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Abstract The normal physiological contraction of the
urinary bladder, which is required for voiding, is predom-
inantly mediated by muscarinic receptors, primarily the M3

subtype, with the M2 subtype providing a secondary
backup role. Bladder relaxation, which is required for urine
storage, is mediated by β-adrenoceptors, in most species
involving a strong β3-component. An excessive stimulation
of contraction or a reduced relaxation of the detrusor
smooth muscle during the storage phase of the micturition
cycle may contribute to bladder dysfunction known as the
overactive bladder. Therefore, interference with the signal
transduction of these receptors may be a viable approach to
develop drugs for the treatment of overactive bladder. The
prototypical signaling pathway of M3 receptors is activation
of phospholipase C (PLC), and this pathway is also
activated in the bladder. Nevertheless, PLC apparently
contributes only in a very minor way to bladder contraction.
Rather, muscarinic-receptor-mediated bladder contraction
involves voltage-operated Ca2+ channels and Rho kinase.
The prototypical signaling pathway of β-adrenoceptors is
an activation of adenylyl cyclase with the subsequent
formation of cAMP. Nevertheless, cAMP apparently con-
tributes in a minor way only to β-adrenoceptor-mediated
bladder relaxation. BKCa channels may play a greater role
in β-adrenoceptor-mediated bladder relaxation. We con-

clude that apart from muscarinic receptor antagonists and
β-adrenoceptor agonists, inhibitors of Rho kinase and
activators of BKCa channels may have potential to treat an
overactive bladder.
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Introduction

The urinary bladder stores urine for most of the time and
expels it several times a day. The number of voiding events
is highly species-dependent, i.e., fairly low (less than eight
times per day) in healthy humans, but much higher in some
animals species such as rats and particularly in those which
use voiding as territorial marking behavior such as dogs.
This requires a complex regulation of bladder function,
which is under the control of the nervous system (Andersson
and Arner 2004). Storage of urine requires the bladder body
to distend which is mediated by smooth muscle relaxation
of the detrusor. A key physiological mechanism to induce
detrusor relaxation is β-adrenoceptor (β-AR) stimulation,
which, in most species, involves a strong β3-component,
and in humans, predominantly if not exclusively, occurs via
this receptor (Michel and Vrydag 2006). Concomitantly,
sympathetic stimulation will also stimulate α1-adrenocep-
tors in the bladder neck and urethra to provide bladder
outlet resistance and prevent involuntary leakage of urine
(Michel and Vrydag 2006). When a certain level of filling
of the urinary bladder has been achieved and the central
nervous system has decided that it is a socially acceptable
time to void, efferent signaling switches from sympathetic
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to parasympathetic stimulation. The released acetylcholine
then activates muscarinic receptors in the detrusor to
stimulate smooth muscle contraction and hence voiding
(Abrams et al. 2006; Hegde 2006). This manuscript will
review the signal transduction mechanisms involved in
detrusor contraction by muscarinic receptors and detrusor
relaxation by β-ARs. Other receptors systems, which can
contribute to the regulation of bladder smooth muscle tone
(Andersson 2006; Chetty et al. 2007; Chopra et al. 2005;
Moffatt 2007; Rapp et al. 2005; Ukai et al. 2006), will not
be covered. Moreover, the signal transduction underlying
smooth muscle tone of the bladder neck or urethra will not
be discussed here.

Muscarinic receptor signaling pathways

Although the mammalian bladder expresses more M2 than
M3 receptors, contraction of the normal detrusor appears to
occur largely via M3 muscarinic receptors (Abrams et al.
2006; Hegde 2006). Muscarinic M3 receptors in cell types
other than detrusor smooth muscle cells can couple to a
range of signaling pathways. Among them, stimulation of
phospholipase C (PLC) with the subsequent formation of
inositol trisphosphate (IP3) and diacylglycerol (DAG) to
release Ca2+ from intracellular stores and to activate a
protein kinase C (PKC), respectively, are considered as
prototypical signaling pathways (Caulfield and Birdsall
1998). However, various other signaling pathways have
been demonstrated to be activated after stimulation of M3

receptors. These include other phospholipases, such as
phospholipase D (PLD; Felder 1995; Mamoon et al. 1999;
Schmidt et al. 1995) and phospholipase A2 (PLA2)/cyclo-
oxygenase (Felder 1995), protein kinases such as phospha-
tidylinositol-3-kinase (PI-3-kinase; Guizzetti and Costa
2001), tyrosine kinases (Inoue et al. 1994), mitogen-
activated protein kinases (MAPK; Larocca and Almazan
1997), particularly those of the extracellular signal-regulated
kinase (ERK) family (Wang et al. 1997) and Rho kinases
(Schmidt et al. 1999), and also a range of ion channels. The
latter group includes ion channels in intracellular organelles
such as ryanodine receptors (Caulfield 1993; Simpson et al.
1996) and those in the plasma membrane including various
types of K+ channels, voltage-operated Ca2+ channels, and
store-operated Ca2+ channels (Caulfield 1993). Most of
these mechanisms have also been investigated for detrusor
smooth muscle.

Phospholipase C

Activation of PLC is the prototypical signaling pathway of
M3 receptors (Caulfield and Birdsall 1998). It is believed to
primarily occur via the α-subunits of Gq/11 G-proteins.

Apart from the phosphatidylinositol-PLC (PI-PLC), which
generates IP3, this can also involve phosphatidylcholine-
PLC (PC-PLC), both of which will lead to DAG formation
(Caulfield and Birdsall 1998; Ehlert et al. 1997). Data in
gastrointestinal smooth muscle indicate that PI-PLC may be
involved in regulation of the phasic contraction, whereas
PC-PLC may contribute to sustaining smooth muscle tone
(Makhlouf and Murthy 1997).

Previous studies demonstrated that muscarinic receptor
stimulation by carbachol in rat or guinea pig bladder enhances
the formation of IP (Kories et al. 2003; Marsh et al. 1996;
Nelson et al. 2004; Schneider et al. 2004b). Using the
subtype-selective antagonist, darifenacin, the carbachol-
stimulated IP formation in the urinary bladder was demon-
strated to indeed occur predominantly if not exclusively via
M3 receptors (Kories et al. 2003; Nelson et al. 2004).

An involvement of PLC in bladder tone has been
assessed using several inhibitors: U 73,122 and ET-18-
OCH3 were used as PI-PLC inhibitors, D609 as a PC-PLC
inhibitor, and neomycin as a non-specific PLC inhibitor.
Alternatively, IP3 receptor inhibitors such as 2-amino-
ethoxyphenyl borate (2-APB) or heparin have also been
used. The effects of 2-APB on bladder function are not easy
to understand because this compound was reported to
increase the frequency of spontaneous action potentials but
nevertheless to reduce contraction amplitudes in the
absence of autonomic stimulation in guinea pig detrusor
smooth muscle cells (Imai et al. 2002). While studies in
guinea pig bladder did not detect inhibitory effects of 2-
APB, similar experiments in rat bladder reported this
compound to inhibit carbachol-induced calcium sensitiza-
tion (Durlu-Kandilci and Brading 2006). Similarly, intra-
cellular heparin administration was reported to inhibit
acetylcholine-induced contraction of feline detrusor cells
(An et al. 2002). The latter study in cats has also suggested
that PLC activation may be necessary for muscarinic
agonist-induced bladder contraction using the PLC inhibitor
neomycin (An et al. 2002). Studies in rats using ET-18-
OCH3 have also proposed an involvement of PI-PLC in rat
bladder contraction, although this was not confirmed within
the same study when neomycin was used as the inhibitor
(Braverman et al. 2006b). In contrast, other groups of
investigators using different experimental protocols and the
PLC inhibitor U 73,122 have reached somewhat different
conclusions, as this compound did not affect carbachol-
induced contraction in rat (Schneider et al. 2004b), mouse
(Wegener et al. 2004), or human bladder (Schneider et al.
2004a) in concentrations where it fully suppressed IP
formation in rat bladder slices (Schneider et al. 2004b).
As the contradictory conclusions in rats were based upon
different inhibitors (ET-18-OCH3 and U 73,122) and on
different experimental protocols (single vs multiple con-
centration–response curves per muscle strip), these inves-
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tigators have recently collaborated in a crossover study in
which each lab used its own protocol to test the inhibitors
previously used by the other laboratory (Frazier et al.
2007). In that study, neither of the PI-PLC inhibitors tested
[U 73,122 (Fig. 1) and ET-18-OCH3] exerted a significant
inhibition of the carbachol-induced bladder contraction. In
confirmation of the earlier study (Braverman et al. 2006b),
the PC-PLD inhibitor D609 was quite effective in high
concentrations, but at this concentration, it also attenuated
contraction in response to the receptor-independent stimu-
lus KCl, indicating that the D609 response was not specific
to the muscarinic receptor activation. These crossover
experiments indicated that M3-receptor-mediated PLC
activation in the rat bladder is not a major contributor to
detrusor contraction.

