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BACKGROUND AND PURPOSE

Overactive bladder (OAB) is often associated with abnormally increased detrusor smooth muscle (DSM) contractions. We used
NS309, a selective and potent opener of the small or intermediate conductance Ca?*-activated K* (SK or IK, respectively)
channels, to evaluate how SK/IK channel activation modulates DSM function.

EXPERIMENTAL APPROACH

We employed single-cell RT-PCR, immunocytochemistry, whole cell patch-clamp in freshly isolated rat DSM cells and isometric
tension recordings of isolated DSM strips to explore how the pharmacological activation of SK/IK channels with NS309
modulates DSM function.

KEY RESULTS

We detected SK3 but not SK1, SK2 or IK channels expression at both mRNA and protein levels by RT-PCR and
immunocytochemistry in DSM single cells. NS309 (10 uM) significantly increased the whole cell SK currents and
hyperpolarized DSM cell resting membrane potential. The NS309 hyperpolarizing effect was blocked by apamin, a selective
SK channel inhibitor. NS309 inhibited the spontaneous phasic contraction amplitude, force, frequency, duration and tone of
isolated DSM strips in a concentration-dependent manner. The inhibitory effect of NS309 on spontaneous phasic contractions
was blocked by apamin but not by TRAM-34, indicating no functional role of the IK channels in rat DSM. NS309 also
significantly inhibited the pharmacologically and electrical field stimulation-induced DSM contractions.

CONCLUSIONS AND IMPLICATIONS

Our data reveal that SK3 channel is the main SK/IK subtype in rat DSM. Pharmacological activation of SK3 channels with
NS309 decreases rat DSM cell excitability and contractility, suggesting that SK3 channels might be potential therapeutic
targets to control OAB associated with detrusor overactivity.

Abbreviations

BK channel, large conductance voltage- and Ca?"-activated K* channel; DO, detrusor overactivity; DSM, detrusor
smooth muscle; EFS, electrical field stimulation; IK channel, intermediate conductance Ca*-activated K* channel; Ky
channel, voltage-gated K* channel; NS309, 6,7-dichloro-1H-indole-2, 3-dione 3-oxime; OAB, overactive bladder; PSS,
physiological salt solution; RMP, resting membrane potential; SK channel, small conductance Ca?*-activated K* channel;
TTX, tetrodotoxin
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Introduction

Overactive bladder (OAB), which is often associated with
involuntary contractions of detrusor smooth muscle (DSM)
during the bladder filling phase, is a serious medical problem
impairing human quality of life (Andersson and Wein, 2004;
Wein and Rackley, 2006). Antimuscarinics, the present main-
stay of OAB therapeutics, are only moderately effective and
induce many adverse effects, including dry mouth, constipa-
tion and blurred vision (Andersson and Wein, 2004; Epstein
et al., 2006). Therefore, there is a considerable need for alter-
native therapeutics for the treatment of OAB and associated
detrusor overactivity (DO). We propose that activation of
DSM small or intermediate conductance Ca*-activated K* (SK
or IK, respectively) channels with selective openers could be
a potential pharmacological approach to control DO.

During normal bladder function, DSM exhibits spontane-
ous phasic contractions driven by spontaneous action poten-
tials (Heppner et al., 1997; Petkov et al., 2001a; Hashitani and
Brading, 2003b; Herrera et al., 2003; Hristov efal., 2008;
Hristov et al., 2011; Petkov, 2012). In DSM, Ca*-activated K*
channels play a significant role in the maintenance of the
resting membrane potential (RMP), the repolarization and
after-hyperpolarization phases of the action potential
(Heppner etal., 1997; Hristov etal., 2011; 2012; Petkov,
2012). Three subtypes of SK channels, namely SK1 (Kc.2.1;
KCNN1), SK2 (Kc.2.2; KCNN2) and SK3 (Kc.2.3; KCNN3),
have been cloned in mammals (Kohler et al., 1996). IK (SK4;
Kca3.1; KCNN4) channel, which was originally termed the
Gardos channel, is another member of this group (Gardos,
1958). SK and IK channels are insensitive to the changes in
the membrane potential and are exclusively activated by rises
in the intracellular Ca*. These channels are not inactivated at
negative membrane potentials and can evoke a robust hyper-
polarization response (Grgic et al., 2009). Despite their small
conductance of 4-14 pS, SK channels are powerful modula-
tors of electrical excitability and exhibit substantial physi-
ological effects in various cell types (Wulff and Zhorov, 2008).

Using pharmacological approaches and genetically
manipulated animal models, a significant contribution of the
SK channels in controlling DSM function has been demon-
strated (Herrera and Nelson, 2002; Herrera et al., 2003; Thor-
neloe etal., 2008). Although IK channel expression is
reported in DSM of guinea pigs (Parajuli et al., 2012) and mice
(Ohya etal., 2000), its functional role in regulating DSM
excitability and contractility has remained largely unex-
plored. Previous findings showed that pharmacological inhi-
bition of SK channels with apamin increased the amplitude
and duration of spontaneous phasic contractions in animals
and human DSM (Herrera et al., 2000; Imai etal., 2001;
Buckner et al., 2002; Herrera and Nelson, 2002; Hashitani and
Brading, 2003a,b; Hashitani et al., 2004; Darblade et al., 2006;
Afeli et al., 2012b). On the other hand, overexpression of SK3
channels in murine DSM increased the whole cell currents
and bladder capacity (Herrera et al., 2003). A loss of apamin
sensitivity to DSM contractility was observed in SK2 channel
knockout mice, indicating a contribution of the SK2 channel
to the DSM function (Thorneloe et al., 2008). SK channels
contribution in decreasing rat DSM contractility was also
suggested in a bladder outlet obstruction-induced model of
DO (Kita et al., 2010).
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Here, we tested the hypothesis that pharmacological acti-
vation of SK/IK channels reduces rat DSM excitability and
contractility. For this purpose, we used NS309 (6,7-dichloro-
1H-indole-2, 3-dione 3-oxime), a selective and potent SK/IK
channel opener (Strobaek et al., 2004). NS309 activates SK/IK
channels by increasing their Ca® sensitivity (Strobaek et al.,
2006). In conscious rats, i.v. application of NS309 reduced the
DSM contractility and decreased the voiding frequency
(Pandita et al., 2006), but the contribution of SK/IK channels
to rat DSM function remains unclear. Recently, we demon-
strated that SK channel pharmacological activation with SKA-
31, another SK/IK channel opener (Sankaranarayanan et al.,
2009), decreased guinea pig DSM excitability and contractil-
ity (Parajuli et al., 2012). Similarly, SK/IK channel activation
with NS4591, another SK/IK channel activator, inhibited the
carbachol and electrical field stimulation (EFS)-induced DSM
contractions in rats, pigs and humans (Nielsen ef al., 2011)
and reduced bladder overactivity in rats (Hougaard et al.,
2009). However, to the best of our knowledge, there are no
reports available for the effects of NS309 on rat DSM RMP and
myogenic contractions. The study of the SK and IK channels
roles in rat DSM function is important because the rat is a
widely used experimental animal model.

