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1 A hallmark for unstable bladder contractions is hyperexcitability and changes in the nature of
spontaneous phasic activity of the bladder smooth muscle. In this study, we have characterized the
spontaneous activity of the urinary bladder smooth muscle from the pig, a widely used model for
studying human bladder function.

2 Our studies demonstrate that phasic activity of the pig detrusor is myogenic and is in¯uenced by
the presence of urothelium. Denuded strips exhibit robust spontaneous activity measured as mean
area under the contraction curve (AUC=188.9+15.63 mNs) compared to intact strips
(AUC=7.3+1.94 mNs).

3 Spontaneous phasic activity, particularly the amplitude, is dependent on both calcium entry
through voltage-dependent calcium channels and release from ryanodine receptors as shown by
inhibition of spontaneous activity by nifedipine and ryanodine respectively.

4 Inhibition of BKCa channels by iberiotoxin (100 nM) resulted in an increase in contraction
amplitude (89.1+20.4%) and frequency (92.5+31.0%). The SKCa channel blocker apamin (100 nM)
also increased contraction amplitude (69.1+24.3%) and frequency (53.5+13.6%) demonstrating
that these mechanisms are critical to the regulation of phasic spontaneous activity.

5 Inhibition of KATP channels by glyburide (10 mM) did not signi®cantly alter myogenic
contractions (AUC=18.5+12.3%). However, KATP channel openers (KCOs) showed an exquisite
sensitivity for suppression of spontaneous myogenic activity. KCOs were generally 15 fold more
potent in suppressing spontaneous activity compared to contractions evoked by electrical ®eld-
stimulation. These studies suggest that potassium channel modulation, particularly KATP channels,
may o�er a unique mechanism for controlling spontaneous myogenic activity especially those
associated with the hyperexcitability occurring in unstable bladders.
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Introduction

Urine storage and voluntary micturition are primary
physiological functions of the normal bladder controlled by

complex integration of signals from neural pathways
(neurologic) from the brain and spinal cord and coordination
of smooth muscle contraction from the bladder wall

(myogenic) (de Groat, 1997; Brading, 1997). Alterations in
neural and/or myogenic mechanisms may underlie dysfunc-
tion of bladder smooth muscle contractility precipitating in
bladder control disorders such as overactive bladder.

Muscarinic antagonists, the current mainstay of pharma-
cotherapy for overactive bladder, interfere with the neuro-

genic stimulus for physiologic bladder contraction, viz.,
acetylcholine-induced stimulation of post-ganglionic para-
sympathetic muscarinic receptors in bladder smooth muscle

(Eglen et al., 1999; Wein, 2001).
It is well known that smooth muscle from the detrusor

exhibits spontaneous action potentials (Levin et al., 1986;
Brading, 1992), a phenomenon thought to underlie sponta-

neous phasic activity. It has been reasoned that urinary
bladder smooth muscle tone is a manifestation of the
spontaneous activity seen in vitro in detrusor strips and that

poor electrical coupling of detrusor smooth muscle facilitates
muscle bundles to adjust their length to achieve the minimum
surface area/volume ratio during bladder ®lling with no
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contraction or rise in intravesicular pressure (Levin et al.,
1986; Kinder & Mundy, 1987; Brading, 1994). However, a
disorder of this spontaneous activity may result in synchro-

nous activation of the bladder wall leading to bladder
instability (Mills et al., 2000). Spontaneous phasic activity
has been suggested to be myogenic in nature as evidenced from
studies in isolated in vitro bladder preparations where atropine

and tetrodotoxin have no e�ect on electrical and mechanical
activity of the bladder smooth muscle (Liu et al., 1998).
The pig detrusor has been considered an appropriate model

for investigating the physiology of bladder function, as the
pig has comparable urodynamic characteristics to that of
humans (Crowe & Burnstock, 1989). Indeed, previous studies

from our laboratory have shown that the pig detrusor could
serve as a suitable in vitro model for the evaluation of ATP-
sensitive potassium channel openers, a class of compounds

with potential for the management of overactive bladder
(Buckner et al., 2000). Despite the fundamental importance
of these spontaneous phasic contractions to bladder
(dys)function, little is known about the mechanisms and

regulation of this contractile activity in the pig detrusor. Fujii
et al. (1990) and more recently, Herrera et al. (2000) have
shown that di�erent types of K+ channels are present in the

guinea-pig detrusor, whose modulation o�ers potential
mechanism(s) for a�ecting bladder contractility and function.
In particular, openers of various K+ channel subtypes that

dampen bladder excitability continue to be investigated for
the potential treatment of bladder overactivity (Andersson,
1992; Coghlan et al., 2001). The observation that the isolated

pig detrusor strips exhibit phasic spontaneous activity has
enabled a detailed characterization of the nature and ion
channel mechanisms underlying these contractions.

