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Evolving mechanisms of action of alverine citrate on
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Background and purpose: We have investigated the mechanisms underlying the paradoxical ability of the antispasmodic,
alverine, to enhance spontaneous activity in smooth muscles while suppressing evoked activity.

Experimental approach: The effects of alverine on spontaneous and induced contractile activity were examined in preliminary
experiments with various smooth muscles. More detailed effects were also investigated by recording membrane potential,
intracellular Ca?* concentration ([Ca®"];) and tension from single-bundle detrusor smooth muscle (DSM) of the guinea-pig
urinary bladder.

Key results: Alverine (10 uM) increased the frequency and amplitude of spontaneous action potentials, transient increases in
[Ca® "], and associated contractions. Alverine also decreased action potential rate of decay, suggesting inhibition of L-type Ca
channel inactivation. Charybdotoxin (50nM) but neither cyclopiazonic acid (10 uM) nor Bay K 8644 (10uMm) attenuated
alverine-induced enhancement of spontaneous contractions. Alverine suppressed contractions produced by high K (40 mm) or
ACh (10 um), without affecting electrical responses and with little suppression of increases in [Ca?*];. This feature was very
similar to that of the effects of the Rho kinase inhibitor Y-27632 (10 um).

Conclusions and implications: Alverine may increase Ca influx during action potentials due to inhibition of the inactivation of
L-type Ca channels, but may also suppress evoked activity by inhibiting the sensitivity of contractile proteins to Ca?*. The
proportional contribution of Ca-dependent and Ca-independent contractions in DSM may differ between spontaneous and
evoked activity, necessitating further investigations into the interactions between these pathways for assessing the therapeutic
potential of alverine to treat DSM dysfunction.
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Introduction

Alverine citrate (Spasmonal, Norgine, Harefield, Middlesex, reduce S-hydroxytryptamine,;, receptor-mediated rectal

UK) is thought of as a smooth muscle relaxant, and is
currently used as an antispasmodic in irritable bowel
syndrome and dysmenorrhoea. Alverine was shown to
inhibit spontaneous electrical activity and nervous control
of the proximal colon of the rabbit in vivo (Bouvier et al.,
1992). It was also found to decrease the sensitivity of the
intestinal mechanoreceptors in response to chemical stimu-
lation in anaesthetized cats (Abysique et al., 1999), and

Correspondence: Dr H Hashitani, Department of Cell Physiology, Nagoya City
University Graduate School of Medical Sciences, Kawasumi 1, Mizuho-cho,
Mizuho-ku, Nagoya 467-8601, Japan.

E-mail: hasitani@med.nagoya-cu.ac.jp

Received 21 May 2007; revised 13 July 2007; accepted 28 August 2007;
published online 15 October 2007

hypersensitivity in the rat (Coelho et al., 2001). However,
the exact mechanisms of alverine’s inhibitory action are still
not clear, due to the lack of information of its effects on
isolated smooth muscle in vitro.

Because of the Oxford group’s interest in smooth muscles,
in 1993 we were asked by Norgine, the manufacturers of
alverine, to investigate the basic effects of alverine on
smooth muscles, and since then several undergraduates
and clinicians undertaking research projects with the group
have studied the effects of the drug on contractile activity.
The majority of this preliminary work was on smooth muscle
dissected from the urinary bladder, but the pattern of effects
was similar in all the smooth muscles we have examined. We
found that alverine has paradoxical effects on contractile
activity in smooth muscles, increasing the amplitude and



frequency of spontaneous contractions, but simultaneously
suppressing the amplitude of contractions evoked by
applications of carbachol, high K solution or stimulation of
the intrinsic nerves.

In the current paper we investigated this surprising finding
in more detail in the detrusor smooth muscle (DSM) of
guinea-pig bladder, since our present understanding of
mechanisms underlying contractions in this smooth muscle
suggests that spontaneous and depolarization contractions
recruit the same mechanism, namely Ca influx thorough
L-type Ca channels. Spontaneous contractions of DSM are
initiated by Ca influx during individual action potentials,
and are abolished by L-type Ca channel blockers (Hashitani
and Brading, 2003). Similarly, high K-induced contractions
of DSM may be initiated by the opening of L-type Ca
channels subsequent to membrane depolarization, and are
strongly attenuated by L-type Ca channel blockers (Maggi
et al., 1988; Marti-Cabrera et al., 1994). This pathway should
also contribute to a certain proportion of contractions
induced by either muscarinic stimulation or neuromuscular
transmission (Uchida et al., 1994; Hashitani et al., 2000).

We have examined whether alverine-induced enhance-
ment of spontaneous contractions is associated with corre-
sponding changes in the configuration of action potentials
and spontaneous transient increases in [CaZ*]; (Ca transients).
Next we have examined the correlation between Ca and
contractile responses during high K- and acetylcholine
(ACh)-induced excitation of DSM. The results indicate that
in DSM of the guinea-pig urinary bladder, spontaneous
contractions may recruit mainly Ca-dependent intracellular
mechanisms, and evoked contractions may recruit mainly
Ca-independent mechanisms.