The aim of this study was to explore if pharmacological
activation of SK and IK channels with NS309, a selective and
potent activator of SK and IK channels, can decrease DSM
excitability and contractility. For this purpose, we used phar-
macological approaches, molecular biology, electrophysiol-
ogy and myography. Here, we demonstrate the expression of
mRNA message for SK3 channels in rat DSM at a single-cell
level, and that the pharmacological activation of this channel
with NS309 decreases rat DSM cell excitability and contrac-
tility. Thus, our data reveal that DSM SK3 channels could be
a promising therapeutic target to control impaired bladder
function.

Methods

DSM strips preparation

In this study, we used 61 (53 males and 8 females) Sprague—
Dawley rats (Harlan Laboratories Inc., Frederick, MD, USA) of
average weight 342.4 * 8.3 g. Rats were Kkilled with CO,
inhalation following the procedures of the animal use proto-
col (#1747) reviewed and approved by the Institutional
Animal Care and Use Committee of the University of South
Carolina. The urinary bladders were quickly removed and
stored in dissection solution. Urinary bladders were cut open
longitudinally from the lumen; and the urothelium, includ-
ing lamina propria, was carefully removed; 5-7 mm long and
2-3 mm wide DSM strips were isolated for single cell prepa-
ration and isometric DSM tension recordings.

DSM single cell isolation

Rat DSM single cells were freshly isolated as described previ-
ously (Hristov et al., 2008; Chen and Petkov, 2009). Briefly,
one to two small DSM strips were incubated in pre-warmed
2 mL dissection solution supplemented with 1 mg-mL™
BSA, 1 mg-mL™ papain (Worthington, Lakewood, NJ, USA)
and 1 mgmL"' pi-dithiothreitol for 20-25 min at 37°C.



Table 1

Primers used for the RT-PCR experiments

SK3 channels control detrusor function

Channels Forward

SK1 TCATGACCATCTGCCCTGGCAC
SK2 TGCGCTCATCTTCGGCATGTTC
SK3 GCTATCCGCCAGTCATCTGCAC
IK(SK4) TGCCAGCCCATCGATTCTCTTC

Reverse Size (bp)
CCGGCTTTGGTCTGGCTTCTTC 428
AAGCCGGGCTGTCCATGTGAAC 313
CCTTATCGAGGCCGAACCTGAG 480
TTCAACAAGGCGGAGAAACACG 330

bp, base pairs.

Tissues were then transferred to a pre-warmed 2 mL of
dissection solution supplemented with 1 mgmL™ BSA,
0.5 mg-mL™" collagenase (type II from Sigma-Aldrich Co., St
Louis, MO, USA), 0.5 mg-mL™" trypsin inhibitor and 100 uM
CaCl, for 12-15 min at 37°C. The digested DSM tissues were
washed several times with dissection solution supplemented
with BSA and then were gently triturated with fire polished
Pasture pipette to disperse DSM single cells. Freshly isolated
DSM cells were used for patch-clamp recordings, single-cell
reverse transcriptase-PCR (RT-PCR) and immunocytochemis-
try experiments.

RNA isolation and RT-PCR

DSM total RNA was extracted from fresh DSM isolated strips
and enzymatically isolated DSM single cells as described pre-
viously (Chen and Petkov, 2009; Hristov et al., 2011; Afeli
et al., 2012a; Parajuli et al., 2012). Briefly, 50-100 individual
DSM cells were collected in RNAlater using an Axiovert
40CFL microscope with Nomarski interference contrast (Carl
Zeiss, Microimaging GmbH, Germany), a glass micropipette
and a MP-285/ROE micromanipulator (Sutter Instruments,
San Rafael, CA, USA). Total RNA was isolated from DSM single
cells and whole DSM tissues using RNeasy Mini Kit (Qiagen,
Hilden, Germany). cDNA was prepared using M-MLV Reverse
Transcriptase (Promega Co., Madison, WI, USA) and Oligo
d(T) primers. The cDNA product was amplified using GoTaq
Green Master Mix (Promega Co.), gene-specific primers
(Table 1) and mastercycler gradient thermocycler (Eppendorf,
Hamburg, Germany). All gene-specific primers were designed
using Gene runner software (version 3.01; Hastings Software,
Inc. Hastings-on-Hudson, NY, USA) based on the completed
rat mRNA sequences in Genebank. Rat brain tissue was used
as the positive control, and omission of the reverse tran-
scriptase (-RT) in RT-PCR reaction mixture was used for the
negative control. PCR products were purified using the Gen-
Elute PCR Clean-Up Kit (Sigma-Aldrich Co.) and sequenced at
the University of South Carolina Environmental Genomics
facility for sequence confirmation.