Methods

Isolated tissue studies

Studies were carried out in accordance with guidelines

outlined by the Institutional Animal Care and Use
Committee of Abbott Laboratories. Female Landrace pigs
(9 ± 25 kg; 9 ± 12 weeks old) were euthanized with an
intraperitoneal injection of pentobarbitone (Somlethol1) at

a lethal dose of 150 ± 200 mg/kg. The urinary bladder was
removed, placed in Kreb's Ringer bicarbonate solution
(Composition (mM): NaCl 120, NaHCO3 20, dextrose 11,

KCl 4.7, CaCl2 2.5, MgSO4 1.5, KH2PO4 1.2, equilibrated
with 5% CO2 : 95% O2 (pH=7.4 at 378C) and tissue strips
prepared as described previously (Buckner et al., 2000).

Detrusor strips 5 mm above the trigone and away from the
dome area were used; trigone and dome proper were
discarded. Tissue strips were sliced transversely into approxi-

mately 4610 mm strips. The urinary epithelium that lines the
bladder (urothelial layer) was removed unless otherwise
indicated and the tissues mounted in 10 ml tissue baths
maintained at 378C with one end ®xed to a stationary rod

and the other to a FT03 transducer (Grass Instruments,
Rhode Island, U.S.A.). Preload tension was set to 9.8 milli-
Newtons (mN). Tissues were rinsed at 15-min intervals and

allowed to equilibrate for at least 60 min prior to data
collection using a Power-Lab/800 data acquisition system
(Castle Hill, Australia).

Experimental protocol

To examine concentration-dependent e�ects on spontaneous

phasic activity, test compounds were introduced and their
e�ects assessed as area under the contractile curve (AUC) for
a 15-min period before rinsing and exposure to the next
concentration of the agent. Compounds were tested using

concentrations in half log increments generally from 1 nM to
300 mM. In preliminary studies, it was found that the area of
the detrusor away from the dome region of the bladder

provided the most consistent spontaneous responses. It was
also observed that tissues with the urothelium intact
demonstrated a signi®cantly reduced signal to noise ratio

compared to adjacent strips where the urothelium was
removed. Therefore, denuded tissue strips from the area
adjacent to the trigone region (away-dome) were used

throughout the study. Wherever concentration response
curves were generated, each bladder strip was used for only
one test compound.

Contractions evoked by electrical ®eld-stimulation were

examined as described previously (Buckner et al., 2000).
Brie¯y, bladder strips were prepared as above and stimulated
by a pair of platinum electrodes included in the glass support

rod. Square wave electrical pulses were delivered by a Grass
model S88 stimulator set at a frequency of 0.05 Hz, duration
of 0.5 ms and 20 V (supramaximal). Cumulative concentra-

tion response curves were generated allowing a minimum of
10 min exposure time or until plateau responses were
obtained. Data were analysed as changes in maximum peak

response in mN.
In experiments where carbachol was used to evoke a

contractile response, the protocol was non-cumulative with
rinse cycles between each concentration of test compound.

Tissues were exposed to the test compound for 15 min, and
contractions evoked with 100 nM carbachol until the
maximum tension developed. The tissues were then rinsed

for 15 min, repeating the cycle for each concentration of test
compound. Data were analysed as changes in maximum peak
response in mN.

Data analysis

Due to the phasic pattern of the spontaneous contractile

responses, data were analysed as average changes in area
under the curve (AUC) over a 15-min period / min (ADI
Instruments, CB Sciences, Inc., Dover, NH, U.S.A.) and

expressed as milli-Newtons6sec (mNs). The data were also
analysed for changes in frequency, amplitude and duration
over a 15-min interval. Frequency is expressed as the number

of phasic contractions per min. Amplitude is expressed as the
change in maximum response in mN. Duration is the time in
seconds from beginning of phasic contraction to return to

baseline. For electrical ®eld-stimulated and carbachol-stimu-
lated protocols, data were analysed as the peak maximum
response in mN.

The concentration response curves were analysed using a

four-parameter curve ®tting routine ``AGANTG'' (Zielinski &
Buckner, 1998) and EC50 or IC50 data expressed as the
geometric mean+standard error of the mean (s.e.mean).

