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Characterization of a novel ATP-sensitive Kþ

channel opener, A-251179, on urinary bladder
relaxation and cystometric parameters
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Background and Purpose: ATP-sensitive Kþ channels (KATP) play a pivotal role in contractility of urinary bladder smooth
muscle. This study reports the characterization of 4-methyl-N-(2,2,2-trichloro-1-(3-pyridin-3-ylthioureido)ethyl)benzamide
(A-251179) as a KATP channel opener.
Experimental Approach: Glyburide-sensitive membrane potential, patch clamp and tension assays were employed to study
the effect of A-251179 in vitro. The in vivo efficacy of A-251179 was characterized by suppression of spontaneous contractions
in obstructed rat bladder and by measuring urodynamic function of urethane-anesthetized rat models.
Key Results: A-251179 was about 4-fold more selective in activating SUR2B-Kir6.2 derived KATP channels compared to those
derived from SUR2A-Kir6.2. In pig bladder smooth muscle strips, A-251179 suppressed spontaneous contractions, about 27-
and 71-fold more potently compared to suppression of contractions evoked by low-frequency electrical stimulation and
carbachol, respectively. In vivo, A-251179 suppressed spontaneous non-voiding bladder contractions from partial outlet-
obstructed rats. Interestingly, in the neurogenic model where isovolumetric contractions were measured by continuous
transvesical cystometry, A-251179 at a dose of 0.3 mmol kg-1, but not higher, was found to increase bladder capacity without
affecting either the voiding efficiency or changes in mean arterial blood pressure.
Conclusions and Implications: The thioureabenzamide analog, A-251179 is a potent novel KATP channel opener with
selectivity for SUR2B/Kir6.2 containing KATP channels relative to pinacidil. The pharmacological profile of A-251179 is to
increase bladder capacity and to prolong the time between voids without affecting voiding efficiency and represents an
interesting characteristic to be explored for further investigations of KATP channel openers for the treatment of overactive
bladder.
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Introduction

ATP-sensitive Kþ (KATP) channels play an important role in

linking cellular energy metabolism to membrane potential

and cellular excitability in a variety of tissues including

pancreas, central nervous system, skeletal muscle, heart and

in diverse smooth muscle tissues such as the bladder and

peripheral vasculature (Quayle et al., 1997; Ashcroft, 2006).

These channels function as hetero-octameric complexes

derived from four inwardly rectifying Kþ channel (Kir)

subunits that form the Kþ ion conducting pore, and four

regulatory sulphonylurea receptor (SUR) subunits (Aguilar-

Bryan et al., 1998; Seino, 1999). Distinct Kir (Kir6.1 and

Kir6.2) and SUR (SUR1, SUR2A and SUR2B) subunits can

assemble to generate tissue-specific KATP channels that

exhibit unique biophysical and pharmacological properties.

For example, SUR1/Kir6.2 KATP channels serve as regulators

of pancreatic b-cell insulin release and as glucose sensors in
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the hypothalamic neurons (Inagaki et al., 1995; Lam et al.,

2005; Pocai et al., 2005). Sarcolemmal cardiac KATP channels

are constituted from SUR2A/Kir6.2 complexes, whereas

smooth muscle KATP channels are derived from SUR2B

assembled with either Kir6.1 or Kir6.2 subunits (Isomoto

et al., 1996; Yamada et al., 1997). In addition, mitochon-

drial KATP channels also exists that may serve as targets

for anti-ischemic agents (Grover and Garlid, 2000;

Busija et al., 2004).

Although the majority of the initial work on KATP channel-

based therapeutic agents focused on their potential as

antidiabetic agents for which blockers are clinically used

and as antihypertensive agents, more recently, efforts

have shifted towards indications such as hyperinsulinemia,

cardioprotection, ventricular arrhythmia and bladder over-

activity (for a review see Mannhold, 2004; Carroll,

2006). Although achieving tissue selectivity remains a

potential challenge, the quest for selective compounds has

been facilitated by the identification of molecularly defined

KATP channels, and indeed, SUR1/Kir6.2 openers for

hyperinsulinemia and SUR2A/Kir6.2 blockers for ventri-

cular fibrillation have emerged (Atwal et al., 1995;

Sebille et al., 2006).