Phospholipase D

PLD is located in the plasma membrane and can catalyze
the hydrolysis of phophatidylcholine to form phosphatidic
acid (PA). Hydrolysis of PA by the enzyme PA phosphohy-
drolase forms DAG. DAG can be converted back into PA
by DAG kinase. Although DAG and PA are interchange-
able, they do not share the same signaling mechanisms to
exert their biological effects. Because DAG can also be
generated upon stimulation of PI-PLC and PC-PLC (see
above), it is difficult to identify the enzyme responsible for
DAG formation. A potential role of DAG will be discussed
further below in the context of a role for PKC.

An involvement of PLD in biological responses can be
assessed using the inhibitor butan-1-ol and its isomer butan-
2-ol, which does not inhibit PLD (Banno et al. 2001).
Another PLD inhibitor, which has been used in bladder
studies, is para-chloromercuribenzoic acid (An et al. 2002;
Yang et al. 2000). In rat bladder slices, carbachol caused
only a little, if any, PLD activation compared to the positive
control phorbol myristate acetate (Schneider et al. 2004b).

Accordingly, in rat and human urinary bladder, butan-1-ol, as
compared to its inactive control, caused only little inhibition,
which was limited to its highest concentration (Schneider et
al. 2004a). Similarly, para-chloromercuribenzoic acid did
not inhibit contractile response to acetylcholine in feline
detrusor (An et al. 2002; Yang et al. 2000). Taken together,
these data suggest that PLD only plays a minor, if any, role
in muscarinic receptor agonist-induced contraction of the
urinary bladder.

Phospholipase A2/cyclooxygenase

PLA2 specifically catalyzes the hydrolysis of the sn-2 fatty
acyl bond of phospholipids to generate free fatty acid and
lysophospholipids, comprising arachidonic acid (AA)
which can be further metabolized to prostaglandins by
cyclooxygenase (Felder 1995). There are two main families
of PLA2 containing several members with common
enzymatic activity. One family of PLA2 is the small
molecular weight secretory PLA2 which consists of mainly
calcium-dependent enzymes. The other family consists of
both calcium-dependent and calcium-independent cytosolic
PLA2 (cPLA2) isoforms and can be inhibited by 1,1,1-
trifluoromethyl-6,9,12,15-eicosatetraen-2-one. Studies into
a role for PLA2 in muscarinic-receptor-induced bladder
contraction have mainly focussed on cPLA2. Moreover,
several cyclooxygenase products can also generate detrusor
smooth muscle contraction (Andersson 2000). At least in
rat bladder, protease-activated receptor-2-induced contrac-
tion is partly mediated by activation of cyclooxygenase
(Nakahara et al. 2004).

A study in rat bladder using 1,1,1-trifluoromethyl-
6,9,12,15-eicosatetraen-2-one indicated only a very minor,
if any, role for PLA2 in carbachol-induced contraction
(Schneider et al. 2004b). Moreover, in the same study,
inhibition of cyclooxygenase by indomethacin at a concen-
tration inhibiting protease-activated receptor-2-mediated
contraction (Nakahara et al. 2004) did not inhibit the
carbachol response. Similar findings were obtained in feline
bladder (An et al. 2002). Hence, the available data suggest
that neither of PLA2 nor cyclooxygenase plays a major role
in the muscarinic-receptor-mediated bladder contraction,
although this may be different for other contractile stimuli
such as protease-activated receptor-2-induced contraction,
which is partly mediated by activation of cyclooxygenase
(Nakahara et al. 2004) or bradykinin (Kubota et al. 2003).

Protein kinase C

PKC is physiologically activated by DAG, and this can
occur subsequent to stimulation of PI-PLC, PC-PLC or
PLD (see above) and, in some types of smooth muscle, may
contribute to the sustained phase of contraction (Aburto et

Fig. 1 Effect of U 73,122 (10 μM) alone and in combination with
darifenacin (30 nM) on carbachol-induced rat bladder contraction.
Taken from (Frazier et al. 2007)
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al. 1995; Dessy et al. 1998). This involvement can be
assessed using PKC inhibitors such as chelerythrine,
calphostin C, Gö 6850, and GF 109203X, but most of
these inhibitors can have ancillary properties which
complicate interpretation of the data. A role for PKC can
also be studied using activators such as β-phorbol-12,13-
dibutyrate. While the later activates PKC upon short-term
exposure, longer exposure can reduce cellular PKC activity.
Finally, it should be considered that some muscarinic
receptor antagonists such as propiverine and its metabolites
also can have PKC inhibitory effects in the bladder (Moritz
et al. 2005); however, apart from its muscarinic receptor
antagonism, propiverine and some of its metabolites also
have calcium channel blocking activity, which further
complicates interpretation of data obtained with this
compound (Michel and Hegde 2006).

The PKC activator β-phorbol-12,13-dibutyrate augments
bladder contractility by electrical field stimulation in mouse
and rat (Liu and Lin-Shiau 2000; Weng et al. 2005). While
a PKC inhibitor may attenuate muscarinic-receptor-mediated
calcium sensitization in the rat or guinea pig bladder (Durlu-
Kandilci and Brading 2006), such drugs did not inhibit peak
contractile responses to muscarinic agonists in rat (Durlu-
Kandilci and Brading 2006; Fleichman et al. 2004), feline
(An et al. 2002), or human bladder (Schneider et al. 2004a).
Thus, the overall role for PKC in muscarinic-receptor-
mediated bladder contraction appears small, which is in line
with the negative data regarding an involvement of PI-PLC,
PC-PLC, and PLD.

Tyrosine kinases

Tyrosine kinase signaling can be involved in Ca2+

sensitization in smooth muscle, and this may involve the
activation of RhoA and Rho kinase (ROCK; Somlyo and
Somlyo 2003). The role of tyrosine kinases in modulating
vascular, visceral, and airway smooth muscle contraction
has been documented (Chopra et al. 1997; Dessy et al.
1998; Di Salvo et al. 1994; Grasa et al. 2006; Jin et al.
1996; Jinsi et al. 1996; Steusloff et al. 1995; Tolloczko et
al. 2000), specifically for the src family of tyrosine kinases
(Roberts 2001; Tolloczko et al. 2002). Tyrosine kinases
have also been reported to control Ca2+ entry and
intracellular Ca2+ concentration in vascular smooth muscle
(Carter and Kanagy 2002; Lagaud et al. 1999; Toma et al.
1995; Wijetunge et al. 2000).

Tools to asses an involvement of tyrosine kinase include
genistein and its negative control daidzein, the src-specific
inhibitor PP1, PP2, and its negative control PP3, and the
c-kit tyrosine kinase inhibitor (Glivec®). In the guinea pig
detrusor smooth muscle, which expressed c-kit positive cells,
the c-kit tyrosine kinase inhibitor concentration-dependently
suppressed the spontaneous contraction whereas carbachol-

induced contraction was only attenuated by a high concentra-
tion of the c-kit inhibitor (Kubota et al. 2004). Similarly,
neither genistein nor PP2 inhibited the carbachol-induced
contraction of rat bladder (Fleichman et al. 2004). Thus,
tyrosine kinases apparently do not contribute to muscarinic
receptor agonist-induced bladder contraction in a major way.

Mitogen-activated kinase

Studies on a role of the ERK family of MAPK in vascular
smooth muscle contraction have yielded conflicting results
with positive (Dessy et al. 1998; Fetscher et al. 2001;
Roberts 2001; Xiao and Zhang 2002) and negative
(Altmann et al. 2003; Janssen et al. 2001; Watts et al.
1998) data having been reported. PD 98,059 and U 126 are
inhibitors of ERK activation, and U 124 is a negative
control for the latter. ERK signaling has been suggested to
be involved in the rat urinary bladder contraction during
inflammation induced by uropathogenic Escherichia coli,
but not in healthy bladder contraction (Weng et al. 2006).
Accordingly, inhibition of ERK activation by PD 98,059 or
U 126 did not attenuate the carbachol response in the
normal rat bladder (Fleichman et al. 2004), indicating that
ERK activation is not required for the muscarinic-receptor-
induced bladder contraction under physiological condition.

Phosphatidylinositide 3-kinase

PI-3-Ks are enzymes that specifically catalyze phosphorylation
of the 3-position in the inositol ring of the phosphoinositides
(Rameh and Cantley 1999). They are ubiquitously expressed,
and multiple isoforms exist (Northcott et al. 2004; Rameh and
Cantley 1999). Activation of PI-3-kinases has been associated
with smooth muscle contraction in colonic (Ibitayo et al.
1998) and some preparations of vascular smooth muscle cells
via Rho kinase-dependent inhibition of MLCP (Wang et al.
2006; Yoshioka et al. 2007), but they may not be involved in
smooth muscle tone of other preparations (Altmann et al.
2003). Wortmannin and LY294002 are commonly used PI-
3-kinase inhibitors, and an inactive analogue of LY294002
exists. A single study in rat bladder using wortmannin,
LY294002, and the inactive analogue of the latter did not
support a role for PI-3-kinase in carbachol-induced contrac-
tion (Fleichman et al. 2004).