Signi®cant di�erences between multiple groups were calcu-
lated by ANOVA, followed by a Duncan's test of signi®cance
(StatView 5.0.1, SAS Institute, Cary, NC, U.S.A.).
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Compounds

Glyburide, diazoxide, pinacidil, nifedipine, tetrodotoxin and

(+)-propranolol hydrochloride were purchased from Re-
search Biochemicals International (Natick, MA, U.S.A.).
Other KCOs including P1075 [N-cyano-N'-(1,1-dimethylpro-
pyl)-N''-3-pyridylguanidine], ZD6169 [N-(4-benzoyl phenyl)-

3,3,3-tri¯uro-2-hydroxy-2-methylpropionamine], (7)-croma-
kalim, ZM244085 [9-(3-cyanophenyl)-3,4,6,7,9,10-hexahydro-
1,8-(2H,5H)-acridinedione], WAY133537 [1,2-diaminocyclo-

butene-3,4-dione ((R)-4-[3,4-dioxo-2-(1,2,2-trimethyl-propyla-
mino)-cyclobut-1-enylamino]-3-ethyl-benzonitrile] and nico-
randil were synthesized in house or available from the

Abbott compound library (Abbott Park, IL, U.S.A.).
Somlethol was obtained from J.A. Webster, Inc. (Sterling,
MA, U.S.A.). All other chemicals and reagents were

purchased from Sigma Chemical Co (St. Louis, MO,
U.S.A.). All solutions were freshly prepared using either
distilled water or DMSO as solvent. At the concentrations
tested, DMSO had no e�ect on the frequency, duration or

amplitude of the contractions.

Results

Characteristics of spontaneous phasic activity and
regional differences

The pig detrusor smooth muscle exhibited spontaneous

phasic activity that was irregular in amplitude, frequency
and duration in the absence of external stimuli. A distinct
regional variation in the contractile pro®le was noted where
strips taken from the away-dome region exhibited sponta-

neous phasic activity that were signi®cantly greater in
frequency duration and amplitude compared to strips taken
from the near-dome area, consistent to the ®ndings of Sibley

(1984; Table 1).

Role of the urothelium and geometry of section

Using matched away-dome bladder strips from the same
bladder source, it was observed that tissue strips with
urothelium removed (Figure 1A, Table 1) exhibited robust

spontaneous phasic activity (AUC of the force inte-
gral=188.9+15.6 mNs; n=4), whereas intact strips exhibited
modest spontaneous activity as re¯ected in a 26 fold

reduction in the area under the curve (AUC=7.3+1.94 mNs;
Figure 1B, Table 1). This overall reduction (AUC) in

spontaneous phasic activity was manifested as reductions in

amplitude (5 fold), frequency (2 fold) and duration (1.3 fold;
Table 1). In this study, transverse tissue strips were taken
from the area between the trigone and the dome (away-dome)

with the urothelium removed. It has previously been reported
that rabbit bladder strips sectioned longitudinally, exhibited
spikes that were greater in amplitude than from strips

sectioned in a transverse fashion (Potjer & Constantinou,
1989). Therefore, longitudinal strips from the pig bladder
were also evaluated and found to behave similar to transverse
sections both in spontaneous phasic contractions as well as in

terms of inhibition of spontaneous activity by the potassium
channel opener P1075 (data not shown).

Frequency, duration and amplitude of the spontaneous
phasic activity

In contrast to the rapid twitch responses evoked by low
frequency electrical-stimuli (Buckner et al., 2000), the
spontaneous contractions typically varied in frequency,

duration and amplitude. The mean frequency of these
spontaneous spikes was 1.83+0.69 contractions/min
(n=20). The mean duration was 20.80+1.53 s whereas the
mean maximum amplitude was 25.58+3.04 mN. Due to the

variable pattern in the contractile responses, data were
analysed by calculating the mean area under the contractile
curve (AUC) relative to baseline for a 15-min interval,

corrected to 1 min. No substantial changes in baseline were
noted during the period over which AUC was calculated.
The mean overall AUC response was 155.92+51.35 mNs

(n=20). Within a set of tissue strips, the AUC values were
stable for several hours when exposed to the DMSO
vehicle.

Myogenic basis of spontaneous phasic activity

The muscarinic receptor antagonists examined, atropine,

tolterodine and oxybutynin, were essentially inactive in
suppressing spontaneous phasic activity of the pig detrusor.
Over the concentration range tested, 1 nM to 30 mM, only

about 12 ± 13% inhibition of the AUC at the maximal
concentration was noted and accordingly IC50 values or
analysis of frequency, duration and maximum amplitude

could not be performed. However, these agents suppressed
both electrical ®eld- and carbachol-stimulated contractions of
the pig detrusor (Table 2). The maximal e�cacy of these
agents in suppressing electrical ®eld stimulated contractions

Table 1 Role of the urothelium in modulating the phasic
activity of the pig detrusor

AUC Frequency Duration Amplitude
mNs per min s mN

Without 188.9+15.63 1.47+0.06 19.1+0.77 36.3+4.03
urothelium

With 7.3+1.94 0.83+0.18 14.5+1.86 7.8+2.10
urothelium

Data from strips taken from the away-dome area measured
over a 15 min interval and corrected to 1 min (n=4) is
presented.