KATP channels, along with large and small conductance

Ca2þ -activated Kþ channels, are critical to the control of

myogenic tone and excitability in bladder smooth muscle

cells (Foster et al., 1989a, b; Buckner et al., 2002; Herrera and

Nelson, 2002; Gopalakrishnan and Shieh, 2004). It is well

established that KATP channels play a key role in regulating

membrane potential and phasic spontaneous bladder

smooth muscle contractility and, accordingly, openers are

potentially useful in the treatment of urological conditions

such as overactive bladder where heightened levels of

disease-related spontaneous contractions have been ob-

served (Brading, 1997; Hashitani and Brading, 2003; Gopa-

lakrishnan and Shieh, 2004). In vitro studies have shown that

KATP channel openers are effective in suppressing sponta-

neous myogenic contractility and do so more potently

(about 15-fold) compared to inhibiting contractions evoked

by electrical field stimulus, which are mediated through

muscarinic and purinergic receptors (Buckner et al., 2002).

Thus, channel openers that selectively modulate disease-

related spontaneous contractions may have the potential to

treat overactive bladder, without untoward or minimal

cardiovascular effects.

Among ATP-sensitive Kþ channel opener, a variety of

structural classes including benzopyrans, cyanoguanidines,

tertiary carbinols and dihydropyridines are known

(Mannhold, 2006). However, the search for novel structures

from which to explore bladder-selective KATP channel

openers continues. Our in-house screening of compound

libraries using membrane potential-based assays yielded a

class of compounds, referred to as thioureabenzamides that

were found to be potent openers of KATP channels (Perez-

Medrano et al., 2004). In this study, we present in vitro and

in vivo pharmacological properties of a prototypical compound

4-methyl-N-(2,2,2-trichloro-1-(3-pyridin-3-ylthioureido)ethyl)

benzamide, A-251179. Some of these studies have

previously been presented in an abstract form (Milicic

et al., 2004).

Materials and methods

Animal experiments

Studies were carried out in accordance with guidelines

outlined by the Animal Welfare Act, the Association for

Assessment and Accreditation of Laboratory Animals (AAA-

LAC) and the Institutional Animal Care and Use Committee

of Abbott Laboratories.

Membrane potential assays

Functional activity of KATP channels in guinea-pig bladder

smooth muscle cells was assessed as described previously

(Gopalakrishnan et al., 1999) by evaluating changes in the

membrane potential using the bis-oxonol dye, bis-(1,3-

dibutylbarbituric acid)trimethine oxonol (DiBAC4(3)), in a

96-well fluorescent imaging plate reader (FLIPR). Briefly,

urinary bladders were removed from anesthetized male

guinea-pigs (Hartley, Charles River, Wilmington, MA, USA)

weighing 250–300 g and cells were isolated by enzymic

dissociation. The bladder was chopped into small sections

and incubated in Dulbecco’s phosphate-buffered saline

(DPBS, Life Technologies, Gaithersburg, MD, USA) contain-

ing 1 mg ml�1 collagenase (type VIII, Sigma, St Louis, MO,

USA) and 0.2 mg ml�1 pronase (Calbiochem, La Jolla, CA,

USA) with continuous stirring at 371C in a cell incubator for

30 min. The cells were harvested and resuspended in 5 ml

growth media (Dulbecco’s modified Eagle’s medium (DMEM)

supplemented with 10% fetal bovine serum, 100 U ml�1

penicillin, 100 U ml�1 streptomycin and 0.25 mg ml�1 am-

photericin B) and dissociated further by pipetting repeatedly

through a flame-polished Pasteur pipette and passing

it through a polypropylene mesh membrane (Spectrum,

Houston, TX, USA). Cells were maintained in the incubator

with 90% air:10% CO2 for 5–7 days before experiments.

Confluent cells, cultured in black clear-bottomed 96-well

plates (Packard ViewPlate-96), were rinsed twice with 200 ml

assay buffer containing (mM): 20 HEPES, 120 NaCl, 2 KCl, 2

CaCl2, 1 MgCl2, 5 glucose (pH) 7.4 at 251C and 5mM

DiBAC4(3) and then incubated with 180 ml of buffer in the

incubator for 30 min to ensure dye distribution across the

membrane. Assays were carried out at 371C and were

initiated by the addition of various concentrations of test

compounds. Changes in DiBAC4(3) fluorescence were mea-

sured at excitation and emission wavelengths of 488 and

520 nm, respectively.