Methods

The detailed procedures described have been approved by
the animal experimentation ethics committee at the
University of Oxford and Nagoya City University Medical
School. Guinea pigs of either sex weighing 250-400 g were
killed by a blow to the head followed by cervical dislocation.
The urinary bladder was removed and its ventral wall was
opened longitudinally from the bladder neck to the top of
the dome. The mucosal layer, connective tissues and several
smooth muscle layers were then removed leaving underlying
single smooth muscle bundles attached to the serosal layer.
A serosal sheet, which contained a single bundle of DSM,
2-3mm long and 0.2-0.7 mm wide was then prepared, and
thus experiments were carried out on the outer layer muscle
bundles. In the preliminary experiments, strips of smooth
muscle were also dissected from the taenia of the caecum,
from the uterus and from the portal vein.

Intracellular recordings

Preparations were pinned out on a Sylgard plate (silicone
elastomer, Dow Corning Corporation, Midland, MI, USA) at
the bottom of the recording chamber (volume, approxi-
mately 1 ml), which was mounted on the stage of an inverted
microscope. The preparations were superfused with warmed
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(36 °C) physiological salt solution (PSS) at a constant flow
rate (2mlmin~'). Individual bladder smooth muscle cells in
the muscle bundles were impaled with glass capillary
microelectrodes, filled with 0.5 M KCI (tip resistance, 120-250
MQ). Membrane potential changes were recorded using a
high input impedance amplifier (Axoclamp-2B, Axon
Instruments Inc., Foster City, CA, USA), and displayed on a
cathode-ray oscilloscope (S8S-5702, Iwatsu, Tokyo, Japan).
After low-pass filtering (cutoff frequency, 1kHz), membrane
potential changes were digitized using either Digidata 1322
or Digidata 1200 interfaces (Axon Instruments Inc.) and
stored on a personal computer for later analysis.

Isometric tension recordings

For the preliminary experiments, strips of approximately
10 x 1 x 1 mm were dissected from various smooth muscles
following the direction of muscle bundles as viewed under a
binocular microscope. Fine silk ligatures were tied to each
end of the strips which were subsequently mounted in small
(0.2ml) organ baths (Brading and Sibley, 1983) between two
platinum ring electrodes 1cm apart and continuously
superfused with PSS at 37 °C at a flow rate of approximately
1mlmin~*.

For the more detailed studies, an approximately 0.5-1 mm
length from one end of the DSM preparation was pinned
out on a Sylgard plate (silicone elastomer, Dow Corning
Corporation) at the bottom of the recording chamber
(volume, approximately 1ml), which was mounted on a
stage of an inverted microscope, and a thread was tied
around the other end. The preparations were superfused
with warmed (36 °C) PSS at a constant flow rate (2 mlmin ™).
The thread from the muscle strips was attached to an
isometric force transducer, which was connected to a bridge
amplifier (ADInstruments Ltd, Grove House, Hastings, UK).
Isometric tension changes were digitized using Digidata
1200 interface (Axon Instruments Inc.) and stored on a
personal computer for later analysis. A tension of approxi-
mately 1 mN was applied to preparations that were then left
to equilibrate for 60-90min until spontaneous phasic
contractions, which were stable in both amplitude and
frequency, were generated.

Intracellular calcium measurements

For measurements of changes in [Ca®"];, DSM preparations
were pinned out on the bottom of a recording chamber
which was similar to that used for electrical and mechanical
recordings. After 30min incubation with warmed (36°C)
PSS, spontaneous contractions of the tissues were generated,
and then the preparations were loaded with fluorescent dye,
fura-PE3, by incubation in low Ca** physiological saline
(Ca*", 1 mMm) containing 10 uM fura-PE3 AM for 1h at room
temperature. After being loaded, preparations were super-
fused with dye-free, warmed (36 °C) physiological saline at a
constant flow (about 2mlmin~") for 30 min. Preparations
loaded with fura-PE3 were illuminated with ultraviolet light,
wavelengths 340 and 380nm, alternating at a frequency
higher than 40Hz. The ratio of the emission fluorescence
(R340/380) in a desired size of rectangular window was
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measured through a barrier filter (peak transmission 510 nm;
sampling time 100-250ms), using a micro-photolumines-
cence measurement system (Aquacosmos, Hamamatsu Photo-
nics, Hamamatsu, Shizuoka, Japan), and was taken
as an index of [Ca%™"];.

Solutions

The composition of PSS was (in mMm): Na® 137.5, K* 4.7,
Ca®* 2.5, Mg>* 1.2, HCO3 15.5, H,PO; 1.2, Cl~ 134 and
glucose 15. The pH of PSS was 7.2 when bubbled with 95%
0O, and 5% CO, and 7.4 when bubbled with 97% O, and
3% CO,. The measured pH of the recording bath was
approximately 7.4.

Drugs used were fura-PE3 AM (Calbiochem-Novabiochem
Ltd, San Diego, CA, USA), o,-methylene ATP (Me-ATP), ACh
chloride, atropine sulphate, Bay K 8644(1,4-dihydro-2,6-
dimethyl-5-nitro-4-[2-(trifluoromethyl)phenyl]-3-pyridine-
carboxylic acid methyl ester), charybdotoxin (CTX), cyclo-
piazonic acid (CPA), nifedipine (Sigma, St Louis, MO, USA)
and Y-26763 ((R)-(+ )-trans-N-(4-Pyridyl)-4-(1-aminoethyl)-
cyclohexanecarboxamide, dihydrochloride; from Calbiochem).
Drugs were dissolved in distilled water except nifedipine,
which was dissolved in absolute ethanol and CPA, which was
dissolved in dimethyl sulphoxide. The final concentration
of these solvents in the physiological saline did not
exceed 1:1000.