Rho kinase

ROCK are serine/threonine kinases of ∼160 kDa and play a
role in various cellular functions (Riento and Ridley 2003;
Somlyo and Somlyo 2003). Two isoforms designated as
ROCK I (also known as ROKb or p160ROCK) and ROCK
II (ROKa or Rho kinase) exist. These isoforms and their
physiological activator RhoA are expressed in many
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tissues, including urinary bladder, at both the mRNA and
protein level (Chang et al. 2006; Takahashi et al. 2004;
Wibberley et al. 2003). ROCK activation can enhance
smooth muscle contraction by multiple mechanisms (Riento
and Ridley 2003; Somlyo and Somlyo 2003).

Y-27,632, fasudil, and HA-1077 are ROCK inhibitors
which are commonly used to assess the involvement of this
kinase in biological responses. In the urinary bladder of
humans (Fig. 2) and other mammals, Y-27,632, fasudil, and
HA-1077 inhibit both phasic and sustained contraction
induced by several stimuli including muscarinic receptor
agonists (Braverman et al. 2006a; Fleichman et al. 2004;
Jezior et al. 2001; Schneider et al. 2004a,b; Speich et al.
2005; Takahashi et al. 2004; Wibberley et al. 2003).
Whereas all available studies indicate that ROCK inhibitors
reduced potency of muscarinic receptor agonist carbachol
in the bladder, results regarding the carbachol efficacy are
conflicting (Braverman et al. 2006b; Fleichman et al. 2004;
Schneider et al. 2004a, 2005; Takahashi et al. 2004). Based
upon a reduction of the potency of M3-selective antagonist
darifenacin in the presence of Y-27,632, it has been

proposed that ROCK may have a specific role in the M2

receptor contribution to bladder tone (Braverman et al.
2006b). As the overall role of M2 receptors in bladder tone
requires further clarification (Abrams et al. 2006; Hegde
2006), this proposal is awaiting confirmation by other
investigators. In contrast to the consistently reported role of
ROCK in muscarinic-receptor-mediated bladder contraction
in vitro, ROCK inhibitors were reported not to affect
physiological bladder contraction in vivo in healthy
animals, but only under pathophysiological conditions
(Rajasekaran et al. 2005). A possible role of ROCK in
bladder dysfunction and its treatment has recently been
reviewed (Peters et al. 2006).

Ca2+ channels

Similar to all other types of smooth muscle, bladder
contraction requires elevation of intracellular Ca2+ concen-
trations. While several studies have demonstrated that
removal of extracellular Ca2+ will impair muscarinic-
receptor-mediated bladder contraction (Jezior et al. 2001;
Visser and van Mastrigt 2000), the relative roles of influx
from the extracellular space and of mobilization from
intracellular stores remain a subject of discussion and
possibly are species-dependent (Wuest et al. 2007). At
least four types of Ca2+ channels can be involved in bladder
smooth muscle contraction, including voltage-operated
channels, store-operated channels, IP3-receptors, and rya-
nodine receptors. Voltage-operated and store-operated Ca2+

channels are abundant in the plasma membrane and
contribute to the influx of Ca2+ from extracellular space,
whereas Ca2+ release from intracellular stores involves
activation of IP3 and ryanodine receptors in the membranes
of the sarcoplasmic reticulum.

The group of voltage-operated Ca2+ channels contains
several types, among which, the L-type appears most
relevant and has been most frequently studied with regard
to the bladder. L-type Ca2+ channels can be inhibited by
drugs such as nifedipine or diltiazem. Moreover, knockout
mice have been generated, which lack a crucial subunit of
L-type Ca2+ channels (Wegener et al. 2004). Various
investigators have shown that L-type Ca2+ channel inhib-
itors reduce muscarinic-receptor-mediated detrusor contrac-
tion in rat (Schneider et al. 2004b), mouse (Wuest et al.
2007), rabbit (Zderic et al. 1994), pig (Buckner et al. 2002;
Uchida et al. 1994; Wuest et al. 2007), and human (Fig. 3;
Masters et al. 1999; Schneider et al. 2004a; Wuest et al.
2007). Interestingly, inhibition of bladder contraction was
observed at inhibitor concentrations which are lower than
those typically required to inhibit the contraction of
vascular smooth muscle. Accordingly, knockout mice for
the Cav1.2 L-type Ca2+ channel exhibited markedly
reduced detrusor contraction in response to muscarinic

Fig. 2 Effects of the Rho kinase inhibitor Y 27,632 and its vehicle on
carbachol-induced contraction. The upper panel shows carbachol
concentration-response curves in the absence and presence of various
Y 27,632 concentrations. The lower two panels show alterations of
pEC50 and Emax relative to matched time controls. *p<0.05, **p<0.01
vs matching time controls in the presence of vehicle in a two-way
analysis of variance followed by Dunnet post-tests. Taken from
(Schneider et al. 2004a)
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agonists in vitro and also had dilated bladders in vivo
(Wegener et al. 2004). While it has been proposed that Q-
type voltage-operated Ca2+ channels may also contribute to
bladder tone under some circumstances, N- and T-type Ca2+

channels apparently are not involved (Frew and Lundy
1995). Similarly, non-selective cation channels, Ca2+-
activated Cl− channels, and Na+/Ca2+ exchanger do not
play major role in Ca2+ influx in the bladder (Ganitkevich
and Isenberg 1992; Nakayama and Brading 1993).

While the relative role of L-type Ca2+ channels in the
muscarinic-receptor-mediated detrusor contraction may
differ between species (Wuest et al. 2007), the above data
clearly demonstrate their overall importance. However, this
does not exclude the possibility that their role may be
indirectly, e.g., related to the filling of intracellular stores
acted upon by other signaling pathways. Moreover, a
number of relevant questions remain to be answered.
Firstly, the specific mechanism of how muscarinic receptor
activation couples to L-type Ca2+ channels remains to be
elucidated. In this regard, it has been proposed that at least
in guinea pigs, the Ca2+ needed for contraction enters the
cell through voltage-dependent Ca2+ channels and is then
pumped into an intracellular store from where it is released

by muscarinic agonists (Rivera and Brading 2006). Other
work in guinea pigs also supports a role for L-type Ca2+

channels in maintaining Ca2+ entry and refilling intracellu-
lar stores in detrusor smooth muscle (Wu et al. 2002).
Secondly, some electrophysiological studies across multiple
species have reported that muscarinic agonists may inhibit
the current through L-type Ca2+ channels (Kajioka et al.
2002; Yoshino and Yabu 1995). Those authors argued that
this may involve Ca2+-mediated inactivation of Ca2+

channels triggered by the release of Ca2+ from IP3 and
thapsigargin-sensitive internal stores or by a G-protein-
mediated mechanism. The reason for the discrepancy
between these electrophysiological studies and the contrac-
tility data based upon pharmacological channel inhibitors
and knockout mice remains to be elucidated. Thirdly, some
clinically used muscarinic receptor antagonists including
oxybutynin (Kachur et al. 1988) and propiverine (Wuest et
al. 2006) and/or their metabolites (Michel and Hegde 2006)
also have direct inhibitory effects on L-type Ca2+ channels.
How much this may contribute to their clinical effects on
the bladder remains to be determined. Finally, inhibitors of
L-type Ca2+ channels are frequently used in the treatment
of cardiovascular disease, but during their use, no major
adverse events on bladder function have surfaced. The
reasons for a major role of such channels in bladder
contractility vs a lack of adverse effects of their inhibitors
on the bladder may relate to pharmacokinetic properties of
the clinically used drugs, which may not reach sufficiently
high concentrations in bladder tissue.

Calcium can also enter the cell from the extracellular
space via store-operated Ca2+ channels which are sensitive
to the inhibitor SK&F 96,365. However, SK&F 96,365 was
reported to exert only minor, if any, inhibition of carbachol-
induced rat bladder contraction (Schneider et al. 2004b).
Therefore, it is difficult to judge other findings reporting
that suppression of IP3 release may impair store-operated
Ca2+ channel function (Bootman et al. 2002).

With regard to channels mediating calcium mobilization
from intracellular stores, a possible role of the IP3 receptor
as a Ca2+ channel involved in bladder contraction has been
discussed in the PLC section. Another type of channel
possibly involved in mobilization of calcium from intracel-
lular stores is the ryanodine receptor, which can be
inhibited by ryanodine and is expressed in the human
urinary bladder (Chambers et al. 1999). Ryanodine has
been reported to inhibit bladder contraction in rabbits
(Zderic et al. 1994), guinea pig (Buckner et al. 2002), and
human bladder (Visser and van Mastrigt 2000), but other
investigators did not confirm such inhibition in mouse, pig,
or human bladder (Wuest et al. 2007). Ryanodine receptors
have also been implied in the muscarinic stimulation of
large transient inward and small oscillating inward currents
in porcine bladder (Kajioka et al. 2005), but the relationship

Fig. 3 Effects of the Ca2+ channel inhibitor nifedipine and its vehicle
on carbachol-induced contraction. The upper panel shows carbachol
concentration-response curves in the absence and presence of various
nifedipine concentrations. The lower two panels show alterations of
pEC50 and Emax relative to matched time controls. *p<0.05, ***p<
0.001 vs matching time controls in the presence of vehicle in a two-
way analysis of variance followed by Dunnet post-tests. Taken from
(Schneider et al. 2004a)

454 Naunyn-Schmiedeberg’s Arch Pharmacol (2008) 377:449–462



of this involvement with detrusor smooth muscle tone
remains to be defined.