Whole-cell patch clamp

SUR2A/Kir6.2 and SUR2B/Kir6.2 KATP channels. The cDNA

clones of rat Kir6.2 mouse SURs (SUR2A and SUR2B) were

used (Isomoto et al., 1996; Shindo et al., 1998). The plasmid

containing Kir6.2 was cotransfected with either SUR2A or

SUR2B cDNA into HEK293T cells by using LipofectAMINE

(Invitrogen Co, Carlsbad, CA, USA) according to manufac-

turer’s instructions. Electrophysiological measurements were

usually conducted 2–3 days after transfection. Electrophy-

siological studies were carried out at room temperature using

the whole-cell patch-clamp configuration as described pre-

viously (Shindo et al., 1998). The tip of the electrodes was fire
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polished, coated with silicon and had a resistance of 3–5 MO
upon filling with an internal solution containing (in mM):

140 KCl, 2 MgCl2, 5 EGTA–KOH and 5 HEPES–KOH (pH 7.3).

ATP (3 mM) was added to the internal solutions with

concentration of free Mg2þ adjusted to 1.4 mM (Dawson

et al., 1986). The bath solution contained (in mM): 121.9

NaCl, 20.0 KCl, 1.8 CaCl2, 0.53 MgCl2, 5.5 glucose and 5.0

HEPES–NaOH (pH 7.4). The membrane currents were

amplified with Axopatch 200A (Molecular Device Co,

Sunnyvale, CA, USA) and monitored throughout the experi-

ments with an analog-storage oscilloscope (Dual Beam

Storage Oscilloscope, Tektronix, Inc., Beaverton, OR, USA).

For subsequent analyses, the data were low-pass filtered at

1.0 kHz (�3 dB) with an 8-pole Bessel filter (Frequency

Devices, Harverhill, MA, USA), and digitized at 3 or 5 kHz

with an AD converter (ITC-16, Instrutech Corp., NY, USA).

The whole-cell current response to compounds in cells

expressing SUR2A/Kir6.2 or SUR2B/Kir6.2 channels was

measured by subtracting the basal current from the evoked

response. The subtracted current at each concentration of

A-251179 was normalized to that induced by 100 mM

pinacidil in each cell at �20 mV.

Urinary bladder smooth muscle cells. Whole-cell patch clamp

technique was used to measure changes in ionic currents

from bladder smooth muscle cells as described previously

(Shieh et al., 2001). Urinary bladders were transferred directly

into pre-oxygenated physiological saline solution containing

(in mM): 137 NaCl, 5.4 KCl, 2 CaCl2, 2 MgCl2, 0.42 KH2PO4,

4.17 NaHCO3, 10 HEPES, 10 glucose (pH 7.4 with NaOH).

Pieces of bladder smooth muscle were incubated with

collagenase and single smooth muscle cells were obtained

by triturating using a fire-polished large bore Pasteur pipette.

The intracellular pipette solution contained the following (in

mM): 107 KCl, 1.2 MgCl2, 1 CaCl2, 10 EGTA, 5 HEPES, 0.1

ATP (pH 7.2 with KOH; total K140 mM). The bath solution

contained the following (in mM): 60 KCl, 80 NaCl, 2.6 CaCl2,

1.2 MgCl2, 5 HEPES (pH 7.4 with NaOH). Whole-cell currents

were recorded at room temperature and were amplified using

Axopatch-200B amplifier and low-pass filtered at 5 kHz

(�3 dB, four pole Bessel filter) before digitization (Digidata

1200B) at a sampling rate of 10 kHz.

Smooth muscle relaxation

Urinary bladder. Bladder strip relaxation studies were per-

formed as described previously (Buckner et al., 2000). Briefly,

female Landrace pigs (Wilson’s Prairie View Farm, Burling-

ton, WI, USA) weighing 9–25 kg were killed with an

intraperitoneal injection of pentobarbital (150–200 mg kg�1;

Somlethol, JA Webster Inc., Sterling, MA, USA). The entire

urinary bladder was removed and placed in Krebs–Ringer

bicarbonate solution containing (mM): 120 NaCl, 20 NaH-

CO3, 11 dextrose, 4.7 KCl, 2.5 CaCl2, 1.5 MgSO4 and 1.2

KH2PO4 (equilibrated with 5% CO2: 95% O2, pH 7.4 at 371C).