Calculations and statistics

Measured values are expressed as mean+s.d. Statistical
significance was tested using paired f-test, and probabilities
of less than 5% different from the control were considered
significant. When drug effects were studied, the number of
preparations refers to all the successful experiments carried
out for each investigation.

The following action potentials parameters were
measured: peak amplitude, measured as the value from the
resting membrane potential to the action potential peak;
maximum rate of rise (max dV/dtg), determined on the rising
phase; half width, measured as the time between 50% peak
amplitude on the rising and falling phases; and rate of decay
(dV/dtp), measured as the slope between 20 and 80% of the
peak amplitude of the events on the falling phase.

For isometric tension changes and Ca transients, the
following parameters were measured: peak amplitude,
measured as the value from the basal tension level to the
peak of phasic contractions or Ca transients; frequency
which was defined as an average of 5Smin recordings.

Results

Preliminary studies

Effects of alverine on spontaneous activity. Because of its
reputation as a spasmolytic, we were expecting alverine to
inhibit spontaneous mechanical activity, and thus chose to
work with tissues that often show such activity. We found,
however, that alverine can induce spontaneous activity in
some inactive preparations and enhance its frequency in
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Figure 1 Effects of 10uM alverine on spontaneous activity.
(a) Alverine-induced spontaneous activity in a previously inactive
strip of detrusor, (b) alverine increased phasic activity in a strip of
taenia caecum previously showing regular slow contractions. The
drug was applied in the superfusing solution at the arrow. Scale bars
(a) ordinate 2mN, abscissa 1 min, (b) ordinate 20mN, abscissa

1 min.
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Figure 2 Effects of alverine on the spontaneous contractile activity
of strips dissected from the guinea-pig detrusor. The drug was
applied continuously at the line at the concentration indicated. The
lower traces are the same as the upper traces but on a faster time
scale.

those showing baseline activity. The effects are time and
concentration dependent. Figure la shows induction of
spontaneous mechanical activity in a quiescent bladder strip
by exposure to 10 uM alverine. Figure 2 shows examples of
spontaneous contractile activity in a set of strips dissected
from the same bladder, after exposure to different concen-
trations of the drug. The lower figure is an expansion of the
early part of the upper figure. Concentrations between 1 and
10pM alverine increased the frequency and size of the
spontaneous contractions, and the effects persisted for some
hours. At higher concentrations the increased frequency
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Figure 3 Effects of alverine on the spontaneous contractile activity
of smooth muscle strips dissected from the taenia of the guinea-pig
caecum (a and b) and the portal vein (c). Scale bars are T0mN for
(a) and (b), T mN for (c). The whole trace lasts for 3.6 h.
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Figure 4 Paradoxical effects of alverine on the guinea-pig detrusor.
Electrical field stimulation was applied every 5min (50V, 20Hz, 15,
0.05ms pulse width). Alverine was added at the first arrow and
washed out at the second arrow.

resulted in a rise in the baseline tone of the strip and the
effects become transient, with the activity suppressed in a
concentration- and time-dependent manner. Similar effects
were seen in the taenia of the caecum and the portal vein
(Figure 3). Smooth muscles strips from the taenia or uterus
can generate a pattern of very large but slow contractile
events and in these cases, the effect of alverine was to break
up the slow contractions into a pattern of more phasic and
rapid contractile activity, usually reducing the size of the
responses (Figure 1b).

Effects of alverine on the response of guinea-pig bladder to
excitatory stimuli. Spontaneous activity in the detrusor
consists of contractions that are quite small in comparison
to the maximum evoked contractions. Figure 4 demonstrates
the paradoxical effect of alverine on these two types of
contraction. Electrical field stimulation of the intrinsic
nerves evoked large rapid contractions, which were super-
imposed on the spontaneous activity. Exposure to 10puM
alverine progressively increased spontaneous activity and
suppressed evoked activity. Alverine was also able to suppress
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activity induced by K* depolarization and activation of
muscarinic receptors and P2X purinoceptors (not shown).

More detailed studies recorded from single-bundle DSM of the
guinea pig

Effects of alverine on spontaneous contractions, action potentials
and Ca transients. Detrusor smooth muscle generated either
‘single’ contractions, which can be attributed to individual
action potentials or ‘bursting’ contractions, which result
from bursts of action potentials (Hashitani et al., 2004). Since
the amplitude of ‘bursting’ contractions relies on the
number of action potentials during each burst rather than
the contractility of DSM associated with individual action
potentials, we analysed spontaneous contractions focusing
on ‘single’ contractions where possible.

All single-bundle DSM preparations (n=18) generated
spontaneous contractions. Alverine increased their fre-
quency (10.8+4.4min"! in control, 15.3+5.4min"! in
alverine, P<0.05) and amplitude (0.85 £0.15mN in control,
1.43+0.32mN in alverine, P<0.05). This feature of alverine-
induced enhancement of spontaneous contractions was
similar to that studied using the larger, multi-bundle DSM
preparations. To investigate the correlation between elec-
trical and mechanical activity during the application of
alverine, the membrane potential was recorded from single-
bundle DSM preparations using an intracellular electrode
either separately or simultaneously with mechanical activity.