β-Adrenoceptor relaxation signaling pathways

Noradrenaline released from the hypogastric nerves acti-
vates β-AR and induces detrusor smooth muscle relaxation.
All three cloned β-AR subtypes are present in the urinary
bladder of rat and humans at the mRNA level, and at least
in humans, the β3-AR is by far the most abundantly
expressed subtype (Fujimura et al. 1999; Matsubara et al.
2002; Seguchi et al. 1998). Studies at the protein level are
difficult to interpret because none of the available radio-
ligands is suited to detect β3-AR (Baker 2005; Hoffmann et
al. 2004; Niclauss et al. 2006). Functionally, it appears that
detrusor relaxation involves a strong β3-AR component in
most species and may be the predominant, if not sole,
mediator of bladder relaxation in humans (Michel and
Vrydag 2006). Additional contributions by other β-AR
subtypes are less well defined and may differ between
species (Michel and Vrydag 2006). Most studies on signal
transduction processes underlying β-AR-mediated bladder
relaxation have not specifically studied receptor subtypes,
and hence, it remains possible that some of the effects
described below actually represent a mixture of effects
mediated by multiple subtypes.

Cyclic AMP formation

The prototypical signaling pathway of β-AR is activation of
adenylyl cyclase to elevate intracellular cAMP concentrations

(Bylund et al. 1994). Sequentially, cAMP activates protein
kinase A (PKA) or alternative effector molecules such as
epac (Schmidt et al. 2007) to mediate smooth muscle
relaxation. Hence, β-AR agonists such as isoprenaline can
elevate cAMP formation in rat bladder smooth muscle cells
(Derweesh et al. 2000; Ma et al. 2002; Uchida et al. 2005).
The functional role of adenylyl cyclase can be tested by
inhibitors such as SQ 22,536 or Rp-cAMPs, whereas that of
PKA can be assessed by inhibitors including H7 and H89.

To test the role of cAMP formation and PKA in bladder
relaxation, three studies have recently been reported from
rat bladder. In one study using the β2-agonist clenbuterol
against field stimulation-induced tone, a PKA inhibitor was
reported to block relaxation while not affecting the field
stimulation-induced contraction (Hudman et al. 2000). Two
other studies investigated used isoprenaline as the agonist
(one additionally included a β3-selective agonist) against
the effects of isoprenaline on both passive tension and KCl-
induced tone (Fig. 4; Frazier et al. 2005; Uchida et al.
2005). Both studies have used adenylyl cyclase inhibitors
such as SQ 22,536 and Rp-cAMPs and also PKA inhibitors
such as H7 and H89. While their quantitative findings differ
slightly, they both show that cAMP formation does not
contribute to relaxation against KCl-induced tone. While
some contribution exists for relaxation against passive
tension, even under those conditions, it may account for
only a minor part of the response. One of the studies
additionally demonstrates that a guanylyl cyclase also is not
involved to a major extent (Frazier et al. 2005). These
findings indicate that the cAMP/PKA pathway may
contribute to bladder relaxation by a β2-AR, but less, if at
all, to that induced by a β3-selective or a non-selective

Fig. 4 Effect of the adenylyl
cyclase inhibitor SQ 22,536
(1 μM) and the protein kinase A
inhibitor H7 (10 μM) on iso-
proterenol-induced relaxation of
rat urinary bladder. Taken from
(Frazier et al. 2005)
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agonist. The latter findings are in line with recent data from
various other types of smooth muscle which have indicated
that various types of K+ channels may be more important in
β-AR-mediated relaxation than cAMP (Ferro 2006).

K+ channels

Numerous types of K+ channels exist, which are not only
activated under distinct conditions but also mediate different
physiological functions (Brading 1992). Channels which
have been investigated in the bladder include voltage-gated
(Kv) channels (Davies et al. 2002; Thorneloe and Nelson
2003), small conductance (SK) channels (Heppner et al.
2003; Herrera et al. 2000; Herrera and Nelson 2002), ATP-
sensitive (KATP) channels (Bonev and Nelson 1993; Buckner
et al. 2000; Gopalakrishnan et al. 1999), and large
conductance Ca2+-activated K+ channels (BKCa) channels
(Klockner and Isenberg 1985; Markwardt and Isenberg
1992; Petkov et al. 2001; Suarez-Kurtz et al. 1991; Trivedi
et al. 1995; Zografos et al. 1992). Many of these channels
can be activated by β-AR stimulation, leading to an efflux of
potassium and, hence, a hyperpolarization and reduced tone
of the smooth muscle cells (Ferro 2006). The available data
indicate that KATP and BKCa channels are the two types of
K+ channels which provide the greatest contributions to
detrusor smooth muscle tone.

Kv channels are expressed in human urinary bladder
(Davies et al. 2002) and have been reported to be
functionally important in regulating detrusor tone both in
mouse (Thorneloe and Nelson 2003) and human bladder
(Chen et al. 2004; Davies et al. 2002). However, no data on
their possible involvement in β-AR-mediated bladder
relaxation has been reported.

KATP channels are expressed in rat (Ha et al. 1993),
guinea pig (Gopalakrishnan et al. 1999), pig and human
detrusor (Buckner et al. 2000). Their functional role can be
assessed by activators such as pinacidil, cromakalim, or
rimakalim or by inhibitors such as glibenclamide. Their
overall role in the regulation of bladder smooth muscle tone
is documented by numerous in vitro and in vivo studies
demonstrating that KATP channel openers can relax bladder
smooth muscle. Such data were obtained for several
representatives of this drug class including pinacidil
(Edwards et al. 1991; Malmgren et al. 1990; Vijayakumar
et al. 2007), cromakalim (de Moura et al. 1993; Foster et al.
1989a,b; Fujii et al. 1990; Malmgren et al. 1990;
Vijayakumar et al. 2007), lemakalim (Bonev and Nelson
1993), rimakalim (Wuest et al. 2005), ZD097 (Aishima et
al. 2006), ZD 6169, and WAY-133537 (Gopalakrishnan et
al. 2002). Such functional data were reported from various
species including rat (Edwards et al. 1991; Hudman et al.
2000), mouse (de Moura et al. 1993), guinea pig (Bonev

and Nelson 1993; Foster et al. 1989a; Fujii et al. 1990;
Gopalakrishnan et al. 1999), pig (de Moura et al. 1993;
Foster et al. 1989b; Uchida et al. 1994), goat (Vijayakumar
et al. 2007), and humans (Aishima et al. 2006; de Moura et
al. 1993; Foster et al. 1989b; Gopalakrishnan et al. 2002).
This broad spectrum of species shows that the role of KATP

channels for bladder smooth muscle tone stretches across
mammalian species. Moreover, KATP channel openers reduce
both spontaneous and agonist-induced contraction of the
detrusor, independent of the contractile stimulus being used
(Buckner et al. 2000; Malmgren et al. 1990). Their effects
also are independent of the presence of a functional
urothelium, with the possible exception of pigs (de Moura
et al. 1993), underscoring their primary direct effects on the
smooth muscle cells. However, a key problem with the use
of KATP channel openers is that they also work on vascular
smooth muscle cells and, therefore, lower blood pressure in
vivo (Foster et al. 1989a,b). Therefore, it is not surprising
that a clinical study using a KATP channel opener in OAB
patients at a non-hypotensive dose failed to detect symptom
improvement (Chapple et al. 2006)

While the above data clearly demonstrate the importance
of KATP channels in the regulation of bladder tone, they do
not allow direct conclusions regarding their role in β-AR-
mediated bladder relaxation. This can be assessed by testing
the effects of KATP channel inhibitors such as glibenclamide
against β-AR stimulation (Frazier et al. 2005; Hudman et
al. 2000). Glibenclamide abolished relaxation of field
stimulation-induced contraction by the β2-AR agonist
clenbuterol in rat bladder (Hudman et al. 2000). On the
other hand, glibenclamide failed to attenuate the relaxant
effect of isoprenaline in rat bladder against passive or KCl-
induced tension (Frazier et al. 2005). These data highlight
the possibility that different β-AR subtypes in the bladder
may utilize distinct signaling pathways to elicit smooth
muscle relaxation.

SK channels are expressed in the urinary bladder (Chen
et al. 2004), and their role in bladder function has been
reviewed previously (Heppner et al. 2003). SK channels are
Ca2+-sensitive and can be activated by the influx of Ca2+

via voltage-operated Ca2+ channels (Herrera and Nelson
2002). They can influence the function of ryanodine
receptors in the detrusor (Herrera et al. 2000). In guinea
pigs, SK channels play a role as a negative feedback
element to reduce the amplitude and duration of detrusor
contraction (Herrera et al. 2000). In vivo studies in
genetically modified mice either overexpressing the SK3

isoform in the bladder or having an inducible knockdown
of this channel demonstrated a greater bladder capacity in
the overexpression as compared to the WT mice and those
with reduced SK3 expression. Moreover, the mice with
suppressed SK3 expression exhibited marked increases of
non-voiding contraction, suggesting a role of these channels
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in limiting non-voiding contraction (Herrera et al. 2003).
However, an involvement of these channels in the β-AR-
mediated bladder relaxation has not been reported.