The bladder was sectioned after discarding the top dome

portion and the lower trigonal area. Approximately 3–5 20-

mm strips were prepared from the remaining tissue adjacent

to the trigonal area and cut in a circular fashion. The

mucosal layer was removed and strips were mounted in

10 ml tissue baths maintained at 371C with one end fixed to

a stationary rod and the other to a Grass FT03 transducer at a

basal preload of 1.0 g. Tissues were rinsed at 10 min intervals

and allowed to equilibrate for at least 70 min. Spontaneous

myogenic phasic activity manifested as transient spikes that

varied in frequency, duration and amplitude was observed in

many tissues. Tissue strips were exposed to varying concen-

trations of the test agents for 15 min and changes in

contractility were assessed. For electrical field stimulation

studies, two parallel platinum electrodes were included and

tissues were stimulated using a frequency of 0.05 Hz, 0.5 ms

at 20 V. In the presence of 100 nM tetrodotoxin (TTX),

complete cessation of field-stimulated contraction was

observed within 25 min, which returned to control values

within 60 min after rinsing with Krebs–Ringer solution (data

not shown). For carbachol-stimulated tissues, the protocol

was noncumulative with rinse cycles between each concen-

tration of test compound because the contractile response

tended to wane over time. Tissues were pretreated with test

compounds for 15 min, exposed to a fixed concentration of

carbachol (300 nM, which is approximately an EC75 concen-

tration of carbachol) and changes in tension assessed. The

tissue was then rinsed for 15 min, and the cycle repeated

with another concentration of test compound. Glyburide

(10 mM) was added at the conclusion of each concentration

response curve to assess reversibility of effects.

Thoracic aorta. The entire thoracic aorta from male Spra-

gue–Dawley rats (200–350 g) was removed and immediately

placed into Krebs–Ringer bicarbonate solution. The aorta was

cleaned of extraneous tissue, endothelium removed, cut into

3–4 mm rings and mounted in 10 ml isolated tissue baths at

371C. One end was fixed to a stationary glass rod and the

other to a Grass FT03 transducer at a basal preload of 1.0 g.

Tissues were rinsed every 10 min for a total of 45–60 min. The

aorta was primed once with 80 mM KCl, washed to basal

tension and stimulated with phenylephrine (10 mM) to test

for receptor-mediated functional responses. Absence of

functional endothelium was also confirmed by loss of the

acetylcholine (10 mM)-induced relaxation. After an additional

60 min equilibration period, tension was established using

25 mM KCl, and cumulative concentration relaxation re-

sponse curve was generated for test compounds.

Spontaneous contractions in obstructed rats

Female Sprague–Dawley rats (190–210 g) were anesthetized

with halothane and the proximal urethra was ligated using a

monofilament ligature as described previously from our

laboratory (Fabiyi et al., 2003). At 4 weeks post-obstruction,

rats were anesthetized with urethane and both femoral artery

and vein were catheterized to measure arterial pressure and

to administer test compounds, respectively. Intravesicular

pressure was measured using a polyethylene catheter

inserted into the apex of the bladder dome. Saline was

infused at the rate of 0.1 ml min�1 until a volume was

reached sufficient enough to trigger spontaneous non-

voiding contractions, but below the threshold for voiding.

These spontaneous contractions were allowed to stabilize,

after which changes in bladder pressure and mean arterial
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pressure (MAP) were monitored simultaneously for 20 min

before and after cumulative intravenous doses of test

compound or vehicle.

Isovolumetric contractions in urethane-anesthetized rats

Female Wistar rats (280–330 g) were anesthetized with

urethane (0.6 g kg�1 subcutaneously followed by 0.6 g kg�1

intraperitoneally). The left femoral artery and vein were

cannulated with polyethylene (PE-50) tubing for the mea-

surement of arterial pressure and compound administration,

respectively. A third polyethylene catheter (PE-60) was

inserted 3–4 mm into the apex of the bladder dome and

secured using a 5-0 silk purse string suture. The bladder was

emptied via this catheter and additionally by applying slight

manual pressure on the lower abdomen. The urinary

catheter was connected using a Y-tube connector to both a

pressure transducer (Gould Statham P23ID) and a syringe

pump (Harvard Model 22). Continuous transvesical cysto-

metry was performed using a constant infusion of physiolo-

gical saline at a rate of 0.1 ml min�1 at room temperature.

Intravesical (bladder) pressure and arterial pressure were

monitored continuously using a computerized data acquisi-

tion system (Modular Instruments Inc., Malvern, PA, USA).

The time corresponding to each void and the volume of each

void (determined by weighing the volume collected on a

filter paper disk), the cystometric parameters of bladder

capacity (bladder volume at micturition), residual volume

(volume remaining in the bladder after micturition) and

voiding efficiency (voided volume/capacity) were calculated.

