dx.doi.org/10.1210/en.2012-1717
http://www.ncbi.nlm.nih.gov/pubmed/23070547
http://dx.doi.org/10.1074/jbc.M106851200
http://www.ncbi.nlm.nih.gov/pubmed/11590153

el e
@ ) PLOS ‘ ONE BK Channel Regulation by Estrogens

26. Morrow JP, Zakharov SI, Liu G, Yang L, Sok AJ, Marx SO. Defining the BK channel domains required
for beta1-subunit modulation. Proc Natl Acad Sci U S A 2006; 103(13):5096—101. Epub 2006/03/22.
doi: 10.1073/pnas.0600907103 PMID: 16549765; PubMed Central PMCID: PMC1458800.

27. Cardozol, Lose G, McClish D, Versi E. A systematic review of the effects of estrogens for symptoms
suggestive of overactive bladder. Acta Obstet Gynecol Scand. 2004; 83(10):892—7. Epub 2004/09/30.
doi: 10.1111/.0001-6349.2004.00581.x PMID: 15453881.

PLOS ONE | DOI:10.1371/journal.pone.0141950 November 4, 2015 14/14


http://dx.doi.org/10.1073/pnas.0600907103
http://www.ncbi.nlm.nih.gov/pubmed/16549765
http://dx.doi.org/10.1111/j.0001-6349.2004.00581.x
http://www.ncbi.nlm.nih.gov/pubmed/15453881