A role for BKCa channels can be assessed pharmacolog-
ically by inhibitors such as charybdotoxin or iberiotoxin.
Functional evidence, based upon pharmacological modula-
tion as well as genetically modified animals, demonstrates a
role for BKCa channels in regulating detrusor tone in rats
(Christ et al. 2001; Malysz et al. 2004), mice (Meredith et al.
2004; Petkov et al. 2001), guinea pigs (Grant and Zuzack
1991; Klockner and Isenberg 1985; Markwardt and Isenberg
1992; Suarez-Kurtz et al. 1991; Woods et al. 2001; Zografos
et al. 1992), pigs and humans (Trivedi et al. 1995). They
have been reported to mediate repolarizing of the membrane
potential and maintaining the resting potential (Heppner et
al. 1997; Karicheti and Christ 2001). Moreover, at least in
guinea pigs, they have been proposed to provide a negative
feedback element to reduce the amplitude and duration of
detrusor contraction (Herrera et al. 2000). In mice, this role
is regulated by the smooth-muscle-specific pore-forming β1-
subunit (Petkov et al. 2001). Similar to SK channels, BKCa

channels are Ca2+-sensitive and can be activated by the
influx of Ca2+ via voltage-operated Ca2+ channels (Herrera
and Nelson 2002). In contrast to SK channels, BKCa

channels are also activated by the Ca2+-induced Ca2+ spark
by ryanodine receptors, and such activation has been
reported in the detrusor of guinea pigs (Herrera et al. 2001;
Herrera and Nelson 2002; Ohi et al. 2001) and humans
(Chambers et al. 1999). Accordingly, it has been suggested
that BKCa channels and ryanodine receptors are co-localized

at the sub-plasmalemma and in sarcoplasmic reticulum
fragments to generate Ca2+ sparks to activate spontaneous
transient outward currents (Ohi et al. 2001). The strength of
coupling of Ca2+ sparks to BKCa channels is regulated by
membrane potential and stimuli which modulates Ca2+

sensitivity (Herrera et al. 2001). Thus, BKCa are important
in the regulation of bladder tone, and activators of BKCa

channels have been synthesized as possible drugs for the
treatment of overactive bladder (Hewawasam et al. 2002;
Sheldon et al. 1997; Turner et al. 2003).

In guinea pig bladder, stimulation of β-AR activates
BKCa channels via Ca

2+-sensitive mechanisms by means of
increase of Ca2+ influx and Ca2+ sparks (Petkov and Nelson
2005). Some investigators have demonstrated the involve-
ment of BKCa channels in β-AR-mediated bladder relaxa-
tion using BKCa channel inhibitors such as iberiotoxin and
charybdotoxin in rats (Frazier et al. 2005; Uchida et al.
2005) and guinea pigs (Kobayashi et al. 2000; Petkov and
Nelson 2005). Studies in rats have demonstrated that the
role of BKCa channels in β-AR-mediated relaxation may
depend on the experimental conditions, i.e., being consid-
erable in the presence of KCl-induced tone but absent in the
presence of passive tension only (Fig. 5; Frazier et al. 2005;
Uchida et al. 2005). While a study in guinea pigs has
reported that β-AR relaxation is mediated by facilitation of
BKCa channels following the activation of cAMP/PKA
pathways (Kobayashi et al. 2000), studies in rats do not
support the idea of a concomitant involvement of BKCa

channels and the cAMP/PKA pathway (Frazier et al. 2005;
Uchida et al. 2005).

Fig. 5 Effects of the BKCa

channel inhibitors iberiotoxin
(30 nM) and charybdotoxin
(30 nM) on isoproterenol-
induced relaxation of rat
urinary bladder. Taken from
(Frazier et al. 2005)
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Conclusion

Muscarinic receptors, specifically their M3 subtype, are an
important physiological mediator of bladder contraction.
Although an activation of PLC is the prototypical signaling
pathway of these receptors and this pathway is also
activated in the bladder, PLC apparently only contributes
to bladder contraction in a very minor way. Rather,
muscarinic-receptor-mediated bladder contraction involves
voltage-operated Ca2+ channels and ROCK. While currently
available inhibitors of voltage-operated Ca2+ channels have
little effect on bladder function in vivo in patients, ROCK
inhibitors may have potential as drugs for the treatment of
an overactive bladder. β-AR, specifically β3-AR, are
important physiological mediators of bladder relaxation,
and selective β3-AR agonists are currently in clinical
development for the treatment of an overactive bladder.
Although the prototypical signaling pathway of β-AR is an
activation of adenylyl cyclase with the subsequent formation
of cAMP, cAMP apparently contributes to β-AR-mediated
bladder relaxation only in a minor way. BKCa channels may
play a greater role in β-AR-mediated bladder relaxation, and
activators of these channels are also under investigation to
treat an overactive bladder.

References

Abrams P, Andersson KE, Buccafusco JJ, Chapple C, De Groat WC,
Fryer AD, Kay G, Laties A, Nathanson NM, Pasricha PJ, Wein
AJ (2006) Muscarinic receptors: their distribution and function in
body systems, and the implications for treating overactive
bladder. Br J Pharmacol 148:565–578

Aburto T, Jinsi A, Zhu Q, Deth RC (1995) Involvement of protein
kinase C activation in a2-adrenoceptor-mediated contractions of
rabbit saphenous vein. Eur J Pharmacol 277:35–44

Aishima M, Tomoda T, Yunoki T, Nakano T, Seki N, Yonemitsu Y,
Sueishi K, Naito S, Ito Y, Teramoto N (2006a) Actions of ZD0947,
a novel ATP-sensitive K+ channel opener, on membrane currents
in human detrusor myocytes. Br J Pharmacol 149:542–550

Altmann C, Steenpass V, Czyborra P, Hein P, Michel MC (2003)
Comparison of signalling mechanisms involved in rat mesenteric
microvessel contraction by noradrenaline and sphingosylphos-
phorylcholine. Br J Pharmacol 138:261–271

An JY, Yun HS, Lee YP, Yang SJ, Shim JO, Jeong JH, Shin CY, Kim
JH, Kim DS, Sohn UD (2002a) The intracellular pathway of the
acetylcholine-induced contraction in cat detrusor muscle cells. Br
J Pharmacol 137:1001–1010

Andersson KE (2000) Treatment of overactive bladder: other drug
mechanisms. Urology 55(Suppl 5A):51–57

Andersson KE (2006) Tachykinins: role in detrusor overactivity? Eur
Urol 49:423–425

Andersson KE, Arner A (2004) Urinary bladder contraction and
relaxation: physiology and pathophysiology. Physiol Rev 84:
935–986

Baker JG (2005) The selectivity of β-adrenoceptor antagonists at the
human β1, β2 and β3 adrenoceptors. Br J Pharmacol 144:317–322

Banno Y, Takuwa Y, Akao Y, Okamoto H, Osawa Y, Naganawa T,
Nakashima S, Suh PG, Nozawa Y (2001) Involvement of

phospholipase D in sphingosine 1-phosphate-induced activation
of phosphatidylinositol 3-kinase and Akt in Chinese hamster
ovary cells overexpressing EDG3. J Biol Chem 276:35622–
35628

Bonev AD, Nelson MT (1993a) ATP-sensitive potassium channels in
smooth muscle cells from guinea pig urinary bladder. Am J
Physiol 264:C1190–C1200

Bootman MD, Collins TJ, Mackenzie L, Roderick HL, Berridge MJ,
Peppiatt CM (2002) 2-Aminoethoxydiphenyl borate (2-APB) is
a reliable blocker of store-operated Ca2+ entry but an inconsis-
tent inhibitor of InsP3-induced Ca2+ release. FASEB J 16:1145–
1150

Brading AF (1992) Ion channels and control of contractile activity in
urinary bladder smooth muscle. Jpn J Pharmacol 58(Suppl 2):
120P–127P

Braverman AS, Doumanian LR, Ruggieri MR Sr (2006a) M2 and M3

muscarinic receptor activation of urinary bladder contractile
signal transduction. II. Denervated rat bladder. J Pharmacol Exp
Ther 316:875–880

Braverman AS, Tibb AS, Ruggieri MR Sr (2006b) M2 and M3

muscarinic receptor activation of urinary bladder contractile
signal transduction. I. Normal rat bladder. J Pharmacol Exp Ther
316:869–874

Buckner SA, Milicic I, Daza A, vis-Taber R, Scott VE, Sullivan JP,
Brioni JD (2000) Pharmacological and molecular analysis of
ATP-sensitive K+ channels in the pig and human detrusor. Eur J
Pharmacol 400:287–295

Buckner SA, Milicic I, Daza AV, Coghlan MJ, Gopalakrishnan M
(2002) Spontaneous phasic activity of the pig urinary bladder
smooth muscle: characteristics and sensitivity to potassium
channel modulators. Br J Pharmacol 135:639–648

Bylund DB, Eikenberg DC, Hieble JP, Langer SZ, Lefkowitz RJ,
Minneman KP, Molinoff PB, Ruffolo RR Jr, Trendelenburg U
(1994) International Union of Pharmacology nomenclature of
adrenoceptors. Pharmacol Rev 46:121–136