The lowest pressure after a void (basal pressure), the pressure

at the onset of bladder contraction (threshold pressure), the

pressure at which expelled fluid is first seen (bladder opening

pressure) and the peak pressure during micturition were all

determined from the intravesical pressure trace. Bladder

compliance (capacity/(threshold pressure�basal pressure))

and the time between voids in seconds (inter-contraction

interval) were also recorded. The various cystometric para-

meters together with mean arterial pressure and heart rate

were assessed 30 min prior to and 30 min after, a single

intravenous dose of the test compound. Data are presented

as mean7s.e.m., with 4–7 rats tested at each dose.

Data analysis

The concentration dependence of maximal steady-state

changes in fluorescence or tension responses of tissue strips

was fitted by nonlinear regression analysis (GraphPad Prism,

San Diego, CA, USA) to obtain EC50 or IC50 values as

appropriate. Spontaneous phasic activity of bladder strips

was analyzed for changes in the area under the curve (AUC)

of the contractile response during a 15-min interval. For

carbachol-stimulated responses, values were expressed as

percentage of the precontraction responses produced by

carbachol. In electrical field-stimulated tissues, concentra-

tion-dependent reduction in the peak amplitude (measured

in grams) was used for calculating the EC50 values. In in vivo

studies, data were acquired and analyzed using the Life

Science Suite/Po-ne-mah Physiology Platform (Gould Instru-

ment Systems, Valley View, OH, USA). Bladder contraction

amplitude, frequency, duration and area under the bladder

pressure curve (AUC) were determined using the Po-ne-mah

CYS analysis module. Data were averaged over the entire

30 min postdosing period and expressed as percentage

change from baseline values. In obstructed rats, an increase

in bladder pressure over 1 cm H2O is considered a contrac-

tion, and data were averaged over the last 10 min of each

period after dosing where bladder effects were maximal.

Estimated intravenous doses of each compound required to

reduce unstable contraction AUC by 35% values were

estimated from the dose response relationships using

GraphPad Prism. Data are expressed as mean7s.e.m. When

comparing group means, a P-value o0.05 was considered

statistically significant.

Materials

DiBAC4(3) was purchased from Molecular Probes (Eugene,

OR, USA). Pinacidil, ATP and glibenclamide were purchased

from Sigma Chemical Co. (St Louis, MO, USA). 4-methyl-

N-(2,2,2-trichloro-1-(3-pyridin-3-ylthioureido)ethyl) benza-

mide (A-251179) was obtained from the Abbott Chemical

Depository or synthesized in house.

Results

Effects on DiBAC4(3) fluorescence responses

Screening of the in-house compound library yielded several

thioureabenzamide analogs, exemplified by the prototypical

compound, A-251179. A-251179 evoked concentration-

dependent changes in membrane hyperpolarization when

measured using DiBAC4(3) fluorescence changes in guinea-

pig bladder smooth muscle cells. The evoked changes in

membrane hyperpolarization were reversed by subsequent

addition of glyburide (5mM). A representative trace is shown in

Figure 1a. The �log EC50 value for A-251179 to evoke membrane

hyperpolarization was 7.8770.07 (n¼6), which was 16- and 24-

fold more potent than ZD6169 (�log EC50¼6.5670.1) and

(�)-cromakalim (�log EC50¼6.4770.03) (Figure 1b).

Effect on SUR2B/Kir6.2 and SUR2A/Kir6.2 KATP channels

Direct interaction of A-251179 with KATP channels was

studied by whole-cell patch clamp in HEK293T cells expres-

sing SUR2B/Kir6.2 or Sur2A/Kir6.2 channels (Figure 2). In

cells expressing SUR2B/Kir6.2, the threshold concentration

of A-251179 to evoke a glyburide-sensitive current was

approximately 10 nM and the plateau currents was obtained

at approximately 100 nM, at which concentration the evoked

current amplitude was 8572% (n¼6) of that evoked by

100 mM pinacidil. The concentration-dependent curve was

generated by plotting the relative channel activity (normal-

ized current with reference to the current amplitude evoked

by 100mM pinacidil) versus the concentration tested. The

EC50 value for A-251179 to activate SUR2B/Kir6.2 channels

was 36.5 nM with a Hill coefficient value of 0.9. In contrast,

the threshold concentration to evoke a glyburide-sensitive

current in HEK293T cells expressing SUR2A/Kir6.2 was

approximately 30 nM and the maximum current evoked by
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1mM A-251179 was 83712% (n¼3) of that induced by 100mM

pinacidil. The EC50 value for A-251179 to evoke SUR2A/Kir6.2

was 138.5 nM with a Hill coefficient value of 0.73.