All DSM preparations generated spontaneous action
potentials. The resting membrane potential determined at
the most stable negative potential between individual action
potentials ranged between —41.3 and —49.5mV (mean
—44.7+3.9mV, n=13).

Alverine (10 M) increased the frequency of spontaneous
action potentials (11.2+4.3min"! in control, 18.7+
6.3min"! in alverine, n=13, P<0.05; Figure 5Aa) and
associated contractions (Figure 5Ab). This was accompanied
by a small depolarization (r.m.p.=-43.0£4.2mV in alver-
ine). Alverine also increased the amplitude of action
potentials (49.8 £3.8mV in control, 53.5+4.6mV in alver-
ine, P<0.05), the half width (10.7+1.2ms in control,
13.2+1.6ms in alverine, P<0.05) and reduced dV/dtp
(-12.5+1.8mVms~! in control, —8.9+1.5mVms~! in
alverine, P<0.05; Figure 5Ac), but did not alter Max dV/dty
(5.3+0.9mVms! in control, 5.5+ 1.3mVms™! in alverine,
P>0.05).

In preparations that had been treated with nifedipine
(10 uMm), a blocker for L-type Ca channel, the generation of
spontaneous contractions was abolished (n=4). Subsequent
applications of alverine (10 uM) failed to cause any detectable
contractions. Conversely, in preparations that had been
treated with alverine (10uM), subsequent application of
nifedipine (10pM) abolished spontaneous contractions
(n=4), indicating that alverine-induced enhancement of
spontaneous contractions resulted from increased Ca influx
through L-type Ca channels.

In a separate series of experiments, the correlation
between Ca and mechanical responses during the applica-
tion of alverine (10 pM) was also examined. Alverine (10 um)
increased the frequency of spontaneous Ca transients
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Figure 5 Effects of alverine on spontaneous action potentials, contractions and Ca transients recorded from DSMs of the guinea-pig bladder.
Alverine (10 pm) facilitated spontaneous action potentials (Aa) and corresponding contractions (Ab) in a single-bundle DSM. It also increased
the amplitude and reduced the rate of decay (Ac). Overlaid action potentials (solid line in control, dotted line in alverine) are averaged traces of
30 action potentials each. In another DSM preparation, alverine (10 uM) enhanced spontaneous Ca transients (Ba) and corresponding
contractions (Bb). It also increased the basal Ca level (Ba) and caused a sustained contraction (Bb). With a fast time scale (C and D), alverine
(10 pm) increased the amplitude of individual Ca transients (Ca) and contractions (Cb). Scale bars on the right in (Da) and (Db) refer to all Ca

and tension traces, respectively.

(11.3+3.6min"' in control, 18.1+3.3min"' in alverine,
n=38, P<0.05; Figure 5Ba) and contractions (Figure 5Bb).
Alverine also increased the amplitude of Ca transients
(0131’004 R340/38() in COHtIOl, 0.16£0.04 R340/380 in
alverine, n=8, P<0.05; Figures 5C and D), and increased
basal Ca level by about 0.025 R340/380. These results indicate
that the excitatory action of alverine on spontaneous
contractions is associated with increases in Ca transients,
which may be causally related to the altered configuration of
spontaneous action potentials.

Effects of pharmacological manipulation of L-type Ca channels
and intracellular Ca stores on alverine-induced reinforcements of
spontaneous contractions. Since alverine reduced the rate of
decay of action potentials and prolonged their half width, it
is likely to inhibit the inactivation of L-type Ca channels and
increase the Ca influx during individual action potentials.
The inactivation of L-type Ca channels has been shown to
result from both Ca-dependent inhibition of L-type Ca
channels (Nakayama and Brading, 1993) and Ca store-
dependent negative feedback regulation through the activa-
tion of BK channels (Herrera et al., 2000; Herrera and Nelson,
2002; Hashitani and Brading, 2003). Therefore, we investi-
gated the effects of CTX, a blocker for BK channels, CPA, a
sarco-endoplasmic reticulum Ca ATPase inhibitor, and Bay K
4688, an L-type Ca channel agonist, on the excitatory action
of alverine.

Charybdotoxin (50nM) increased the frequency and
amplitude of spontaneous contractions, and often converted
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‘single’ contractions into ‘bursting’ contractions. Since the
magnitude of bursting contractions reflects the number of
‘single’ contractions rather than the amplitude of individual
‘single’ contractions, we have used only ‘single’ contractions
for analysis. ‘Single’ contractions could be readily identified
by their smooth rising and falling phase, and their simple
exponential decay. In preparations that had been treated
with CTX for 20min, the amplitude of spontaneous
contractions was about three times larger than that in
control conditions (Figure 6a). Subsequent application of
alverine (10pM) increased the amplitude of spontaneous
contractions by about 20% (116.3£6.9% of in CTX alone,
n=7; Figure 6a). However, alverine often increased the
amplitude of bursting contractions by about 50-100%
presumably by increasing the number of ‘single’ contrac-
tions during each burst.