Figure 1 Functional role of the urothelium in modulating sponta-
neous phasic activity of pig bladder. Response of isolated strips taken
from away-dome area without urothelium (A) and with urothelium
(B). Data shown as the means+s.e.mean (n54).
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ranged from 43 to 56%; the residual component could be
attributable to contribution from stimulus-evoked release of
ATP (Buckner et al., 2000). When electrical ®eld-stimulation

was used to evoke contractions, oxybutynin demonstrated a
biphasic response curve with IC50 values of 252+29.3 and
84,722+7,960 nM respectively. When carbachol was used to
evoke contractions, both atropine and tolterodine totally

suppressed contractions with IC50 values of 21.9+3.6 and
7.1+2.6 nM respectively. Oxybutynin, however, demonstrated
a shallower, biphasic concentration response curve with IC50

values of 8.7+2.2 and 225+17.3 nM for the high and low
a�nity sites respectively.
As previously noted (Buckner et al., 2000), treatment of

detrusor strips with tetrodotoxin (100 nM, 30 min exposure)
suppressed contractions evoked by electrical ®eld-stimulation,
which was readily reversed upon 15 min of rinsing. However,

a similar treatment protocol using a 10-fold higher concen-
tration of tetrodotoxin (1 mM) did not a�ect overall
spontaneous phasic activity AUC (decrease from control,
4.0+0.39%, n=4). The a1-adrenoceptor-antagonist prazosin,
the b-adrenoceptor antagonist propranolol, the opioid
receptor antagonist naloxone, and the cyclo-oxygenase
inhibitor indomethacin (0.1 nM to 30 mM) had no signi®cant

e�ect on components of spontaneous phasic activity.
Similarly, the purinoceptor antagonist PPADS (1 mM) was
ine�ective in inhibiting spontaneous phasic activity. Since

none of these agents a�ected phasic spontaneous activity in
the pig detrusor, these agents were not included in the assay
as a cocktail for further studies.

Effect of extra- and intracellular calcium modulation

The L-type Ca2+ channel antagonist nifedipine completely

inhibited spontaneous activity (AUC) in a concentration-
dependent fashion with an IC50 value of 158.5+74.2 nM
(n=4). As shown in Figure 2, nifedipine (300 nM) reduced

the amplitude by 70.2+3.1% as well as the frequency
(67.3+16.9%) of contractions. In contrast, blockers of other
calcium channel classes such as, o-conotoxin GVIA, o-
agatoxin TK and o-conotoxin MVIIC that inhibit N, P, and
Q-type Ca2+ channels respectively were ine�ective in
suppressing spontaneous phasic activity at a concentration
of 300 nM.

To assess the role of Ca2+ induced Ca2+ release via
ryanodine-sensitive channels, tissues were exposed to 10 mM
ryanodine (Figure 3A) that inhibits sarcoplasmic reticulum

calcium release via ryanodine receptors. Application of
ryanodine, 10 mM, suppressed myogenic activity as re¯ected
by a signi®cant decrease (46.5+8.3%) in the amplitude of

contractions (Figure 3B). The latter suggests that ryanodine-
mediated calcium release from the sarcoplasmic reticulum
plays a key role in modulating spontaneous phasic activity of

the bladder.

Effect of calcium-activated potassium channel modulators

Various types of calcium-activated K+ channels, regulated by
membrane depolarization and/or changes in intracellular
Ca2+ levels play critical roles in the regulation of phasic

Table 2 Pharmacological di�erentiation of spontaneous phasic activity of the pig detrusor

Spontaneous Electrical field stimulated Carbachol stimulated
phasic activity contractions contractions

Conc. Efficacy Potency Efficacy Potency Efficacy
(mM) (%) IC50 (nM) (%) IC50 (nM) (%)

Atropine 30 13+6.2 10.2+3.11 43+4.3 21.9+3.6 100
Tolterodine 30 12+18.0 82.2+30.2a 50+4.3a 7.08+2.65 100
Oxybutynin 30 12+16.1 252+29.3a 56+4.4a 8.71+2.24a 56+2.5a

aBiphasic response. Shown are IC50 and e�cacy values of the high a�nity site of the inhibition curve. Data calculated for changes in
maximum response except for spontaneous phasic activity where changes in AUC were assessed.

Figure 2 The e�ect of L-type Ca2+ channel inhibition on
spontaneous phasic activity in the pig bladder. (A) Concentration
response curve for nifedipine. Shown is a representative tracing. (B)
Mean reductions in spontaneous phasic activity by 300 nM nifedipine
expressed as a percentage change from baseline response. Data were
analysed for changes in overall contractions (AUC), frequency,
duration and amplitude. *Represents signi®cant di�erences from
baseline responses (P50.05; n=4).
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contractions in bladder smooth muscle (Suarez-Kurtz et al.,
1991; Herrera et al., 2000). Inhibitors of various classes of
calcium-activated K+ channels were evaluated for e�ects on

spontaneous phasic contractions of isolated bladder strips.
The increase was measured as the percentage increase in
contractions above control and was calculated from the area
under the contraction curve (AUC). The large conductance

calcium-activated K+ channel inhibitor, iberiotoxin (100 nM)
produced increases in spontaneous phasic activity with a
maximal increase in AUC of 232.3+91.0% (n=4; Figure