Carter RW, Kanagy NL (2002) Tyrosine kinases regulate intracellular
calcium during α2-adrenergic contraction in rat aorta. Am J
Physiol 283:H1673–H1680

Caulfield MP (1993) Muscarinic receptors—characterization, coupling
and function. Pharmacol Ther 58:319–379

Caulfield MP, Birdsall NJ (1998) International Union of Pharmacol-
ogy. XVII. Classification of muscarinic acetylcholine receptors.
Pharmacol Rev 50:279–290

Chambers P, Neal DE, Gillespie JI (1999) Ryanodine receptors in
human bladder smooth muscle. Exp Physiol 84:41–46

Chang S, Hypolite JA, Disanto ME, Changolkar A, Wein AJ, Chacko
S (2006) Increased basal phosphorylation of detrusor smooth
muscle myosin in alloxan-induced diabetic rabbit is mediated by
upregulation of Rho-kinase b and CPI-17. Am J Physiol 290:
F650–F656

Chapple CR, Patroneva A, Raines SR (2006) Effect of an ATP-
sensitive potassium channel opener in subjects with overactive
bladder: a randomized, double-blind, placebo-controlled study
(ZD0947IL/0004). Eur Urol 49:879–886

Chen MX, Gorman SA, Benson B, Singh K, Hieble JP, Michel MC,
Tate SN, Trezise DJ (2004) Small and intermediate conductance
Ca2+-activated K+ channels confer distinctive patterns of distri-
bution in human tissues and differential cellular localisation in
the colon and corpus cavernosum. Naunyn Schmiedebergs Arch
Pharmacol 369:602–615

Chetty N, Coupar IM, Chess-Williams R, Kerr KP (2007) Demon-
stration of 5-HT3 receptor function and expression in the mouse
bladder. Naunyn Schmiedebergs Arch Pharmacol 375:359–368

Chopra LC, Hucks D, Twort CH, Ward JP (1997) Effects of protein
tyrosine kinase inhibitors on contractility of isolated bronchioles
of the rat. Am J Respir Cell Mol Biol 16:372–378

458 Naunyn-Schmiedeberg’s Arch Pharmacol (2008) 377:449–462



Chopra B, Barrick SR, Meyers S, Beckel JM, Zeidel ML, Ford AP, De
Groat WC, Birder LA (2005) Expression and function of
bradykinin B1 and B2 receptors in normal and inflamed rat
urinary bladder urothelium. J Physiol 562:859–871

Christ GJ, Day NS, Day M, Santizo C, Zhao W, Sclafani T, Zinman J,
Hsieh K, Venkateswarlu K, Valcic M, Melman A (2001) Bladder
injection of “naked” hSlo/pcDNA3 ameliorates detrusor hyper-
activity in obstructed rats in vivo. Am J Physiol 281:R1699–
R1709

Davies AM, Batchelor TJ, Eardley I, Beech DJ (2002) Potassium
channel KVa1 subunit expression and function in human detrusor
muscle. J Urol 167:1881–1886

de Moura RS, de Mello RF, D’Aguinaga S (1993) Inhibitory effect of
cromakalim in human detrusor muscle is mediated by glibencla-
mide-sensitive potassium channels. J Urol 149:1174–1177

Derweesh IH, Wheeler MA, Weiss RM (2000) Alterations in G-
proteins and β-adrenergic responsive adenylyl cyclase in rat
urinary bladder during aging. J Pharmacol Exp Ther 294:969–
974

Dessy C, Kim I, Sougnez CL, Laporte R, Morgan KG (1998) A role
for MAP kinase in differentiated smooth muscle contraction
evoked by alpha-adrenoceptor stimulation. Am J Physiol 275:
C1081–C1086

Di Salvo J, Pfitzer G, Semenchuk LA (1994) Protein tyrosine
phosphorylation, cellular Ca2+, and Ca2+ sensitivity for contrac-
tion of smooth muscle. Can J Physiol Pharmacol 72:1434–1439

Durlu-Kandilci NT, Brading AF (2006) Involvement of Rho kinase
and protein kinase C in carbachol-induced calcium sensitization
in β-escin skinned rat and guinea-pig bladders. Br J Pharmacol
148:376–384

Edwards G, Henshaw M, Miller M, Weston AH (1991) Comparison of
the effects of several potassium-channel openers on rat bladder
and rat portal vein in vitro. Br J Pharmacol 102:679–680

Ehlert FJ, Ostrom RS, Sawyer GW (1997) Subtypes of the muscarinic
receptor in smooth muscle. Life Sci 61:1729–1740

Felder CC (1995) Muscarinic acetylcholine receptors: signal trans-
duction through multiple effectors. FASEB J 9:619–625

Ferro A (2006) β-adrenoceptors and potassium channels. Naunyn
Schmiedebergs Arch Pharmacol 373:183–185

Fetscher C, Chen H, Schafers RF, Wambach G, Heusch G, Michel MC
(2001) Modulation of noradrenaline-induced microvascular con-
striction by protein kinase inhibitors. Naunyn Schmiedebergs
Arch Pharmacol 363:57–65

Fleichman M, Schneider T, Fetscher C, Michel MC (2004) Signal
transduction underlying carbachol-induced contraction of rat
urinary bladder. II. Protein kinases. J Pharmacol Exp Ther
308:54–58

Foster CD, Fujii K, Kingdon J, Brading AF (1989a) The effect of
cromakalim on the smooth muscle of the guinea-pig urinary
bladder. Br J Pharmacol 97:281–291

Foster CD, Speakman MJ, Fujii K, Brading AF (1989b) The effects of
cromakalim on the detrusor muscle of human and pig urinary
bladder. Br J Urol 63:284–294

Frazier EP, Matthy MJ, Peters SL, Michel M (2005) Does cyclic AMP
mediate rat urinary bladder relaxation by isoproterenol? J
Pharmacol Exp Ther 313:260–267

Frazier EP, Braverman AS, Peters SL, Michel MC, Ruggieri MR
(2007) Does phospholipase C mediate muscarinic receptor-
induced rat urinary bladder contraction? J Pharmacol Exp Ther
322:998–1002

Frew R, Lundy PM (1995) A role for Q type Ca2+ channels in
neurotransmission in the rat urinary bladder. Br J Pharmacol
116:1595–1598

Fujii K, Foster CD, Brading AF, Parekh AB (1990) Potassium channel
blockers and the effects of cromakalim on the smooth muscle of
the guinea-pig bladder. Br J Pharmacol 99:779–785

Fujimura T, Tamura K, Tsutsumi T, Yamamoto T, Nakamura K,
Koibuchi Y, Kobayashi M, Yamaguchi O (1999) Expression and
possible functional role of the β3-adrenoceptor in human and rat
detrusor muscle. J Urol 161:680–685

Ganitkevich VY, Isenberg G (1992) Contribution of Ca2+-induced Ca2+

release to the [Ca2+]i transients in myocytes from guinea-pig
urinary bladder. J Physiol 458:119–137

Gopalakrishnan M, Whiteaker KL, Molinari EJ, vis-Taber R, Scott
VE, Shieh CC, Buckner SA, Milicic I, Cain JC, Postl S, Sullivan
JP, Brioni JD (1999) Characterization of the ATP-sensitive
potassium channels (KATP) expressed in guinea pig bladder
smooth muscle cells. J Pharmacol Exp Ther 289:551–558

Gopalakrishnan M, Buckner SA, Whiteaker KL, Shieh CC, Molinari
EJ, Milicic I, Daza AV, vis-Taber R, Scott VE, Sellers D, Chess-
Williams R, Chapple CR, Liu Y, Liu D, Brioni JD, Sullivan JP,
Williams M, Carroll WA, Coghlan MJ (2002) (−)-(9S)-9-(3-
Bromo-4-fluorophenyl)-2,3,5,6,7,9-hexahydrothieno[3,2-b]quin
olin-8(4H)-one 1,1-dioxide (A-278637): a novel ATP-sensitive
potassium channel opener efficacious in suppressing urinary
bladder contractions. I. In vitro characterization. J Pharmacol Exp
Ther 303:379–386

Grant TL, Zuzack JS (1991) Effects of K+ channel blockers and
cromakalim (BRL 34915) on the mechanical activity of guinea
pig detrusor smooth muscle. J Pharmacol Exp Ther 259:1158–
1164

Grasa L, Arruebo MP, Plaza MA, Murillo MD (2006) The role of
tyrosine kinase in prostaglandin E2 and vanadate-evoked
contractions in rabbit duodenum in vitro. J Physiol Pharmacol
57:279–289

Guizzetti M, Costa LG (2001) Activation of phosphatidylinositol 3
kinase by muscarinic receptors in astrocytoma cells. Neuroreport
12:1639–1642

Ha JH, Lee KY, Kim WJ (1993) Actions of potassium channel
openers in rat detrusor urinae. J Korean Med Sci 8:53–59

Hegde SS (2006) Muscarinic receptors in the bladder: from basic
research to therapeutics. Br J Pharmacol 147(Suppl 2):S80–S87