Cyclopiazonic acid (10 uM) had complex effects on spon-
taneous contractions in single DSM bundles. In three
preparations, CPA converted individual contractions into
bursting contractions and thus apparently caused 2- to 3-fold
increases in their amplitude. Subsequent application of
alverine (10uM) caused a further 2- to 3-fold increase in
their amplitude. In the remaining four preparations, CPA
increased the frequency of spontaneous contractions but did
not increase their amplitude (Figure 6b). In preparations that
had been treated with CPA for 30 min, subsequent applica-
tion of alverine (10 uM) increased the amplitude of contrac-
tions by about 60% (162.5%36.7% of in CPA alone, n=4;
Figure 6b). In addition, alverine often prolonged and
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Figure 6 Effects of cyclopiazonic acid (CPA), charybdotoxin (CTX) and Bay K 8644 on alverine-induced facilitations of spontaneous
contractions recorded from DSMs of the guinea-pig bladder. In a single-bundle DSM, CTX (50 nm) caused a threefold increase in the amplitude
of spontaneous contractions (A). Subsequent addition of alverine (10 uM) increased the amplitude of ‘single’ contractions by only 20%. The
overlaid traces (Ab) showed averaged ‘single’ contractions in control (dash), in CTX (solid) and in CTX plus alverine (dotted) preparations. CPA
(10 pm) increased the frequency and amplitude of spontaneous contractions (B). Subsequent application of alverine (10 um) increased the
amplitude of spontaneous contractions by about 100%. Bay K (10 uMm) initiated bursting contractions (C), and subsequent application of
alverine (10 uM) caused a further twofold increase in their amplitude. Scale bar in (C) also refers to (Aa) and (B).

enlarged bursting contractions and increased their ampli-
tude by about 50-200%.

Bay K 4688 (1puM) invariably converted individual con-
tractions into bursting contractions, thus we were unable to
analyse ‘single’ contractions (Figure 6c¢). Subsequent applica-
tion of alverine (10 uM) further increased the amplitude of
bursting contractions by about 50-200% (Figure 6c).

Since the initial effects of alverine on spontaneous activity
were marked, the release of excitatory transmitters may be
involved in its action, although alverine suppressed evoked
activity induced by bath-applied ACh. Hence, we examined
the effects of desensitization of P2X purinoceptors with
Me-ATP (10 pM) and atropine (1 uM) on the excitatory effects
on spontaneous contractions induce by alverine.

In preparations that had been treated with atropine
and Me-ATP for about 20min, a time sufficient to block
muscarinic receptors and to desensitize P2X purinoceptors,
alverine still increased the frequency of spontaneous con-
tractions and also increased their amplitude.

Effects of alverine on high K- and ACh-induced activity. In DSM
preparations, increasing [K*], from 5.9 to 40mm (high K
solution) caused an increase in [Ca“]i, which was composed
of an initial phasic component (0.26 £ 0.08 R340/380, 1=38)
and a following sustained component (0.19 + 0.065 R340/380;
Figure 7Aa). This increase in [Ca%*]; was associated with a

biphasic contraction (Figure 7Ab). In preparations that had
been treated with alverine (10 uM), high K solution evoked
an increase in [Ca®"]; (initial 0.24 +0.07 Rs40/380, Sustained
0.17 £0.057 R340/380, =38), which was similar to that in
control conditions (Figure 7Ba). However, high K-induced
contractions were much smaller than those in control
conditions (Figure 7Bb). Thus, the amplitude of the initial
component of high K-induced contractions was about 60%
of the control values (6.9 + 1.5 mN in control, 4.1+ 1.3 mN in
alverine), and that of sustained component was only about
25% of the control values (3.3+1.1mN in control,
0.72£0.35mN in alverine). These results are summarized
in Table 1a.

Acetylcholine (10 uM) caused an increase in [Ca%*];, which
was composed of an initial component (0.29 + 0.072 R340,380,
n=8) and a sustained component (0.21+0.065 R3z40,350;
Figure 7Ca). This increase in [Ca®"]; was associated with a
biphasic contraction (Figure 7Cb). In preparations that had
been treated with alverine (10 pM), ACh evoked an increase
in [C32+]i (initial 0.27 £0.064 R340/3g(), sustained 0.19 £ 0.06
R340/380, =8), which was similar to that in control
conditions (Figure 7Da), but induced much smaller contrac-
tions (Figure 7Db). Thus, the amplitude of the initial
component of ACh-induced contractions was about 50% of
the control values (8.1+2.2mN in control, 3.9 £0.9mN in
alverine), and that of sustained component was only about
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Figure 7 Effects of alverine on changes in Ca and contractile responses induced by high K solution and acetylcholine (Ach) recorded from
DSMs of the guinea-pig bladder. In a DSM bundle, increasing [K "], caused a phasic increase in [Ca® "], which was followed by a sustained
increase in [Ca® " ]; (Aa) and an associated contraction (Ab). In the same preparation that had been treated with alverine (10 um), a subsequent
increase in [K "], caused a similar increase in [Ca2* ]; (Ba) but caused a much smaller contraction (Bb). In another DSM, ACh (10 pM) caused a
biphasic increase in [Ca®*]; (Ca), and an associated contraction (Cb). In the same preparation, alverine (10 uM) suppressed ACh-induced
contractions (Db) but had little effect on the ACh-induced increase in [Ca®*]; (Da). Scale bars in (Da) and (Db) refer to all Ca and tension

traces, respectively.