Immunocytochemistry

Immunocytochemistry was performed as previously des-
cribed (Chen and Petkov, 2009; Hristov ef al., 2011). Briefly,
freshly isolated DSM cells were dropped on poly-L-lysine
coated slides and allowed to settle for 1 h at room tempera-
ture. DSM cells were fixed with pre-warmed 4% paraformal-
dehyde for 10 min. Cells were washed two times with PBS,

blocked and permeabilized in PBS containing 10% normal
donkey serum and 0.1% Triton X-100 for 30 min. Once again,
cells were washed with PBS and incubated with primary anti-
bodies: anti-Kc,2.1 (KCNN1, SK1); anti-Kc.2.2 (KCNN2, SK2);
anti-Kc.2.3 (KCNN3, SK3) or anti-Kc.3.1 (KCNN4, IK, SK4);
1:100; Alomone Labs (Jerusalem, Israel) at 37°C for 1 h. Next,
cells were washed two times with PBS and labelled with
secondary antibodies (Cy3-conjugated anti-rabbit IgG, at
1:100, PBS/3% normal donkey serum/0.01% Triton X-100;
Jackson ImmunoResearch, West Grove, PA, USA) for 1 h in
the dark. After labelling, DSM cells were washed with PBS and
incubated with phalloidin for 1 h in the dark. Cells were then
washed two more times and incubated with DAPI (Molecular
Probes, Grand Island, NY, USA) for 15 min and washed again,
then mounted onto slides with DABCO (Thermo Fisher Sci-
entific, Fair Lawn, NJ, USA). Control treatments were carried
out by absorption of the primary antibody by a competing
peptide for confirming the specificity of the primary anti-
body. Images at x63 objective were acquired with an LSM 510
META confocal microscope (Carl Zeiss, Gottingen, Germany).
The slides for each group were imaged with the same laser
power, gain settings and pinhole for the controls and anti-
body treatment.

Electrophysiological recordings

The conventional and amphotericin-B perforated whole cell
patch-clamp configurations were used to record whole cell
currents and RMP, respectively, from freshly isolated rat DSM
single cells; 0.2-0.5 mL of DSM cell suspension were dropped
into a recording chamber, and cells were allowed to adhere to
the glass bottom for ~20 min. DSM cells were washed several
times with bath solution to remove cell debris and poorly
adhered DSM cells. Distinct, elongated, bright and shiny
DSM cells (when viewed under phase-contrast Axiovert
40CFL microscope) were selected for patch-clamp recordings.
Voltage-step depolarization-evoked whole cell SK currents
(voltage clamp) and RMP (current clamp) were recorded using
an Axopatch 200B amplifier, Digidata 1322A and pCLAMP
version 10.2 software (Molecular Devices, Union City, CA,
USA). The recorded currents were filtered with an eight-pole
Bessel filters 900CT/9L8L (Frequency Devices, Inc., Ottowa,
IL, USA). The patch-clamp pipettes were prepared from boro-
silicate glass (Sutter Instruments, Novato, CA, USA) and
pulled using a Narishige PP-830 vertical puller. The patch-
clamp pipettes were polished with a Micro Forge MF-830 fire
polisher (Narishige Group, Tokyo, Japan) to give a final tip
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resistance of 4-7 MQ. To study if NS309 activates the SK
channels, the influence of large conductance Ca*-activated
K* (BK) and IK channels was suppressed by paxilline, a selec-
tive BK channel inhibitor, and TRAM-34, a selective IK
channel inhibitor, respectively. Whole cell K* currents were
recorded by holding the DSM cells at =70 mV, and voltage
depolarization was applied from —40 to +40 mV for 200 ms in
10 mV increments, and then cells were repolarized back to
-70 mV. All patch-clamp experiments were conducted at
room temperature (22-23°C).

Isometric DSM tension recordings

Small DSM strips (5-7 mm long and 2-3 mm wide) devoid of
urothelium and lamina propria were excised from rat urinary
bladders. One end of the strip was attached to the bottom of
a temperature-controlled (37°C) jacketed water bath (10 mL)
containing physiological saline solution (PSS) aerated with
95% O,-5% CO,. The other end of the DSM strip was attached
to an isometric force transducer. The DSM strips were initially
stretched to ~1 g force and washed with fresh PSS solution
every 15 min during an equilibration period of 45-60 min.
The effects of NS309 were examined on spontaneously and
pharmacologically induced DSM contractions. All experi-
ments with myogenic contractions were performed in the
presence of 1 uM TTX, a selective neuronal voltage-gated Na*
channel inhibitor, to block any potential neurotransmitter
release. In the first experimental protocol, cumulative con-
centrations of NS309 (100 nM-30 uM) in the presence or
absence of SK/IK channel inhibitors were applied in 10 min
intervals. In the next experimental protocol, DSM phasic
contractions were pharmacologically induced by either 1 uM
carbachol, a cholinergic agonist, or by KCl (either 20 or

Brain DSM DSM

RT + =

1000 bp

500 bp

SK1
Brain DSM DSM

RT + - - 4

1000 bp

500 bp

Figure 1

(Whole tissue) (Single cell)
+ - + -
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(Whole tissue) (Single cell)
+
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60 mM), a depolarizing agent. After stabilization of the spon-
taneous phasic or tonic contractions induced by carbachol or
KCl, NS309 was applied to the bath solution. The effect of
NS309 on nerve-evoked contractions was evaluated by apply-
ing EFS using a pair of platinum electrodes mounted in the
tissue bath in parallel to the DSM strip. The EFS pulses were
generated by a PHM-1521 stimulator (MED Associates, Inc.,
St. Albans, VT, USA), and the EFS pulse parameters were as
follows: 0.75 ms pulse width, 20V pulse amplitude, 3 s
stimulus duration; and polarity was reversed for alternating
pulses. For EFS studies, after the equilibration period, DSM
strips were subjected to increasing frequencies from 0.5-
50 Hz at 3 min intervals. The DSM contraction amplitude at
EFS frequency of 50 Hz under control conditions was taken to
be 100%, and the data were normalized. The spontaneous,
pharmacologically and EFS-induced phasic contractions were
recorded using a Myomed myograph system (MED Associ-
ates, Inc.).