4A). The predominant e�ect of iberiotoxin was to increase
the frequency and the amplitude, but not the duration of
contractions (Figure 4B, Table 3). Similarly, apamin

(100 nM), an inhibitor of the small conductance calcium-
activated K+ channel, also increased spontaneous phasic
activity (Figure 5A). Although the per cent maximal increase

observed with apamin was lower than observed with
iberiotoxin, the predominant e�ect was again, an increase
in frequency (53.5+13.6%) and amplitude (69.1+24.3%),
with no change in duration of contractions (Figure 5B, Table

3). The e�ects of iberiotoxin and apamin were concentration-
dependent. Although iberiotoxin evoked a concentration-
dependent e�ect, saturable responses were unattained up to

the highest concentration (100 nM) tested. The EC50 of
apamin was found to be 1.66+0.69 nM (n=4) with an
increase in maximum spontaneous activity of 61.6+11.7%. A

similar increase in activity was observed with another SKCa

blocker, scyallotoxin (see Table 3).

Effect of ATP-sensitive potassium channel modulators

The KATP channel inhibitor glyburide did not evoke

substantial increases in spontaneous activity (10 mM; n=4)
suggesting that under basal conditions, the KATP channels
may not participate in the regulation of phasic contractions
(Figure 6A, B, Table 3). To further examine the contribution

of KATP channels, compounds that are known to open these
channels were examined for their e�ects on spontaneous
phasic activity. P1075, a cyanoguanidine analogue was

e�cacious in suppressing spontaneous activity in a concen-
tration-dependent manner (IC50=25.1+11.7 nM (n=8). Fig-
ure 7A shows a representative tracing following exposure of

detrusor strips to varying concentrations of P1075. Figure 7B
shows the mean response of P1075 and DMSO expressed as a
percentage of maximum response. It was observed that the

overall reduction in spontaneous activity primarily involves
reductions in the frequency of contractions, with no
substantial e�ects on amplitude and duration of the response
(Figure 7C). The inhibition of spontaneous activity was

restored by the addition of 10 mM glyburide, consistent with
an interaction with the KATP channel. In addition to P1075, a
variety of other chemotypes known to activate KATP channels

evoked concentration-dependent suppression of spontaneous
contractile activity. The rank order of potencies (nM+s.e.-
mean) of the various KCOs examined were, P1075 (25.1+
11.7)=(7)-cromakalim (35.5+23.0)4WAY133537 (102.3+
16.1)=ZD6169 (295.1+50.9)=pinacidil (338.8+86.0)=

Figure 3 E�ect of ryanodine on the spontaneous phasic activity of
the pig bladder. (A) Representative tracing showing reduction in
spontaneous phasic activity by 10 mM ryanodine. (B) Mean
reductions in spontaneous activity expressed as a percentage change
from baseline response. *Represents signi®cant di�erences from
baseline responses (P50.05; n=4).

Figure 4 E�ects of iberiotoxin on the spontaneous phasic activity of
the pig bladder. (A) Iberiotoxin, (100 nM) increases the spontaneous
phasic activity in the pig bladder. Shown is a representative tracing.
(B) Mean increases in spontaneous contractions expressed as a
percentage change from baseline response. *Represents signi®cant
di�erences from baseline responses (P50.05; n=4).
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ZM244085 (407.4+1274nicorandil (5206+2767)4diazoxide
(8913+2290) (n54; Figure 8).
Unlike spontaneous phasic activity that varied in frequency,

duration and amplitude, low frequency electrical stimulation
(0.05 Hz, 0.5 ms, 20 V) thought to re¯ect presynaptic release
principally of both acetylcholine and ATP, generally produced

stable and reproducible maximum twitch responses
(47.53+4.12 mN; n=8) (Buckner et al., 2000). It should be
noted that analysis of KCO-evoked suppression of electrical
®eld-stimulated contractions using either changes in AUC or

the maximal amplitude of contractions yielded nearly identical
potency values (for example, with P1075, AUC analysis
pD2=6.95+0.06 and amplitude analysis, pD2=6.91+0.03).

Comparison of the potencies of KATP channel openers for the
inhibition of spontaneous contractions with those obtained

for the suppression of electrically stimulated contractions
showed a linear 1 : 1 correlation with r2 value of 0.89
(slope=1.12). Interestingly, the correlation line also showed

a signi®cant shift in potency with compounds some 15-fold
more potent at inhibiting spontaneous phasic activity than
contractions evoked by electrical ®eld-stimulation (Figure 8).