Table 1

Comparison between the effects of alverine and Y-27632 on evoked contractions and changes in [Ca® " ];

(a) Effects of alverine (10 um>on [Ca®™ J; and contractile responses produced by high K* -containing solution and ACh

Tension (initial) (%)

Calcium (initial) (%)

Tension (sustained) (%) Calcium (sustained) (%)

High K* solution ([K*], =40 mm) 59.5+£13.7 94.0+7.3 24.6+14.8 90.1£9.1
ACh (10 pm) 50.8+17.5 93.3+4.2 25.0+16.9 90.4+4.3
(b) Effects of Y-27632 (10 um) on [Ca®?* ]; and contractile responses produced by high K* -containing solution and ACh

High K* solution (K "], =40 mwm) 73.6+£11.3 94.1+5.2 144+9.8 91.6+6.3
ACh (10 pm) 83.9+8.9 97.1+7.5 36.3£5.8 91.3+4.9

Abbreviation: Ach, acetylcholine; initial, initial component; sustained, sustained components.

All values = (peak amplitude in drugs)/(peak amplitude in control).

25% of the control values (5.6+2.1mN in control,
1.3+£0.9mN in alverine). These results are also summarized
in Table 1a.

In a separate series of experiments, the effects of alverine
on high K- or ACh-induced depolarizations were examined.
High K solution depolarized the membrane from —44.4 +2.4
to —23.5+£1.8mV (20.9+2.3mV, n=35) and increased the
frequency of spontaneous action potentials (Figure 8Aa). In
preparations that had been treated with alverine (10pum),
high K solution depolarized the membrane from —43.0+1.4
to —22.2+1.7mV (20.8+£2.5mV, n=35) and increased action
potential frequency (Figure 8Ab).

Acetylcholine (10pM) depolarized the membrane from
—47.0+4.9 to —20.4mV (26.6 £2.8mV, n=4). ACh initially
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increased action potential frequency, and subsequently
either induced oscillatory membrane potential changes or
inhibited their generation (Figure 8Ba). In preparations that
had been treated with alverine (10 uM), ACh depolarized the
membrane from —46.9 to —19.6mV (27.3+£4.9mV, n=4)
(Figure 8Ba). These results show that the effects of high K and
ACh on electrical activity were not altered by alverine.

Effects of Y-27632 on evoked activity. Since alverine sup-
pressed the evoked contractions with little change in the
evoked increases in [Ca%™"];, the effects of inhibition of Rho
kinase with Y-26763, which is known to suppress carbachol-
induced contractions without reducing associated Ca
response in human DSM (Takahashi et al., 2004), were
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In Alverine 10 uM
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Figure 8 Effects of alverine on high K solution and ACh-induced depolarizations recorded from DSMs of the guinea-pig urinary bladder. In a
DSM preparation, increasing [K™ ], depolarized the membrane by about 20 mV and increased the frequency of action potentials (Aa). In the
same preparation that had been treated with alverine (10 uM), an increase in [K*], caused a similar depolarization (Ab). In another DSM, ACh
(10 pm) depolarized the membrane by about 25 mV, and also initially increased the frequency of action potentials and then their generation
ceased (Ba). In the same preparation, alverine (10 um) did not prevent either ACh-induced depolarization or its effects on action potentials

(Bb). Scale bars in (Bb) refer to all traces.

examined. The results are shown in Figure 9 and are
summarized in Table 1b.

In control conditions, high K solution evoked an increase
in [Ca®"];, which was composed of an initial phasic
component (0.22+0.03 Rsso/380, "=4) and a sustained
component (0.18 £0.02 R340/380; Figure 9Aa). This increase
in [Ca®"]; was associated with a biphasic contraction
(Figure 9Ab). In preparations that had been treated with
Y-26763 (10 uM), high K solution evoked an increase in
[Ca®"];, which was similar to that in control conditions
(1n1tlal 0.21£0.04 R340/330, sustained 0.17 £0.02 R340/330,
n=4; Figure 9Ba). However, high K-induced contractions
were much smaller than those in control conditions (Figure
9Bb). Thus, the amplitude of the initial component of high
K-induced contractions was about 75% of the control values,
and that of the sustained component was only about 15% of
the control values. Note that spontaneous Ca transients
generated much smaller contractions in preparations that
had been treated with Y-26763.

Acetylcholine (10 pM) caused an increase in [Ca®™"];, which
was composed of an initial component (0.21 + 0.03 R340/380,
n=4) and a sustained component (0.19%0.03 R340/380;
Figure 9Ca). This increase in [Ca®™"]; was associated with a
biphasic contraction (Figure 9Cb). In preparations that had
been treated with Y-26763 (10 um), ACh (10 um) evoked an
increase in [Ca?*]; that was similar to that in control
conditions (Figure 9Da), but induced much smaller contrac-
tions (Figure 9Db). Thus, the amplitude of the initial
component of ACh-induced contractions was about 85% of
the control values, and that of the sustained component was
only about 40% of the control values.