Effect on guinea-pig bladder smooth muscle KATP currents

To examine effects of A-251179 at KATP channels, whole-cell

patch clamp recording was performed in guinea-pig bladder

smooth muscle cells. Application of 10 mM A-251179 evoked

an increase in inward current under the conditions where

the bath solution contained 60 mM Kþ and cells were voltage

clamped at �80 mV with patch pipette containing 140 mM

Kþ and 0.1 mM ATP. Addition of glyburide (5 mM) suppressed

the A-251179-evoked increases in currents (Figure 3a). Under

whole-cell current clamp recording conditions, A-251179

also hyperpolarized membrane potential from �5.5 to

�14 mV in guinea-pig bladder smooth muscle cells in a

glyburide-sensitive manner (Figure 3b). The changes in

membrane potential is within the range of Kþ equilibrium

potential of �20 mV under the current-clamp recording

conditions where the intracellular and extracellular Kþ

concentration are 140 and 60 mM, respectively. Taken

together, these results suggest that A-251179 can stabilize

excitability of smooth muscle cells by opening KATP

channels.

Smooth muscle relaxation

Rat thoracic aorta. Effects of A-251179 on muscle strip

relaxation were studied in rat thoracic aorta precontracted

with 25 mM or 80 mM KCl. A-251179 suppressed 25 mM KCl

evoked muscle contraction in a concentration-dependent

manner (concentration and tension, respectively, 0.3 nM,

103.372.3 cg; 3 nM, 93.3726.2 cg; 30 nM, 61.7739.2;

300 nM, 1.070.0 cg). The �log EC50 was 7.5370.05, which

was sevenfold less potent than P1075 (�log EC50 value,

8.4070.08; Figure 4), a known KATP channel opener (con-

centration and tension, respectively, 0.3 nM, 113.3713.3 cg;

3 nM, 75.0724.7 cg; 30 nM, 4.370.7 cg; 300 nM, 0 cg). In

contrast, the capability of A-251179 to relax vascular smooth

muscle was greatly attenuated when muscle contraction was

evoked with 80 mM KCl depolarization (�log EC50 value of

5.0170.04). These results indicated that the relaxation by

A-251179 is mediated through Kþ channel-dependent

mechanisms.
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Urinary bladder smooth muscle. In pig bladder smooth

muscle strips that showed spontaneous phasic contractions,

A-251179 evoked a concentration-dependent suppression of

spontaneous contractions in a glyburide sensitive manner

with a �log EC50 value of 7.3470.22. A-251179 also

suppressed carbachol-stimulated pig bladder smooth muscle

contractions with a �log EC50 value of 5.5270.12. A

representative trace is shown in Figure 5a. Contractions

evoked by low-frequency electrical stimulation (0.05 Hz,

0.5 ms, 20 V) that reflect presynaptic release of neurotrans-

mitters such as acetylcholine and ATP were also inhibited by

A-251179 with �log EC50 value of 5.9170.05 (Figure 5).

Effects on unstable bladder contractions

To examine efficacy in vivo, A-251179 was evaluated in a rat

model of bladder hyperactivity with spontaneous nonvoid-

ing myogenic contractions secondary to partial outlet

obstruction described previously from our laboratory (Fabiyi

et al., 2003). As shown in Figure 6, A-251179 was found to

suppress unstable bladder contractions in a dose-dependent

manner. At the three doses tested (0.3, 3 and 10 mmol kg�1

intravenous), A-251179 reduced total contractions AUC by

777, 2676 and 6474%, respectively (Figure 6).

Effects on isovolumetric contractions

To study further the effects on urodynamic function, A-

251179 was tested for effects on volume-induced neurogenic

contractions in the anesthetized rat model (Figure 7). No

substantial changes in cystometric parameters was observed
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Figure 3 Effect of A-251179 on membrane current and potential in
guinea-pig bladder smooth muscle cells. (a) Application of 10mM

A-251179 evoked an increase in inward whole-cell current in
guinea-pig bladder smooth muscle cells that was sensitive to the
inhibition by 5 mM glyburide. Cells were voltage-clamped at �80 mV
and changes in membrane currents were measured in bath solution
containing 60 mM Kþ with pipette solution containing 140 mM Kþ

and 0.1 mM ATP. (b) A-251179 also lowered membrane potential in
bladder smooth muscle cells. In the trace shown above, 10 mM

A-251179 hyperpolarized membrane potential, which was reversed
to control values in the presence of 5 mM glyburide. The Kþ

equilibrium potential is �20 mV under the current-clamp recording
conditions where the intracellular and extracellular Kþ concentrations
are 140 and 60 mM, respectively.
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(a) A-251179 suppressed carbachol (0.3mM)-induced bladder
smooth muscle contraction in a glyburide-sensitive manner. Note
the intrinsic spontaneous activity of smooth muscle was reduced in
the presence of A-251179. (b) Concentration-dependent inhibition
curves demonstrating suppression of spontaneous contractions
(solid circles) and that evoked by carbachol (solid squares) and
low-frequency field stimulation (solid triangles).