Solutions and drugs

Freshly prepared dissection solution had the following com-
position (in mM): 80 monosodium glutamate, 55 NaCl, 6 KCl,
10 glucose, 10 HEPES, 2 MgCl, and the pH adjusted to 7.3 with
NaOH. PSS was prepared freshly and had the following com-
position (in mM): 119 NacCl, 4.7 KCl, 24 NaHCO3, 1.2 KH,PO,,
2.5 CaCl,, 1.2 MgSO;4 and 11 glucose, and was aerated with
95% 0,-5% CO, to maintain pH of 7.4. Extracellular (bath)
solution used for patch-clamp experiments contained (in
mM): 134 NaCl, 6 KCI, 1 MgCl,, 2 CaCl,, 10 glucose, 10 HEPES
and pH adjusted to 7.4 with NaOH. The patch-pipette solu-
tion for perforated patch-clamp had (in mM): 110 potassium
aspartate, 30 KCI, 10 NaCl, 1 MgCl,, 10 HEPES, 0.05 EGTA and

Brain DSM DSM
(Whole tissue) (Single cell)
- + - + -

SK2

Brain DSM DSM
Whole tissue) (Single cell
nr  + . (Wnoletissue) (Single cel)

IKISK4

RT-PCR detection of mRNA messages for SK3 channels in DSM whole tissue and freshly isolated single cells. mRNA expression for the SK3 channel
was detected in DSM whole tissue and freshly isolated DSM single cells, whereas no mRNA expression was observed for SK1, SK2 and IK (SK4)
channels in DSM single cells. Rat brain was used as a positive control. Negative control experiments carried out with omission of RT-enzyme (—RT)
in reaction mixtures showed no products. lllustrated gel images are representations of at least four independent RT-PCR experiments based on RNA

extracted from four rats.
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pH adjusted to 7.2 with NaOH. The patch-pipette solution for
conventional whole-cell patch-clamp contained (in mM): 134
KCl, 0.207 CaCl,, 5.53 MgCl,, 10 HEPES, 5 HEDTA and pH
adjusted to 7.2 with NaOH. Free Ca* and Mg*" in the pipette
solution were calculated as 3 uM and 1 mM, respectively,
using WEBMAXC Standard software (Stanford, CA, USA).
Freshly dissolved amphotericin-B (200 ug-mL™) in dimethyl
sulfoxide (DMSO) was added to the pipette solution before the
experiment and replaced every 1-2 h. TRAM-34, apamin,
NS309 and TTX were purchased from Sigma-Aldrich Co.
Apamin and carbachol were dissolved in double distilled
water, while TRAM-34 and NS309 were dissolved in DMSO.
The DMSO concentration in the bath solution did not exceed
0.1%. The drug/molecular target nomenclature used in the
present study conforms to BJP’s Guide to Receptors and Chan-
nels (Alexander et al., 2011).

Data analysis and statistics

Clampfit 10.2 software (Molecular Device, Union City, CA,
USA) was used to analyse patch-clamp data. To evaluate
whole cell K* currents, the mean values of the last 50 ms pulse

Nucleus

10 pm

10 pm

Figure 2

SK3 channels control detrusor function

of 200 ms depolarization step of average 6-10 files recorded
every 1 min over an 8 to 10 min period before and after
application of test compounds were calculated. Stable patch-
clamp recordings over an 8 to 10 min period were used as
controls, and continuous recordings over another 8 to
10 min period following application of test compounds were
used to examine the effects of NS309 or SK/IK channel inhibi-
tors on rat DSM whole cell currents or RMP. To analyse the
effect of the compounds on spontaneous phasic contractions,
a 5 min stable recording prior to the application of the com-
pounds was analysed for the control, and another 5 min
recording was analysed after application of each concentra-
tion of the compounds. Analysis of the DSM contraction
parameters was performed with MiniAnalysis software (Syn-
aptosoft, Inc., Fort Lee, NJ, USA). The DSM contractile activity
was quantified by measuring the average maximal contrac-
tion amplitude, muscle integral force (the area under the
curve of the phasic contractions), duration (defined as width
of contraction at 50% of the amplitude), frequency (contrac-
tions per min) and tone (phasic contraction baseline curve).
To estimate the relative changes in the phasic contraction

10 pm

Merge

10 pm

Immunocytochemical detection of SK3 channel in freshly isolated DSM single cells using SK3 channel-specific antibody. Red staining (lower left
panel) indicates the detection of SK3 channel. Cell nuclei are shown in blue (upper left panel); F-actin is shown in green (upper right panel). The
merged image (lower right panel) illustrates the overlap of all three images. Images were obtained by a confocal microscope at 63x oil objective
and clearly demonstrate that the SK3 channel proteins were localized to the cell membrane. lllustrated confocal images are the representations

of at least four independent experiments from four different rats.
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parameters, the data were normalized and expressed as per-
centages with respect to control values. Statistical analysis
was performed with GraphPad Prism 4.03 software (Graph-
Pad Software, Inc., La Jolla, CA, USA). Corel Draw Graphic
Suite X3 software (Corel Co., Mountain View, CA, USA) was
used for data presentation. The data are expressed as mean *+
SE for the n (the number of DSM strips or cells) isolated from
N (number of rats). Statistical analysis was performed using
either two-tailed paired Student’s f-test or two-way ANOVA
followed by Bonferroni’s post hoc test. A P-value <0.05 was
considered to be statistically significant.

Results

Rat DSM cells express mRNA message for
SK3 channel

We detected expression of mRNA messages for SK1, SK2, SK3
and IK (SK4) channels in rat DSM whole tissue (Figure 1).
Detection of mRNA messages from non-DSM cells such as
fibroblasts, neuronal cells and vascular smooth muscle was
avoided by performing RT-PCR experiments on freshly iso-
lated single-DSM cells. Single-cell RT-PCR results showed
mRNA messages only for SK3 channel expression. In contrast,
mRNA messages were not detected for SK1, SK2 and IK (SK4)
channels in freshly isolated DSM single cells (Figure 1). This
suggests that the SK3 channel is the predominant SK channel
subtype expressed in rat DSM cells. To further investigate the
expression of SK/IK channel protein in freshly isolated DSM
single cells, we performed immunocytochemistry using spe-
cific antibodies against the SK1-3 and IK channels.

Rat DSM cells express protein for

SK3 channel

We detected SK3, but not SK1, SK2 and IK/SK4, channels at
the protein level in freshly isolated DSM cells using channel
specific antibodies for each channel subtype. Immunocyto-
chemistry results confirmed the expression of only SK3
channel protein in DSM single cells and demonstrated that
the SK3 channel protein is specifically localized to the cell
membrane (Figure 2). Next, using the patch-clamp tech-
nique, we explored how the pharmacological activation of
SK3 channels with NS309 affects DSM cell excitability.