Discussion

Preliminary studies

The paradoxical ability of alverine citrate at concentrations
between 1 and 10uM to enhance the frequency of sponta-
neous contractions in endogenously active smooth muscles
while suppressing the size of evoked contractions is a robust
observation and well established. Although higher concen-
trations will suppress spontaneous and evoked activity, at
clinically used doses it is very unlikely that the concentra-
tion would be high enough to do this. Alverine should not
be thought of as a drug that relaxes smooth muscles. The
most likely explanation of the clinical effects of the drug is
its ability to reduce the duration of spontaneous contrac-
tions in the gut and uterus. It is probable that the long
contractions lead to local ischaemia in the smooth muscles,
and activation of intrinsic nociceptive sensory nerves.
Shortening the contractions and preventing tetanic build-
up can alleviate this. Thus, the drug is truly spasmolytic as it
relieves spasms.

Detailed studies on guinea-pig DSM

Alverine-induced enhancement of spontaneous contractions
was associated with altered configuration of the action
potentials. It also reinforced spontaneous Ca transients,
and thus its action on spontaneous contractions occurred in
a Ca-dependent manner. In contrast, alverine suppressed
high K- or ACh-induced contractions with apparently no
change in electrical responses and much less suppression of
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Figure 9 Effects of Y-26763 on changes in Ca and contractile responses induced by high K solution and acetylcholine (Ach) recorded from
DSMs of the guinea-pig bladder. In a DSM bundle, increasing [K*], caused a phasic increase in [Ca*];, which was followed by a sustained
increase in [Ca2™]; (Aa) and an associated contraction (Ab). In the same preparation that had been treated with Y-26763 (10um), a
subsequent increase in [K™], caused a similar increase in [Ca®™]; (Ba) but caused a much smaller contraction (Bb). In another DSM, ACh
(10 pm) caused a biphasic increase in [Ca®*]; (Ca), and an associated contraction (Cb). In the same preparation, Y-26763 (10 pM) suppressed
ACh-induced contractions (Db), while having little effect on the ACh-induced increase in [Ca®"]; (Da). Scale bars in (Da) and (Db) refer to all

Ca and tension traces, respectively.

the Ca responses, suggesting that its action on evoked
activity may result from Ca-independent mechanisms.

Spontaneous contractions in DSM are initiated by the
opening of L-type Ca channels during action potentials,
which lead to spontaneous Ca transients, and thus Ca influx
through the channels plays a fundamental role in their
generation. Since alverine had no effect on DSM contractility
in the presence of nifedipine, it may act primarily on L-type
Ca channels rather than either intracellular Ca stores or the
Ca sensitivity of contractile proteins. As single-bundle DSM
acts as an electrical syncytium, electrical activity invariably
resulted in corresponding contractions, irrespective of the
pattern of action potential generation, that is individual
or bursting (Hashitani et al., 2004). In contrast, overall
contractility of multi-bundle DSM depends not only on the
contractility of individual bundles but also the synchronicity
between bundles, which varies between preparations
(Hashitani et al., 2000). Therefore, alverine-induced enhance-
ment of spontaneous contractions in larger, multi-bundle
DMS may also result from its action on Ca influx through
L-type Ca channels in individual DSM muscle bundles. In
addition, alverine might increase the synchronicity between
bundles by altering the property of interstitial cells that may
play a role in integrating signals within the bladder wall
(Hashitani, 2006). This would also be consistent with the
lack of excitatory effect of alverine on the responses evoked
in individual DSM cells uniformly stimulated by either high
K or ACh.

Action potentials are generated by the opening of L-type
Ca channels, and are repolarized by both the inactivation
of L-type Ca channels (Nakayama and Brading, 1993) and
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activation of a negative feedback mechanism, mediated by
store-released intracellular Ca acting on BK channels (Herrera
et al.,, 2000; Herrera and Nelson, 2002; Hashitani and
Brading, 2003). Alverine increased the amplitude and half
width of each action potential, and reduced the rate of decay,
suggesting that it may suppress either the inactivation of
L-type Ca channels or the negative feedback mechanism.
However, we were not able to examine the role of Ca-
dependent inactivation of L-type Ca channels in alverine’s
action because Bay K 4688 invariably converted ‘single’
contractions into ‘bursting’ contractions.

Charybdotoxin, a blocker for large (BK) and intermediate
(IK) conductance Ca-activated potassium channels, has been
shown to increase the amplitude and half width of action
potentials and reduce the rate of decay, by suppressing the
negative feedback mechanism on L-type Ca channels and
enhanced associated contractions (Hashitani and Brading,
2003). Iberiotoxin, a specific blocker for BK channels has a
similar effect on action potential configuration, suggesting
that BK channels play a central role in the negative feedback
mechanism. It might be expected, therefore, that CTX would
prevent alverine-induced enhancement of spontaneous
contractions. In preparations that had been treated with
CTX, subsequent application of alverine did increase the
amplitude of ‘single’ contractions that resulted from in-
dividual action potentials, but by only 20%, suggesting that
alverine and CTX may share a common mechanism for
reinforcing spontaneous contractions. However, CTX often
initiated bursting contractions, and subsequent application
of alverine further increased their amplitude by about
50-100%. This effect of alverine may result from it increasing



the frequency of action potentials, which would increase the
number of action potentials during a bursting contraction.
Therefore, alverine may increase the frequency of action
potentials by additional mechanisms to its action on BK
channel-mediated negative feedback on L-type Ca channels,
presumably by inhibiting other potassium channels.