0 0.3 3 30
- 100

-80

-60

-40

-20

0

20

40

A-251179 (µmol kg-1, i.v.)

%
 C

ha
ng

e 
in

 A
U

C
(M

ea
n 

±
S

E
M

) 

**

*

Figure 6 Effects of A-251179 on bladder contractions in the
obstructed rat bladder model. A-251179 suppressed bladder
contraction (AUC) concentration-dependent manner. Data represent
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following intravenous administration of 0.03 mmol kg�1

A-251179. On the other hand, administration of the

0.3 mmol kg�1 dose resulted in significant increases in

bladder capacity and time between voids without compro-

mising voiding efficiency. The reduction in voiding fre-

quency could be attributed to increases in voided volume

(vehicle, 0.02870.009 ml; A-251179, 0.07470.016 ml, n¼5,

Po0.05) with no significant changes in residual volume.

A-251179 appeared to demonstrate the positive effect of

inhibiting the voiding reflex without affecting the contrac-

tility of the bladder and without a decrease in arterial

pressure. Increases in doses of A-251179 to 3mmol kg�1 did

not significantly change cytometric parameters, but did

reduce mean arterial pressure (by 27.871.3 mm Hg; n¼5),

measured simultaneously. At the highest dose tested,

30 mmol kg�1, A-251179 reduced voiding efficiency resulting

in increases in residual volume (0.08370.01 ml, n¼4,

compared to vehicle 0.02370.03 ml, Po0.01) with no

significant improvement of bladder capacity and voiding

frequency. At this dose, the mean arterial pressure was also

significantly reduced by 51.172.4 mm Hg (n¼6, Po0.01).

Discussion

Overactive bladder, also referred to as urgency/frequency

syndrome with or without incontinence, remains an unmet

medical condition that affects individuals, particular women

and the elderly. Although muscarinic receptor antagonists

are currently the therapeutic mainstay, the limited efficacy

of these agents coupled with side effects such as constipa-

tion, blurred vision and dry mouth often lead to disconti-

nuation of the therapy. Although a new generation of

cholinergic antagonists such as darifencin and solifenacin

have been developed with the promise of improved efficacy

and/or tolerability (Cardozo et al., 2004; Chapple, 2004;

Zinner et al., 2004), no clinically meaningful additional

benefits have yet been demonstrated. A range of Kþ

channels including ATP-sensitive, large-conductance and

small conductance Kþ channels have been demonstrated

to play important roles in regulating urinary bladder smooth

muscle contractility, and accordingly, modulating distinct

Kþ channels with Kþ channel openers could serve as an

alternative approach for the treatment of overactive bladder

(Kumar et al., 2003). Compared to other Kþ channels, potent

openers of KATP channels are known, including more recent

compounds that exhibit reportedly enhanced bladder vs

vascular selectivity such as WAY-133537 (Wojdan et al., 1999)

and A-278637 (Brune et al., 2002; Gopalakrishnan et al.,

2002).

The present study reports on the identification of A-

251179 as an ATP-sensitive Kþ channel opener derived from

a chemotype distinct from those described previously (for

reviews see Gopalakrishnan and Shieh, 2004; Mannhold,

2004; Carroll, 2006). A-251179 evoked membrane potential

responses in bladder smooth muscle cells in a glyburide-

sensitive manner like other KATP channel openers. The

potency of A-251179 to evoke membrane hyperpolarization

measured by fluorescence-based FLIPR assay is comparable to

that of WAY-133537 (pD2¼7.72) and is somewhat lower

than A-278637 (pD2¼7.04) and ZD6169 (pD2¼6.56)

(Gopalakrishnan et al., 2002). Consistent with these observa-

tions, A-251179 evoked a hyperpolarization and activated

current responses in bladder smooth muscle cells in a

glyburide-sensitive manner as measured by patch-clamp.

A-251179 also evoked glyburide-sensitive currents derived

from SUR2B/Kir6.2 channels. The compound was 3.8-fold

more potent in activating SUR2B/Kir6.2 channels compared

to SUR2A/Kir6.2 channels demonstrating that A-251179 is a

KATP channel opener with selectivity for the smooth muscle

type channels and is distinct from KATP openers such as

pinacidil.