Discussion

The results of the present study support the notion that
spontaneous phasic activity of the detrusor tissue are
myogenic in origin and that the urothelium plays a signi®cant

Table 3 E�ects of K+ channel blockers on spontaneous phasic activity of the pig detrusor

% change from baseline values
Compound Target
mM channel AUC Frequency Amplitude Duration

Iberiotoxin (0.1) BKCa 232.3+91.0* 92.5+31.0* 89.1+20.4* 12.4+21.7
Apamin (0.1) SKCa 61.6+11.7* 53.5+13.6* 69.1+24.3* 5.13+13.9
Scyllatoxin (0.1) SKCa 42.9+19.9* 59.2+11.8* 76.0+12.7* 10.4+9.2
Glyburide (10) KATP 18.5+12.3 3.6+14.8 0.11+7.0 4.3+1.8

Data shown are means+s.e.mean. AUC indicates the percent change in the integrated area under curve for 15 min duration corrected
to 1 min. Baseline values for AUC=155.92+51.35 mNs, frequency=1.83+0.69 contractions/min, amplitude=25.58+3.04 mN and
duration=20.8+1.53 s. *Signi®cantly di�erent from baseline values.

Figure 5 E�ects of apamin on the spontaneous phasic activity of
the pig bladder. (A) Apamin, (100 nM) increases the spontaneous
phasic activity in the pig bladder. Shown is a representative tracing.
(B) Mean increases in spontaneous contractions expressed as a
percentage change from baseline response. *Represents signi®cant
di�erences from baseline responses (P50.05; n=4).

Figure 6 The e�ect of glyburide on the spontaneous phasic activity
of the pig bladder. (A) Glyburide (10 mM) has no signi®cant e�ect on
the spontaneous phasic activity of the pig bladder. Shown is a
representative tracing. (B) Mean responses in spontaneous contrac-
tions expressed as a percentage change from baseline response.
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role in modulating the nature of these contractions. Both
extracellular calcium entry through L-type Ca2+ channels and

calcium release through ryanodine receptors play an im-
portant role. Furthermore, inhibition of both BKCa and SKCa

channels, but not KATP channels, increased both frequency

and amplitude of spontaneous activity. Openers of KATP

channels showed a 15 fold increase in potencies to suppress
spontaneous activity compared to electrical ®eld-stimulated

contractions, primarily via reduction in contraction frequency
consistent with the idea that a small increase in K+

conductance evoked by KCOs is su�cient to suppress action
potential ®ring and spontaneous myogenic activity.

Role of urothelium in modulating phasic spontaneous
contractions

The urothelium not only provides an important barrier
function in minimizing alterations in the composition of

urine during storage (Lewis, 2000), but also plays an active
role in responding to stretch, contractile and relaxant
agents and in a�erent signalling processes. A substantial

enhancement in spontaneous activity (*26 fold increase in
AUC values) was noted following removal of the urothelial
layer. Replacing the previously removed urothelial layer to
close proximity of the denuded strips under the same

preload conditions did not suppress the spontaneous
activity (unpublished observations). It could be speculated
that even though the two strips were in contact, the

surfaces remained disrupted, and accordingly, the inhibi-
tory/relaxant potential of the urothelium could not be re-
established. Levin et al. (1986) suggested that spontaneous

activity might be related to the cut surfaces of the isolated
strips. However, when a whole bladder preparation
stretched longitudinally was utilized, the spontaneous

activity developed in the absence of any cut surfaces
(Levin et al., 1986). Hawthorn et al. (2000) have shown
that the urothelium modi®es contractile responses of the pig
detrusor strips to carbachol, perhaps via release of an

inhibitory factor from the urothelium itself. This putative
factor remains unidenti®ed, but evidence has been presented
that it may not be nitric oxide, adenosine, GABA,

catecholamine or a cyclo-oxygenase product (Hawthorn et
al., 2000). The identity of this factor remains unknown, but
the enhanced spontaneous activity following removal of the

urothelium is consistent with an inhibitory e�ect of this
layer. Tissue reactivity studies have shown that detrusor
strips from obstructed bladders show increased spontaneous

tetanic activity and enhanced electrical coupling between
cells (Brading, 1994). More recent studies have shown that
in idiopathic detrusor instability, a common cause of lower
urinary tract storage symptoms, there is altered sponta-

neous contractile activity consistent with an enhanced
electrical coupling of cells, a patchy denervation of the
detrusor and potassium super-sensitivity (Mills et al., 2000).

Although the urothelial layer plays a key role in excitability
and a�erent signalling processes in the bladder, it, however,
remains to be determined whether and how disruption or

loss of integrity of the urothelial layer could contribute to
bladder instability arising from various etiologies in
humans.