Pharmacological activation of SK channels

with NS309 hyperpolarizes DSM cell RMP

The role of the SK/IK channels in the regulation of rat DSM
cell RMP was examined using the current-clamp mode (I = 0)
of amphotericin-B perforated whole cell patch-clamp tech-
nique. The advantage of using the perforated patch-clamp
technique is that it preserves the native cell environment
including intracellular Ca* signalling mechanisms. The
average DSM cell’s capacitance of all cells used in the patch-
clamp experiments was 26.2 = 0.9 pF (n = 161, N = 53) and
did not change during the course of the experiments. We
chose the 10 uM NS309 concentration for all patch-clamp
experiments based on the ECs, of the concentration-response
curve of NS309 for the spontaneous phasic contractions. Our
results showed that 10 uM NS309 significantly hyperpolar-
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Activation of SK channels with NS309 hyperpolarizes the rat DSM cell
RMP. (A) A representative recording from a freshly isolated DSM cell
in current-clamp mode illustrating that NS309 hyperpolarized DSM
cell RMP. (B) A representative recording illustrating that pharmaco-
logical inhibition of SK channels with apamin prevented the NS309-
induced hyperpolarizing effect on rat DSM cell RMP. (C) A
representative recording illustrating that pharmacological inhibition
of IK channels with TRAM-34, a selective inhibitor of the IK channels,
did not change the NS309-induced hyperpolarizing effect on rat
DSM RMP.

ized rat DSM cell RMP from a control value of -23.0 = 2.9 to
-26.6 34 mV (n=9, N=35; P <0.05, Figure 3A).

To explore if NS309-induced DSM cell membrane hyper-
polarization was mediated via activation of the SK channels,
we examined the effect of 1 uM apamin. Apamin (1 uM) per se
did not significantly change the DSM cell RMP. In the absence
of apamin, DSM cell RMP was -28.3 = 4.0 mV, and it was
—-29.6 = 3.5 mV in the presence of apamin n=8, N=S5; P>
0.05). In the presence of 1 uM apamin, NS309 did not have a
hyperpolarizing effect on DSM cell RMP. As shown in
Figure 3B, DSM cell RMP was -25.2 * 3.3 mV in the presence
of apamin alone, and it was —27.6 = 3.1 mV in the presence
of both apamin and NS309 (n =9, N =6; P > 0.05, Figure 3B).

To explore if NS309-induced DSM cell membrane hyper-
polarization was mediated via activation of IK channels, we
examined the effect of TRAM-34 on DSM cell RMP. Our data
showed that 100 uM TRAM-34 per se did not change the DSM
cell RMP. In the absence of TRAM-34, DSM cell RMP was
-20.0 = 2.4 mV and -19.1 = 2.2 mV in its presence n =7, N
=7; P>0.05). Under conditions of IK channel inhibition with
TRAM-34, 10 uM NS309 still significantly hyperpolarized the
DSM cell RMP from -23.4 = 2.4 to -26.2 = 2.7 mV (n=11, N
=7; P<0.05, Figure 3C). In the presence of both 1 uM apamin
and 100 pM TRAM-34, DSM cell RMP was -23.8 = 4.0 mV
and the subsequent addition of 10 uM NS309 did not have a
significant effect on RMP (-25.6 = 4.8 mV) (n =5, N = 3;
P > 0.05).

Taken together, our current-clamp data showed that
NS309 hyperpolarized rat DSM RMP via activation of SK but
not IK channels.
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Pharmacological activation of SK channels with NS309 increased
whole cell K* current in freshly isolated DSM cells. (A) Representative
conventional voltage-clamp recordings illustrating that NS309
(10 uM) increased the whole cell SK current in the voltage range
from —40 to +40 mV. (B) Current-voltage relationships illustrating
the effect of NS309 on the whole cell SK current (n =12, N = §;
*P<0.05, **P<0.01, ***P < 0.005). SK currents were recorded in the
presence of paxilline and TRAM-34, respective inhibitors of the BK
and IK channels.

NS§309 increases the whole cell SK currents in
freshly isolated DSM cells

In this experimental series, we performed conventional
whole cell patch-clamp experiments and examined the effect
of NS309 on whole cell K* currents in freshly isolated DSM
cells. The conventional whole cell patch-clamp technique
allowed us to control the intracellular Ca** concentration at
3 uM free Ca** during the experiments. NS309 (10 uM) acti-
vated the whole cell K* currents evoked by depolarizing volt-
ages in the presence of BK and IK channel blockers paxilline
(300 nM) and TRAM-34 (1 uM) respectively (Figure 4).
Current-voltage relationships showed that NS309 signifi-
cantly increased the whole cell K* currents (n =12, N=§; P <
0.05; Figure 4B). To explore if NS309 increased K* currents
were mediated via activation of SK channels, we also per-
formed experiments by pretreating DSM cells with 1 uM
apamin and examining the effects of NS309 (Figure 5A). Inhi-
bition of SK channels with 1 uM apamin prevented the
NS309 effect on the whole cell K* currents. Current-voltage
relationships showed that NS309 did not affect the whole cell
K* currents significantly in the presence of 1 uM apamin (n =
8, N = 6; P > 0.05; Figure 5B). These results provide evidence
that NS309-induced whole cell K* currents were due to acti-
vation of the SK channels. Thus, our voltage-clamp data
support the RMP data, which collectively suggest that in DSM
cells NS309 selectively acts on the SK channels to decrease the
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Figure 5

Pharmacological inhibition of SK channels with 1 uM apamin abol-
ished the activating effect of NS309 on the whole cell K* current in
freshly isolated DSM cells. (A) Representative conventional voltage-
clamp recordings illustrating that blocking the SK channels with
1 uM apamin decreased the whole cell K* current. In the presence of
1 uM apamin, 10 uM NS309 did not affect the whole cell K* currents.
(B) Current-voltage relationships depicting a lack of NS309 effect
when the SK channels were blocked with T uM apamin (n=8, N=6;
P>0.05). SK currents were recorded in the presence of paxilline and
TRAM-34.

DSM cell excitability. Next, we examined how the pharma-
cological activation of SK channels with NS309 modulates rat
DSM contractility.