Cyclopiazonic acid has also been shown to diminish Ca
store- BK channel-mediated negative feedback mechanism
to augment action potentials and associated contractions
(Hashitani and Brading, 2003). However, in preparations
that had been treated with CPA, subsequent application of
alverine still increased the amplitude of ‘single’ contractions
by 60%, suggesting that alverine-induced enhancement of
spontaneous contractions does not rely on intracellular Ca
stores. CPA also often induced bursting contractions, and
subsequent application of alverine increased their amplitude
by about 50-100%. It was noteworthy that CPA itself
increased the amplitude of spontaneous contractions in
three out of seven preparations but did not alter their
amplitude in the remaining four preparations. This hetero-
geneity may result from the known but controversial effects
of CPA on contractility of DSM. Thus, CPA can enhance
spontaneous contractions by suppressing the negative feed-
back mechanisms (Hashitani and Brading, 2003), but at
the same time it can reduce the contractility of DSM by
disrupting Ca-induced Ca release (CICR). In our previous
study, CPA did not increase the amplitude of spontaneous
Ca transients (Hashitani et al., 2000), but enhanced sponta-
neous contractions by increasing the number of action
potential during a burst (Hashitani et al., 2004).

Alverine suppressed both high K- and ACh-induced
contractions without suppressing the associated electrical
responses. In addition, alverine had much less effect on
changes in [Ca®"]; induced by high K or ACh, suggesting
that alverine-induced suppression of evoked contractions
may result from the reduced sensitivity of contractile
proteins to Ca®*. It is also noteworthy that alverine
preferentially suppressed the sustained phase of evoked
contractions rather than their initial, phasic components.
ACh contracts DSM by increasing [Ca*>*]; through both the
Ca release from intracellular stores and the Ca influx
through L-type Ca channels (Wu et al., 1999; Rivera and
Brading, 2006). ACh also increased the sensitivity of the
contractile proteins to Ca by activating both Rho kinase and
PKC, and thus generates larger contraction than does high K
solution at similar increases in Ca (Takahashi et al., 2004;
Durlu-Kandilci and Brading, 2006). Therefore, it was not
surprising that alverine suppressed ACh-induced contrac-
tions by disrupting these Ca-independent mechanisms. High
K solution generates smaller contractions in DSM than ACh
at the same level of [Ca®*];, and is considered to cause
contractions mainly by Ca influx though L-type Ca channels
(Maggi et al., 1988; Marti-Cabrera et al., 1994). However, high
K solution is also known to be capable of increasing Ca
sensitivity by Ca-induced activation of the Rho kinase
pathway in vascular smooth muscles (Sakurada et al.,
2003). Therefore, high K solution may initiate contractions
of DSM by depolarization of the membrane to activate Ca
influx through L-type Ca channels, and subsequently
activate Rho kinase to maintain the contractions, and
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alverine may inhibit this pathway. Indeed, alverine selec-
tively suppressed the sustained phase of high K-induced
contractions with much less effect on the initial phase,
which may result from Ca influx through L-type Ca channels
and Ca release from intracellular stores via CICR.

Regardless of alverine-induced suppression of high K- and
ACh-induced contractions, one might expect alverine to
reinforce the evoked increases that are assumed to result
from Ca influx through L-type Ca channels, in particular
those of the sustained components. Since the inhibitory
action of alverine on BK channels is relatively modest in
comparison with venomous BK channel blockers, which
reduce dV/dtp to less than one-tenth and cause 5- to 10-fold
increase in half width, the concentrations of alverine used
may not have been high enough to block BK channels that
have been fully activated by sustained depolarizations and
massive increases in [Ca®*];.

Y-26763, an inhibitor of Rho kinase suppressed both ACh-
and high K-induced contractions with little reduction in
[Ca®"];, and preferentially suppressed the sustained compo-
nents. These properties of Y-26763 resemble the action of
alverine, suggesting that alverine may inhibit Rho kinase
activation subsequent to either muscarinic stimulation or
increasing Ca®*. However, unlike alverine which enhanced
spontaneous contractions, Y-26763 suppressed spontaneous
contractions without inhibiting either electrical or Ca
responses (Hashitani et al.,, 2004). This discrepancy may
arise from different contributions of Ca-dependent and Ca-
independent contractions of DSM between spontaneous and
evoked contractions. In obstructed bladder, a causal relation-
ship between increased DSM contractility and Rho kinase
activity has been observed (Bing et al., 2003). Alverine, which
may inhibit Rho kinase activity without suppressing Ca-
dependent DSM contractions, might therefore be useful for
the pharmacological treatment of some particular types of
overactive bladder associated with increased Rho kinase
activity.

In conclusion, the paradoxical effects of alverine on DSM
contractility may result from the complexity of its action,
involving inhibition on both BK channel-mediated negative
feedback to L-type Ca channels and Rho kinase-mediated Ca
sensitization. This unique drug revealed a different contribu-
tion of Ca-dependent, that is Ca influx through L-type Ca
channels and subsequent CICR, and Ca-independent
mechanisms to DSM contractility between spontaneous
and evoked contractions. This should encourage further
investigation of changes in DSM contractility under different
situations.
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