Regional differences in spontaneous phasic activity

The regional variation in spontaneous phasic activity seen in

the pig detrusor is consistent with those reported previously
in other species including man (Sibley, 1984). In this study, it
was determined that the denuded pig detrusor strips taken

away from the dome region and sectioned transversally
o�ered the best protocol for characterizing spontaneous
activity. It has previously been reported that rabbit bladder

strips sectioned longitudinally, exhibited spikes that were
greater in amplitude than from strips sectioned in a
transverse fashion (Potjer & Constantinou, 1989). In the pig
bladder, it was found that both longitudinal and transverse

sections behaved similarly in spontaneous phasic activity as
well as their inhibition by KATP channel openers. It was
suggested that in rabbits, the bladder is not subjected to

longitudinal stretch under normal conditions and therefore
spontaneous contractions observed had little physiological
signi®cance although they might explain the pathophysiology

Figure 7 The inhibition of spontaneous phasic activity of the pig
bladder by KATP channel openers. (A) Concentration response curve
for the KATP channel opener, P1075 and its reversal by glyburide.
Shown is a representative tracing. (B) Mean concentration response
curves for P1075 (n=8) and DMSO (n=8). Data were analysed as a
percentage of maximum response. (C) The overall inhibition caused
by P1075 (30 nM) expressed as a percentage change from baseline was
due to a reduction in frequency with no substantial change in
duration or amplitude. *Represents signi®cant di�erences from
baseline responses (P50.05; n=4).
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of certain dysfunctions during the ®lling stage of micturition
in other species (Levin et al., 1986). Although the present
study was carried out using detrusor strips from young (9 ± 12

weeks old) pigs, it should be pointed out that data generated
from young pigs compared well with results obtained from
fully mature animals. For example, examination of the

relaxation potencies of a set of KATP channel openers in
young versus mature pigs revealed a good correlation in both
®eld-stimulated (r2=0.85, slope=1.22) and carbachol-stimu-

lated (r2=0.85, slope=0.96) protocols (unpublished observa-
tions).

Myogenic basis of spontaneous phasic activity

Inhibition of muscarinic receptors, TTX-sensitive sodium
channels and a and b-adrenoceptors were found to have no

substantial e�ect on spontaneous phasic activity supporting
the notion they are myogenic in nature (Brading, 1997).
Atropine completely inhibited carbachol-evoked contractions

whereas ®eld-stimulated responses were partially resistant to
inhibition with maximal observed e�cacy of about 43%
(Sibley, 1984; Buckner et al., 2000). The atropine resistant

contractile signal has been attributed to stimulus-evoked
release of ATP (Sibley, 1984; Burnstock et al., 1972; Hoyle et
al., 1989; Dean & Downie, 1978). Both tolterodine and

oxybutynin were found to be weaker in suppressing ®eld-
stimulated contractions than those evoked by carbachol. This
could be attributed to the atropine resistance of the ®eld-
stimulated pig bladder at the lower frequencies (Sibley, 1984)

and to the possible release of multiple transmitters in
response to electrical stimulation (Hoyle et al., 1989).
Additionally, oxybutynin has been shown to possess

spasmolytic properties similar to papaverine (Nagy et al.,
1990), which may help explain the biphasic inhibition
response seen with this agent.

Effect of extra- and intracellular calcium modulation

Inhibition of L-, but not N-, P- and Q-, type calcium

channels by nifedipine inhibited spontaneous activity by
reducing both the amplitude and frequency. Although
evidence for T-type calcium current has been reported in
bladder smooth muscle (Sui et al., 2001), the precise role of

these channels in modulating spontaneous phasic activity
remains to be assessed, which is, in part, hampered by the
lack of availability of selective T-type calcium channel

blockers. Blockade of ryanodine receptors in the sarcoplasmic
reticulum by ryanodine resulted in a suppression of
spontaneous activity. The inhibition of phasic contractions

by nifedipine supports the notion that contractility depends
on the increase in calcium entry caused by membrane
depolarization during action potentials as previously shown

with guinea-pig bladder smooth muscle (Herrera et al., 2000).
The suppression of spontaneous activity by ryanodine argues
for a role for calcium release via the ryanodine receptor
contributing to contractility, in agreement with the ®ndings

of Isenberg et al. (1992), Ganitkevich & Isenberg (1992) and
Hashitani et al. (2001). This appears, however, in contrast to
the observation of Herrera et al. (2000) in guinea-pig bladder

smooth muscle bundles, where blockade of ryanodine
receptors resulted in increased contractility and evidence
was presented to suggest that these receptors function as a

negative feedback regulator of contraction frequency and
duration by in¯uencing the activity of SKCa channels. It is
possible that, besides the obvious di�erence in species, such

as pig versus guinea-pig, that the lack of urothelial layer and/
or the exclusion of a cocktail of antagonists in our studies
may have contributed to the apparent discrepancy. None-
theless, our results suggest that in pig urinary bladder smooth

muscle, the maintenance of phasic spontaneous activity can
be attributed to increase in cellular calcium levels via voltage-
dependent calcium channels and through ryanodine recep-

tors.