Inhibitory effects of NS309 on spontaneous
phasic contractions in DSM-isolated strips

The effects of SK channel activation with NS309 in rat DSM-
isolated strips were studied by isometric DSM tension record-
ings. NS309 significantly inhibited the spontaneous phasic
contractions of rat DSM isolated strips in a concentration-
dependent manner (0.1-30 uM; Figure 6A). At the highest
applied NS309 concentration (30 uM), there was a significant
inhibition of DSM spontaneous phasic contractions: the con-
traction amplitude was decreased by 80.0 = 3.1%, muscle
integral force by 83.7 * 2.3%, contraction duration by 58.0 =
2.9%, contraction frequency by 61.8 * 8.6% and muscle tone
by 40.2 = 4.0% (n=17, N=9; P <0.001). The concentration—
response curves of NS309 for all contraction parameters of
the spontaneous contractions are shown in Figure 6B. The
ECso values for NS309-induced inhibition of phasic contrac-
tion parameters were in the range of 1-4 uM.
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NS309 inhibited spontaneous phasic contractions of rat DSM isolated strips. (A) A representative recording showing the spontaneous phasic
contractions of rat DSM strip and the concentration-dependent inhibitory effects of NS309. Subsequent concentrations of NS309 were applied
cumulatively at points indicated by the arrows. NS309 inhibited the spontaneous phasic contractions in a concentration-dependent manner
(0.1-30 uM). (B). Cumulative concentration-response curves for the inhibitory effects of NS309 on the contraction amplitude, muscle integral
force, contraction duration, contraction frequency and muscle tone (n=17, N =9). All recordings were performed in the presence of 1 uM TTX.

Effect of SK channels pharmacological
inhibition on the spontaneous phasic
contractions in DSM isolated strips

We next evaluated the functional importance of SK channels
in rat DSM using the selective SK channel inhibitor, apamin.
Rat DSM isolated strips exhibiting spontaneous phasic con-
tractions were treated with apamin (1 nM-1 uM). Apamin
caused a concentration-dependent increase in the phasic
contractions, indicating that the apamin-sensitive SK chan-
nels are involved in the regulation of rat DSM contractility.
At the highest concentration of apamin tested (1 uM), the
contraction amplitude was increased by 242.4 = 72.3%,
muscle integral force by 353.9 = 107.1%, contraction dura-
tion by 95.7 £ 29.7%, contraction frequency by 57.2 =
17.9% and muscle tone by 32.0 = 7.3% (n = 6, N = 4;
P < 0.05; Figure 7A). Figure 7B shows the concentration—
response curves of apamin-induced increase in all DSM
contraction parameters. We next explored the potential
functional role of IK channels in rat DSM contractility, using
TRAM-34. The concentration-response curves for TRAM-34
(1-100 uM) on DSM spontaneous phasic contractions

1618 British Journal of Pharmacology (2013) 168 1611-1625

showed no significant change in any of the contraction
parameters (n = 4, N = 4; P > 0.05). These findings further
support our RT-PCR and patch-clamp results and suggest that
IK channels do not play a functional role in regulating rat
DSM spontaneous phasic contractions.

Inhibitory effects of NS309 on DSM
contractility are mediated by the SK channels
In order to determine whether the inhibitory effects of NS309
were mediated by SK or IK channels, we pre-incubated the
muscle strips with either 1 uM apamin or 100 uM TRAM-34.
The inhibitory effect of NS309 (0.1-30 uM) on all contraction
parameters was antagonized by 1 uM apamin (n = 6, N = 4;
P < 0.05; Figure 8A). In another set of experiments, rat DSM
isolated strips were pre-incubated with TRAM-34. The
concentration-response curves for the inhibitory effects of
NS309 were not significantly different in the presence or
absence of TRAM-34 (n =6, N = 4; P > 0.05; Figure 8B). These
results confirm the lack of functional IK channel expression,
which is consistent with our findings from RT-PCR and patch-
clamp data.
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Effects of SK channel inhibitor apamin on rat DSM spontaneous contractions. (A) A representative recording of DSM spontaneous phasic
contractions demonstrating the contractile effect of cumulative administration of apamin (1 nM-1 uM). (B) Cumulative concentration-response
curves for the effects of apamin on contraction amplitude, muscle integral force, contraction duration, contraction frequency and muscle tone
(n=6, N =4). All recordings were performed in the presence of T uM TTX.

Inhibitory effects of NS309 on DSM
contractile responses induced by carbachol

We next evaluated the effects of SK channel activation with
NS309 on muscarinic receptor-mediated contractions in rat
DSM-isolated strips. DSM contractions were evoked by the
muscarinic receptor agonist, carbachol (1 uM). NS309 effec-
tively suppressed the carbachol-induced contractions in a con-
centration-dependent manner (0.1-30 uM; Figure 9A). NS309
(30 uM) decreased the contraction amplitude by 89.8 + 2.1%,
muscle integral force by 84.6 = 2.9%, contraction duration by
70.6 = 3.8%, contraction frequency by 69.6 * 5.6% and
muscle tone by 57.8 = 7.5% (n= 35, N=35; P <0.05; Figure 9B).

Inhibitory effects of NS309 on KCl-induced
phasic and tonic contractions in
DSM-isolated strips

In this experimental series, DSM phasic contractions were
elicited under conditions of mild depolarization with 20 mM