Heppner TJ, Bonev AD, Nelson MT (1997) Ca2+-activated K+

channels regulate action potential repolarization in urinary
bladder smooth muscle. Am J Physiol 273:C110–C117

Heppner TJ, Herrera GM, Bonev AD, Hill-Eubanks D, Nelson MT
(2003) Ca2+ sparks and K(Ca) channels: novel mechanisms to
relax urinary bladder smooth muscle. Adv Exp Med Biol
539:347–357

Herrera GM, Nelson MT (2002) Differential regulation of SK and BK
channels by Ca2+ signals from Ca2+ channels and ryanodine
receptors in guinea-pig urinary bladder myocytes. J Physiol
541:483–492

Herrera GM, Heppner TJ, Nelson MT (2000) Regulation of urinary
bladder smooth muscle contractions by ryanodine receptors and
BK and SK channels. Am J Physiol 279:R60–R68

Herrera GM, Heppner TJ, Nelson MT (2001) Voltage dependence of
the coupling of Ca2+ sparks to BKCa channels in urinary bladder
smooth muscle. Am J Physiol Cell Physiol 280:C481–C490

Herrera GM, Pozo MJ, Zvara P, Petkov GV, Bond CT, Adelman JP,
Nelson MT (2003) Urinary bladder instability induced by
selective suppression of the murine small conductance calcium-
activated potassium (SK3) channel. J Physiol 551:893–903

Hewawasam P, Erway M, Thalody G, Weiner H, Boissard CG,
Gribkoff VK, Meanwell NA, Lodge N, Starrett JE Jr (2002) The
synthesis and structure–activity relationships of 1,3-diaryl
1,2,4-(4H)-triazol-5-ones: a new class of calcium-dependent,
large conductance, potassium (maxi-K) channel opener targeted
for urge urinary incontinence. Bioorg Med Chem Lett 12:1117–
1120

Hoffmann C, Leitz MR, Oberdorf-Maass S, Lohse MJ, Klotz KN
(2004) Comparative pharmacology of human β-adrenergic

Naunyn-Schmiedeberg’s Arch Pharmacol (2008) 377:449–462 459



receptor subtypes-characterization of stably transfected receptors
in CHO cells. Naunyn Schmiedebergs Arch Pharmacol 369:151–
159

Hudman D, Elliott RA, Norman RI (2000) KATP channels mediate the
b2-adrenoceptor agonist-induced relaxation of rat detrusor mus-
cle. Eur J Pharmacol 397:169–176

Ibitayo AI, Tsunoda Y, Nozu F, Owyang C, Bitar KN (1998) Src
kinase and PI 3-kinase as a transduction pathway in ceramide-
induced contraction of colonic smooth muscle. Am J Physiol
275:G705–G711

Imai T, Tanaka Y, Okamoto T, Horinouchi T, Tanaka H, Koike K,
Shigenobu K (2002) 2-Aminoethoxydiphenyl borate causes
dissociation between membrane electrical and mechanical activ-
ity in guinea-pig urinary bladder smooth muscle. Naunyn
Schmiedebergs Arch Pharmacol 366:282–285

Inoue R, Waniishi Y, Yamada K, Ito Y (1994) A possible role of
tyrosine kinases in the regulation of muscarinic receptor-activated
cation channels in guinea pig ileum. Biochem Biophys Res
Commun 203:1392–1397

Janssen LJ, Premji M, Netherton S, Coruzzi J, Lu-Chao H, Cox PG
(2001) Vasoconstrictor actions of isoprostanes via tyrosine kinase
and Rho kinase in human and canine pulmonary vascular smooth
muscles. Br J Pharmacol 132:127–134

Jezior JR, Brady JD, Rosenstein DI, McCammon KA, Miner AS, Ratz
PH (2001) Dependence of detrusor contractions on calcium
sensitization and calcium entry through LOE-908-sensitive
channels. Br J Pharmacol 134:78–87

Jin N, Siddiqui RA, English D, Rhoades RA (1996) Communication
between tyrosine kinase pathway and myosin light chain kinase
pathway in smooth muscle. Am J Physiol 271:H1348–H1355

Jinsi A, Paradise J, Deth RC (1996) A tyrosine kinase regulates α-
adrenoceptor-stimulated contraction and phospholipase D activa-
tion in the rat aorta. Eur J Pharmacol 302:183–190

Kachur JF, Peterson JS, Carter JP, Rzeszotarski WJ, Hanson RC,
Noronha-Blob L (1988) R and S enantiomers of oxybutynin:
pharmacological effects in guinea pig bladder and intestine. J
Pharmacol Exp Ther 247:867–872

Kajioka S, Nakayama S, McMurray G, Abe K, Brading AF (2002)
Ca2+ channel properties in smooth muscle cells of the urinary
bladder from pig and human. Eur J Pharmacol 443:19–29

Kajioka S, Nakayama S, Asano H, Brading AF (2005) Involvement of
ryanodine receptors in muscarinic receptor-mediated membrane
current oscillation in urinary bladder smooth muscle. Am J
Physiol 288:C100–C108

Karicheti V, Christ GJ (2001) Physiological roles for K+ channels and
gap junctions in urogenital smooth muscle: implications for
improved understanding of urogenital function, disease and
therapy. Curr Drug Targets 2:1–20

Klockner U, Isenberg G (1985) Action potentials and net membrane
currents of isolated smooth muscle cells (urinary bladder of the
guinea-pig). Pflugers Arch 405:329–339

Kobayashi H, chi-Akahane S, Nagao T (2000) Involvement of BKCa

channels in the relaxation of detrusor muscle via β-adrenocep-
tors. Eur J Pharmacol 404:231–238

Kories C, Czyborra C, Fetscher C, Schneider T, Krege S, Michel MC
(2003) Gender comparison of muscarinic receptor expression and
function in rat and human urinary bladder: differential regulation
of M2 and M3 receptors? Naunyn Schmiedebergs Arch Pharma-
col 367:524–531

Kubota Y, Nakahara T, Mitani A, Maruko T, Saito M, Sakamoto K, Ishii
K (2003) Possible involvement of Ca2+-independent phospholi-
pase A2 in protease-activated receptor-2-mediated contraction of
rat urinary bladder. Naunyn Schmiedebergs Arch Pharmacol
367:588–591

Kubota Y, Kajioka S, Biers SM, Yokota E, Kohri K, Brading AF
(2004) Investigation of the effect of the c-kit inhibitor Glivec on

isolated guinea-pig detrusor preparations. Auton Neurosci
115:64–73

Lagaud GJ, Randriamboavonjy V, Roul G, Stoclet JC, Andriantsito-
haina R (1999) Mechanism of Ca2+ release and entry during
contraction elicited by norepinephrine in rat resistance arteries.
Am J Physiol 276:H300–H308

Larocca JN, Almazan G (1997) Acetylcholine agonists stimulate
mitogen-activated protein kinase in oligodendrocyte progenitors
by muscarinic receptors. J Neurosci Res 50:743–754

Liu SH, Lin-Shiau SY (2000) Protein kinase C regulates purinergic
component of neurogenic contractions in mouse bladder. J Urol
164:1764–1767

Ma FH, Higashira-Hoshi H, Itoh Y (2002) Functional muscarinic M2

and M3 receptors and β-adrenoceptor in cultured rat bladder
smooth muscle. Life Sci 70:1159–1172

Makhlouf GM, Murthy KS (1997) Signal transduction in gastrointes-
tinal smooth muscle. Cell Signal 9:269–276

Malmgren A, Andersson KE, Andersson PO, Fovaeus M, Sjogren C
(1990) Effects of cromakalim (BRL 34915) and pinacidil on
normal and hypertrophied rat detrusor in vitro. J Urol 143:828–
834

Malysz J, Buckner SA, Daza AV, Milicic I, Perez-Medrano A,
Gopalakrishnan M (2004) Functional characterization of large
conductance calcium-activated K+ channel openers in bladder
and vascular smooth muscle. Naunyn Schmiedebergs Arch
Pharmacol 369:481–489

Mamoon AM, Smith J, Baker RC, Farley JM (1999) Activation of
muscarinic receptors in porcine airway smooth muscle elicits a
transient increase in phospholipase D activity. J Biomed Sci
6:97–105

Markwardt F, Isenberg G (1992) Gating of maxi K+ channels studied
by Ca2+ concentration jumps in excised inside-out multi-channel
patches (myocytes from guinea pig urinary bladder). J Gen
Physiol 99:841–862

Marsh KA, Harrisss DR, Hill SJ (1996) Desensitization of muscarinic
receptor-coupled inositol phospholipid hydrolysis in human
detrusor cultured smooth cells. J Urol 155:1439–1443

Masters JG, Neal DE, Gillespie JI (1999) The contribution of
intracellular Ca2+ release to contraction in human bladder smooth
muscle. Br J Pharmacol 127:996–1002

Matsubara S, Okada H, Shirakawa T, Gotoh A, Kuno T, Kamidono
S (2002) Estrogen levels influence β3-adrenoceptor-mediated
relaxation of the female rat detrusor muscle. Urology 59:621–
625