Role of Ca2+-activated K+ channels in bladder smooth
muscle activity

The BKCa channel inhibitor iberiotoxin is known to cause
membrane depolarization and to increase action potential

frequency, amplitude and duration in the bladder smooth
muscle (Heppner et al., 1997; Suarez-Kurtz et al., 1991). In
the present study, iberiotoxin evoked substantial increases in

both amplitude and frequency, with no signi®cant e�ect on
the duration of contractions. Similarly, the SKCa channel
blockers, apamin and scyallatoxin both increased amplitude

and frequency of contractions, albeit of lesser magnitude
compared to BKCa channel inhibition. In principle, the
amplitude of spontaneous phasic activity could be dependent

on changes in cellular Ca2+ levels, via either plasmalemmal
voltage-dependent calcium channels and/or Ca2+ released
from the ryanodine receptors of the sarcoplasmic reticulum,
whereas the frequency of contractile activity re¯ects mechan-

isms that regulate smooth muscle action potential ®ring such
as opening of calcium-activated K+ channels. The increase in
amplitude of contractions following iberiotoxin and apamin

exposure is consistent with their inhibition of large and small
conductance calcium activated K+ channels and subsequent
increase in cellular calcium levels. The lack of e�ect on

Figure 8 Comparison of the potencies of KATP channel openers for
the inhibition of spontaneous phasic activity with potencies obtained
for the suppression of electrical ®eld-stimulated contractions. The
correlation coe�cient was r2=0.89 and slope=1.12. The dashed line
represents 1 : 1 correlation. The KATP channel openers are 15 fold
more potent in suppressing spontaneous phasic activity than
contractions evoked by electrical ®eld-stimulation. The 7log IC50

data of KCOs for suppression of electrical ®eld-stimulation taken
from Buckner et al., 2000.
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duration suggests that these mechanisms do not a�ect the
duration of bursts of smooth muscle action potentials per se.
The integrated AUC value was some 5 fold lower following

SKCa inhibition compared to BKCa inhibition with iberiotox-
in. Apamin interacts with all subtypes of SK channels with
SK2/SK3 channels (IC50=0.03 nM for rSK2 and 4 nM for
rSK3) being more sensitive than SK1 (IC50=196 nM)

(Grunnet et al., 2001). The potency of apamin
(EC50=1.66 nM) in increasing spontaneous activity is
comparable to the values for inhibition of SK2/SK3 channels

suggesting that these subunits may contribute to the
functional interaction of apamin in bladder smooth muscle.

Role of ATP-sensitive K+ channels and sensitivity to
KATP channel openers

Several openers of the ATP-sensitive potassium channels
caused complete suppression of spontaneous phasic activity
in a concentration-dependent fashion under physiologic
external K+ concentrations. As shown in Figure 7C, P1075

(30 nM) primarily reduced the frequency component without
signi®cant change in the amplitude or duration of contrac-
tions. This observation is consistent with the hypothesis that

a small increase in K+ conductance could move the resting
membrane potential away from the threshold for action
potential ®ring, thus a�ecting initiation of phasic contrac-

tions and underlying action potential ®ring (Shieh et al.,
2001; Petkov et al., 2001). Comparisons of the potencies to
suppress spontaneous phasic activity versus electrical ®eld-

stimulated contractions show that the potencies of KCOs are
generally 15-fold more potent in suppressing spontaneous

activity compared to contractions evoked by electrical ®eld-
stimulation. Thus, under physiologic conditions, KCOs are
signi®cantly more potent in suppressing phasic activity

compared to those evoked by electrical ®eld-stimulation
where contractions are triggered by evoked acetylcholine
and ATP.
In summary, the present study provides a detailed

characterization of contractions in the pig detrusor, a widely
employed model for the human bladder. We demonstrate
that the spontaneous phasic activity of the detrusor is

myogenic and is in¯uenced by the presence of urothelium.
Phasic contractions, particularly the amplitude, are depen-
dent on both calcium entry through voltage-dependent

calcium channels and release from ryanodine receptors.
Inhibition of BKCa, and to a lesser extent, SKCa, channels
resulted in an overall increase in contraction amplitude and

frequency demonstrating that these mechanisms are critical to
the regulation of phasic spontaneous activity in the bladder.
Although glyburide alone did not substantially in¯uence
myogenic activity, KATP channel openers showed an exquisite

sensitivity for suppression of myogenic spontaneous activity.
The latter suggests that KATP channel modulation by low
concentrations of KCOs may o�er a unique mechanism to

control spontaneous myogenic activity, especially those
associated with the hyperexcitability occurring in unstable
bladders.

The authors thank Dr John Malysz for the critical reading of this
manuscript and suggestions.
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