KCI. After the DSM contractions were stabilized, increasing
concentrations of the NS309 were added cumulatively to
obtain concentration-response curves. NS309 suppressed
20 mM KCl-induced phasic contractions in a concentration-
dependent manner (0.1-30 pM; Figure 10A). NS309 (30 uM)
decreased the contraction amplitude by 92.3 * 1.2%, muscle
integral force by 85.6 = 1.5%, contraction duration by 75.4 =
5.5%, contraction frequency by 66.5 = 10.4% and muscle
tone by 69.3 = 5.3% (n =35, N =5; P < 0.05; Figure 10B). To
determine if the inhibitory effect of NS309 was consistent
with activation of K* channels, we examined the effect of
NS309 (0.1-30 uM) on DSM isolated strips under conditions
of elevated extracellular K* (60 mM KCI). NS309 (30 uM) did
not change significantly the 60 mM KCl-induced muscle tone
(n =35, N=4; P> 0.05; Figure 10C and D). We observed
no inhibitory effect of NS309 (0.1-30 uM) on 60 mM KCl-
induced tonic contractions as compared with the significant
inhibitory effects on the 20 mM KCl-induced tonic contrac-
tions in DSM isolated strips (Figure 10).
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Inhibitory effects of NS309 on spontaneous phasic contractions of rat DSM isolated strips in the presence or absence of SK or IK channel inhibitors.
(A) Cumulative concentration-response curves for the inhibitory effects of NS309 in the absence or presence of 1 uM apamin in rat DSM isolated
strips. The concentration-dependent DSM relaxation induced by NS309 was greatly attenuated in the presence of 1 uM apamin (n =6, N = 4;
*P < 0.05; **P < 0.01, ***P < 0.005). (B) Cumulative concentration-response curves for the inhibitory effects of NS309 in the absence or presence
of 100 uM TRAM-34 in rat DSM isolated strips. NS309-induced inhibitory response was not affected in the presence of TRAM-34 (n=6, N =4;

P > 0.05). All recordings were performed in the presence of 1 uM TTX.

Inhibitory effects of NS309 on EFS-induced
contractions in DSM-isolated strips

Next, we examined the effects of NS309 on the nerve-evoked
contractions elicited by EFS (stimulation frequency 0.5-
50 Hz). Pharmacological activation of SK channels with
10 uM NS309 significantly reduced the amplitude of the EFS-
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induced contraction in DSM-isolated strips (n =6, N=4; P <
0.05; Figure 11). At the highest EFS frequency of 50 Hz,
10 uM NS309 inhibited the amplitude of EFS-induced con-
traction by 50.2 = 5.2% (n=6, N =4; P <0.05; Figure 11A and
B). These findings suggest that pharmacological activation of
SK channels with NS309 significantly suppresses the nerve-
evoked contractions of rat DSM isolated strips.



SK3 channels control detrusor function

CARBACHOL (1.M)

NS309

B

125

-
(=
o

|~

- -
g N O N
o g ©o O

[
(5,

|

55 4.5 97',5

N3
)

'
-
)

RELATIVE AMPLITUDE (%)
N oo N
a S a
RELATIVE FORCE (%)
N o N
a S o

4
[7]
w
o
©0
-
o
«Q
—_
=

125

-
N OO N ©
o o o o

T

o4 . . .
7.5 65 55 45
NS309 Log [M]

RELATIVE FREQUENCY (%)

Figure 9

-6.5 E
NS309 Log [M

RELATIVE DURATION (%)

75 6.5 5.5 45
NS309 Log [M]

l .“V\N\l\’
o+ T o J
-7.5 -6.5 -5.5 -4.5
NS309 Log [M]

5.5 -4.5
1

-
a N O N
o o1 © O

RELATIVE TONE (%)
N
o
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Discussion and conclusions

In this study, we identified the SK3 channel subtype at both
mRNA and protein levels as the only channel expressed in rat
DSM single cells among all SK/IK channel subtypes. Pharma-
cological activation of DSM SK channels with NS309 hyper-
polarized the DSM cell RMP, increased the whole cell SK
currents in freshly isolated DSM cells and effectively inhib-
ited the spontaneous, pharmacologically and EFS-induced
contractions of rat DSM-isolated strips.

Identification of specific SK channel subtypes responsible
for channel function is not possible using a pharmacological
approach due to the lack of subtype selective SK channel
modulators (Hougaard et al., 2007). For this reason, we per-
formed the single-cell RT-PCR experiments to identify the
mRNA expression for all known SK (1-3) and IK (SK4) chan-
nels in rat DSM (Figure 1). We detected mRNA expression for
only SK3 channels out of all known SK (1-3) and IK (SK4)
channel isoforms in freshly isolated rat DSM single cells. We
confirmed the expression of only SK3 channels at the protein
level in freshly isolated DSM single cells (Figure 2). The

immunocytochemical detection of SK3 channel protein in
DSM single cells further indicated that only mRNA messages
for SK3 channels came from DSM cells, whereas mRNA mes-
sages for SK1, SK2 and IK channels detected in whole DSM
tissues (Figure 1) most likely came from non-DSM cells such
as neuronal, fibroblasts, ICC-like or vascular smooth muscle
cells. Molecular expression of SK and IK channels has been
demonstrated in DSM of mice (Ohya et al., 2000) and guinea
pigs (Parajuli et al., 2012). Unlike previous findings in mice
and guinea pigs, we detected mRNA expression for only the
SK3 channel but not for SK1, SK2 and IK channels in rat DSM
single cells. Recently, our research group has demonstrated
that SK, SK3 in particular, but not IK channels contribute to
the regulation of human DSM function (Afeli et al., 2012b).
These results suggest that expression of SK and IK channels
may be attributed to species differences. Furthermore, our
patch-clamp and functional studies at both cellular and tissue
levels demonstrated that NS309-induced inhibition of DSM
excitability and contractility was mediated by selective acti-
vation of SK channels. Therefore, our single-cell RT-PCR and
immunocytochemistry results combined with patch-clamp
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Figure 10

Relaxant effects of NS309 on KCl-induced contractions in DSM isolated strips. (A) A representative original recording of 20 mM KCl-induced phasic
contractions and the inhibitory effect of NS309 (0.1-30 uM) in a DSM isolated strip. (B) Cumulative concentration-response curves for the
inhibitory effect of NS309 after pre-contraction of DSM strips with 20 mM KCI (n=5, N =5; P < 0.05). (C) A representative original recording
illustrating no inhibitory effect of NS309 (0.1-30 uM) on 60 mM KCl-induced tonic contractions of a DSM isolated strip. (D) Cumulative
concentration-response curves showing no effect of NS309 (0.1-30 uM) on the 60 mM KCl-induced tonic contraction (n=5, N=4; P> 0.05
vs. control) and significant difference with the NS309 effects on the 20 mM KCl-induced tonic contraction in DSM isolated strips (**P < 0.01,