Functional studies revealed that A-251179 suppressed both

spontaneous and neurogenically evoked contractions of the
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pig bladder smooth muscle. The potency of A-251179 to

suppress spontaneous myogenic contraction is comparable

with A-278637 (pD2¼ 7.64) and is 2.2- and 4.7-fold more

potent than that of WAY-133537 and ZD-6169, respectively

(Gopalakrishnan et al., 2002). Interestingly, A-251179 was

some 70-fold more potent in suppressing spontaneous

myogenic contractions compared to contractions evoked

by carbachol or low frequency electrical stimulations.

Although the enhanced potency vs myogenic contractions

is in line with that observed for other KATP channel openers,

the magnitude of shift with A-251179 is somewhat greater

(70-fold vs about 15-fold for other compounds (Buckner

et al., 2002; Carroll et al., 2004). It remains to be elucidated

why A-251179 is more efficacious in suppression of sponta-

neous contractions than those evoked by carbachol or low

frequency electrical stimulation.

The in vivo efficacy profile of A-251179 was assessed in two

rat bladder hyperactivity models: spontaneous nonvoiding

myogenic contractions secondary to partial outlet obstruc-

tion and volume-induced neurogenic contractions. A-

251179 caused dose-dependent suppression of spontaneous

contractions in the obstructed model, with mean inhibition

of the contraction area under the curve of 64% at

10 mmol kg�1. A-251179 also evoked dose-dependent de-

creases in mean arterial blood pressure at bladder-effective

doses. In this regard, the dose-dependent decreases in mean

arterial pressure for A-251179 after intravenous administra-

tion over the effective dose range for bladder effects is

comparable to those reported previously with other

KCOs such as WAY-133537 and ZD-6169 in this model

(Fabiyi et al., 2003).

In the neurogenic model, A-251179 at a dose of

0.3 mmol kg�1 was found to increase bladder capacity without

affecting voiding efficiency; however, the higher dose of

3 mmol kg�1 was ineffective at increasing bladder capacity

and decreasing voiding frequency. The reason for this

observation could be due to decreases in arterial pressure at

higher doses, which is thought to decrease urethral resis-

tance by a reduction in vascular filling of the lamina propria

(Greenland and Brading, 1997). Interestingly, this dose of A-

251179 (0.3 mmol kg�1), which decreased the reflex contrac-

tions, did not inhibit spontaneous nonvoiding contractions

secondary to obstruction or resulted in alterations in mean

arterial pressure. At 3 or 30 mmol kg�1, the reduction in

spontaneous nonvoiding contractions was observed. This

profile is distinct from compounds such as tolterodine,

which significantly increases reflex contraction frequency

and decreases contraction duration at doses of 0.1 or

1 mmol kg�1 (Fabiyi et al., 2003). The mechanism underlying

the selective effects of A-251179 remains to be elucidated. It

should be pointed out that A-251179 was found to have no

significant interactions across a range of receptor-ion

channel targets (CEREP, unpublished observations). Given

the interesting profile of A-251179 in increasing bladder

capacity without compromising voiding efficiency, addi-

tional studies to elucidate mechanisms underlying the

selective effects are warranted. For example, it has been

demonstrated that compounds such as ZD-6169 (Yu and de

Groat, 1998) and KW-7158 (Sculptoreanu et al., 2004) can

suppress hyperactivity of C-afferents and reduce bladder

hyperactivity induced by chemical irritation. It remains to be

determined whether similar neuronal sites of action exist for

thioureabenzamide analogs such as A-251179.

In summary, in the search of novel chemotypes that

activate KATP channels, we have identified a structurally

distinct and potent thioureabenzamide analog, A-251179 by

screening the in-house compound library using the FLIPR-

based membrane potential assay with bladder smooth

muscle cells. Our studies show that A-251179 behaves as a

prototypical KCO across cellular, tissue based assays of KATP

channel/bladder function. Although the A-251179 contains

thiourea and the trichloromethyl groups that might be

associated with potential toxicity, A-251179 remains a

potent KCO compared to other analogs in which the

thiourea and trichloromethyl groups were substituted with

other functional groups (Perez-Medrano et al., 2004). In vivo

studies demonstrated that A-251179 was effective in sup-

pressing unstable bladder contractions, and more interest-

ingly, distinguished itself from other KCOs with selective

effects in the neurogenic model, where significant increases

in bladder capacity without affecting voiding efficiency was

observed.
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