***P < 0.005). All recordings were performed in the presence of 1 uM TTX.

and functional studies on DSM contractility suggest that
NS309-induced decrease in DSM cell excitability and contrac-
tility is exclusively due to activation of the SK3 channels.
In the present study, we reported that activation of SK
channels with NS309 hyperpolarized the RMP by ~3 mV
(Figure 3) and significantly increased the whole cell SK cur-
rents (Figure 4). Both effects were not observed in the pres-
ence of apamin (Figures 3 and 5). Furthermore, small but
statistically significant SK current activation was also
observed at a holding potential in the range of -40 to —-30 mV,
which is close to the RMP values in DSM (Petkov et al.,
2001b). This clearly explains the hyperpolarization effect
caused by NS309 in DSM cells. Using Karp channel activators,
we have previously demonstrated that a modest negative
shift of the RMP is sufficient to cause a substantial inhibition
of the spontaneous phasic contractions in guinea pig DSM
(Petkov et al., 2001b). Our present findings are consistent
with this mechanism because SK channel activation with
NS309 caused a modest DSM cell membrane hyperpolariza-
tion, and this modulation dramatically reduced the sponta-
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neous phasic contractions (Figures 3 and 6). We have also
shown that such a small change in the RMP due to an acti-
vation of SK channels can cause a robust inhibition of the
spontaneous and pharmacologically induced phasic contrac-
tions in guinea pig DSM (Parajuli et al., 2012).

We systematically evaluated all parameters of both spon-
taneous phasic contractions and pharmacologically induced
contractions in rat DSM isolated strips, including contraction
amplitude, muscle integral force, contraction frequency, con-
traction duration and muscle tone to address how the phar-
macological activation of SK channels modulates the DSM
contractility. The underlying cause of DSM spontaneous
phasic contractions is the spontaneous action potential and
associated increases in intracellular Ca®>* concentrations (Has-
hitani et al., 2004; Petkov, 2012). We demonstrated that
NS309 caused DSM cell membrane hyperpolarization and
thus dramatically decreased the DSM spontaneous phasic
contractions amplitude, muscle integral force, contraction
frequency, contraction duration and muscle tone with ECs, in
the range of 1-4 uM (Figure 6). These inhibitory effects of
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Pharmacological activation of SK channels with NS309 significantly reduced the EFS-induced contractions in rat DSM isolated strips. (A)
Representative recordings of EFS-induced contractions (stimulation frequency 0.5-50 Hz) in the absence of NS309 (control) and 30 min after
application of 10 uM NS309. (B) Frequency-response curves illustrating a significant decrease in the amplitude of EFS-induced contractions after

application of 10 uM NS309 (n =6, N = 4; *P < 0.05, ***P < 0.005).

NS309 were blocked by pretreatment of DSM isolated strips
with apamin, a selective SK channel inhibitor but not by
TRAM-34, a selective IK channel inhibitor.

The functional role of IK channels in physiological and
pathological bladder conditions has remained obscure. Our
single-cell RT-PCR (mRNA level), immunocytochemistry
(protein level), isometric DSM tension recordings and patch-
clamp data indicate that IK channels are not expressed in rat
DSM and do not play any functional role in regulating DSM
excitability and contractility. Therefore, it is clear that all
inhibitory effects of NS309 in rat DSM excitability and con-
tractility were due to SK but not IK channel activation.

The urinary bladder is innervated with parasympathetic
neurons, which release acetylcholine and ATP. When these
neurons are stimulated during the bladder-emptying phase,
they induce forceful phasic contractions (Andersson and
Arner, 2004; Brading, 2006). Our results showed that phasic
contractions evoked by 1 uM carbachol, a muscarinic agonist,
were significantly suppressed by NS309 (Figure 9). This sup-
pression of muscarinic receptor agonist-induced phasic con-
tractions with NS309 can be attributed to the activation of SK
channels that lead to membrane hyperpolarization and

attenuation of Ca?* influx through L-type voltage-gated Ca*
channels. Similarly, the phasic contractions evoked by
20 mM KCI were also significantly inhibited by NS309
(Figure 10A and B). Unlike an earlier study (Morimura et al.,
2006), our data do not provide evidence that NS309 inhibi-
tory effects on rat DSM contractility were due to block of
L-type voltage-gated Ca* channels. The lack of NS309 effects
on 60 mM KCl-induced tonic contractions (Figure 10C and
D) confirmed that NS309 inhibitory effects attribute to the
opening of K* channels, presumably the SK channels as also
shown by our patch-clamp data (Figures 3-5). Moreover, as
illustrated in Figure 8A, the inhibitory effects of NS309 on
DSM spontaneous phasic contractions were significantly
inhibited by pretreatment of the DSM strips with apamin.
Collectively, our results clearly demonstrate that the observed
NS309 inhibitory effects on DSM contractility are not medi-
ated by inhibition of the L-type voltage-gated Ca* channels.

SK channels are suggested to have a prominent role as
a negative-feedback element on extracellular Ca* influx-
mediated DSM contractility (Andersson and Arner, 2004;
Herrera et al., 2005; Petkov, 2012). Furthermore, during an
action potential, SK channel activation hyperpolarizes the
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cell membrane for several hundreds of milliseconds (Stocker
et al., 2004). In the present study, SK channel activation with
NS309 hyperpolarized rat DSM cell RMP and thus resulted in
a drastic inhibition of the spontaneous phasic contractions
(Figures 3 and 6). In addition, as shown in Figure 7, pharma-
cological blockade of SK channels with apamin increased
DSM spontaneous phasic contraction amplitude, muscle inte-
gral force and contraction duration which is consistent with
previous findings in other species (Herrera etal., 2000;
Herrera and Nelson, 2002; Hashitani and Brading, 2003b;
Herrera et al., 2003; Herrera ef al., 2005). Most importantly,
apamin antagonized the NS309 inhibitory effects on rat DSM
contractility (Figure 8A). Our results support the concept that
SK channel pharmacological activation decreases DSM excit-
ability and contractility (Petkov, 2012).

In conclusion, our data reveal that pharmacological acti-
vation of SK channels with NS309 decreases rat DSM cell
excitability by hyperpolarizing the RMP and inhibits the
spontaneous, pharmacologically and EFS-induced DSM con-
tractions. Only SK3 channel expression at both mRNA and
protein levels was detected in isolated DSM single cells.
Therefore, selective pharmacological activation of SK3 chan-
nels could be a promising option for therapeutic control of
OAB.
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