Meredith AL, Thorneloe KS, Werner ME, Nelson MT, Aldrich RW
(2004) Overactive bladder and incontinence in the absence of the
BK large conductance Ca2+-activated K+ channel. J Biol Chem
279:36746–36752

Michel MC, Hegde SS (2006) Treatment of the overactive bladder
syndrome with muscarinic receptor antagonists: a matter of
metabolites? Naunyn Schmiedebergs Arch Pharmacol 374:79–85

Michel MC, Vrydag W (2006) α1-, α2- and β-adrenoceptors in the
urinary bladder, urethra and prostate. Br J Pharmacol 147(Suppl 2):
S88–S119

Moffatt JD (2007) Proteinase-activated receptors in the lower urinary
tract. Naunyn Schmiedebergs Arch Pharmacol 375:1–9

Moritz KU, Walter R, May K, Giessmann T, Siegmund W (2005) The
anticholinergic drug propiverine inhibits the protein kinase C
activity in the rat urinary bladder. Pharmazie 60:49–51

Nakahara T, Kubota Y, Saito M, Sakamoto K, Ishii K (2004) Protease-
activated receptor-2-mediated contraction of urinary bladder is
enhanced in cyclophosphamide-treated rats. Naunyn Schmiede-
bergs Arch Pharmacol 369:212–219

Nakayama S, Brading AF (1993) Evidence for multiple open states of
the Ca2+ channels in smooth muscle cells isolated from the
guinea-pig detrusor. J Physiol 471:87–105

460 Naunyn-Schmiedeberg’s Arch Pharmacol (2008) 377:449–462



Nelson CP, Gupta P, Napier CM, Nahorski SR, Challiss RA (2004)
Functional selectivity of muscarinic receptor antagonists for
inhibition of M3-mediated phosphoinositide responses in guinea
pig urinary bladder and submandibular salivary gland. J
Pharmacol Exp Ther 310:1255–1265

Niclauss N, Michel-Reher MB, Alewijnse AE, Michel MC (2006)
Comparison of three radioligands for the labelling of human β-
adrenoceptor subtypes. Naunyn Schmiedebergs Arch Pharmacol
374:99–105

Northcott CA, Hayflick JS, Watts SW (2004) PI3-kinase upregulation
and involvement in spontaneous tone in arteries from DOCA-salt
rats: is p110delta the culprit? Hypertension 43:885–890

Ohi Y, Yamamura H, Nagano N, Ohya S, Muraki K, Watanabe M,
Imaizumi Y (2001) Local Ca2+ transients and distribution of BK
channels and ryanodine receptors in smooth muscle cells of guinea-
pig vas deferens and urinary bladder. J Physiol 534:313–326

Peters SL, Schmidt M, Michel MC (2006) Rho kinase: a target for
treating urinary bladder dysfunction? Trends Pharmacol Sci
9:492–497

Petkov GV, Nelson MT (2005) Differential regulation of Ca2+-
activated K+ channels by β-adrenoceptors in guinea pig urinary
bladder smooth muscle. Am J Physiol Cell Physiol 288:C1255–
C1263

Petkov GV, Bonev AD, Heppner TJ, Brenner R, Aldrich RW, Nelson
MT (2001) β1-Subunit of the Ca2+-activated K+ channel
regulates contractile activity of mouse urinary bladder smooth
muscle. J Physiol 537:443–452

Rajasekaran M, Wilkes N, Kuntz S, Albo E (2005) Rho-kinase
inhibition suppresses bladder hyperactivity in spontaneously
hypertensive rats. Neurourol Urodyn 24:295–300

Rameh LE, Cantley LC (1999) The role of phosphoinositide 3-kinase
lipid products in cell function. J Biol Chem 274:8347–8350

Rapp DE, Lyon MB, Bales GT, Cook SP (2005) A role for the P2X
receptor in urinary tract physiology and in the pathophysiology
of urinary dysfunction. Eur Urol 48:303–308

Riento K, Ridley AJ (2003) Rocks: multifunctional kinases in cell
behaviour. Nat Rev Mol Cell Biol 4:446–456

Rivera L, Brading AF (2006) The role of Ca2+ influx and intracellular
Ca2+ release in the muscarinic-mediated contraction of mamma-
lian urinary bladder smooth muscle. BJU Int 98:868–875

Roberts RE (2001) Role of the extracellular signal-regulated kinase
(Erk) signal transduction cascade in α2 adrenoceptor-mediated
vasoconstriction in porcine palmar lateral vein. Br J Pharmacol
133:859–866

Schmidt M, Fasselt B, Rumenapp U, Bienek C, Wieland T, van
Koppen CJ, Jakobs KH (1995) Rapid and persistent desensitiza-
tion of M3 muscarinic acetylcholine receptor-stimulated phos-
pholipase D. Concomitant sensitization of phospholipase C. J
Biol Chem 270:19949–19956

Schmidt M, Voss M, Weernink PA, Wetzel J, Amano M, Kaibuchi K,
Jakobs KH (1999) A role for rho-kinase in rho-controlled
phospholipase D stimulation by the M3 muscarinic acetylcholine
receptor. J Biol Chem 274:14648–14654

Schmidt M, Sand C, Jakobs KH, Michel MC, Weernink PA (2007)
Epac and the cardiovascular system. Curr Opin Pharmacol
7:193–200

Schneider T, Fetscher C, Krege S, Michel MC (2004a) Signal
transduction underlying carbachol-induced contraction of human
urinary bladder. J Pharmacol Exp Ther 309:1148–1153

Schneider T, Hein P, Michel MC (2004b) Signal transduction
underlying carbachol-induced contraction of rat urinary bladder.
I. Phospholipases and Ca2+ sources. J Pharmacol Exp Ther
308:47–53

Schneider T, Hein P, Bai J, Michel MC (2005) A role for muscarinic
receptors or rho-kinase in hypertension associated rat bladder
dysfunction? J Urol 173:2178–2181

Seguchi H, Nishimura J, Zhou Y, Niiro N, Kumazawa J, Kanaide H
(1998) Expression of β3-adrenoceptors in rat detrusor smooth
muscle. J Urol 159:2197–2201

Sheldon JH, Norton NW, Argentieri TM (1997) Inhibition of guinea
pig detrusor contraction by NS-1619 is associated with activation
of BKCa and inhibition of calcium currents. J Pharmacol Exp
Ther 283:1193–1200

Simpson PB, Nahorski SR, Challiss RA (1996) Agonist-evoked Ca2+

mobilization from stores expressing inositol 1,4,5-trisphosphate
receptors and ryanodine receptors in cerebellar granule neurones.
J Neurochem 67:364–373

Somlyo AP, Somlyo AV (2003) Ca2+ sensitivity of smooth muscle and
nonmuscle myosin II: modulated by G proteins, kinases, and
myosin phosphatase. Physiol Rev 83:1325–1358

Speich JE, Borgsmiller L, Call C, Mohr R, Ratz PH (2005) ROK-
induced cross-link formation stiffens passive muscle: reversible
strain-induced stress softening in rabbit detrusor. Am J Physiol
289:C12–C21

Steusloff A, Paul E, Semenchuk LA, Di SJ, Pfitzer G (1995)
Modulation of Ca2+ sensitivity in smooth muscle by genistein
and protein tyrosine phosphorylation. Arch Biochem Biophys
320:236–242

Suarez-Kurtz G, Garcia ML, Kaczorowski GJ (1991) Effects of
charybdotoxin and iberiotoxin on the spontaneous motility and
tonus of different guinea pig smooth muscle tissues. J Pharmacol
Exp Ther 259:439–443

Takahashi R, Nishimura J, Hirano K, Seki N, Naito S, Kanaide H
(2004) Ca2+ sensitization in contraction of human bladder
smooth muscle. J Urol 172:748–752

Thorneloe KS, Nelson MT (2003) Properties and molecular basis of
the mouse urinary bladder voltage-gated K+ current. J Physiol
549:65–74

Tolloczko B, Tao FC, Zacour ME, Martin JG (2000) Tyrosine kinase-
dependent calcium signaling in airway smooth muscle cells. Am
J Physiol 278:L1138–L1145

Tolloczko B, Turkewitsch P, Choudry S, Bisotto S, Fixman ED,
Martin JG (2002) Src modulates serotonin-induced calcium
signaling by regulating phosphatidylinositol 4,5-bisphosphate.
Am J Physiol 282:L1305–L1313

Toma C, Jensen PE, Prieto D, Hughes A, Mulvany MJ, Aalkjaer C
(1995) Effects of tyrosine kinase inhibitors on the contractility
of rat mesenteric resistance arteries. Br J Pharmacol 114:1266–
1272

Trivedi S, Potter-Lee L, Li JH, Yasay GD, Russell K, Ohnmacht CJ,
Empfield JR, Trainor DA, Kau ST (1995) Calcium dependent K-
channels in guinea pig and human urinary bladder. Biochem
Biophys Res Commun 213:404–409

Turner SC, Carroll WA, White TK, Gopalakrishnan M, Coghlan MJ,
Shieh CC, Zhang XF, Parihar AS, Buckner SA, Milicic I,
Sullivan JP (2003) The discovery of a new class of large-
conductance Ca2+-activated K+ channel opener targeted for
overactive bladder: synthesis and structure-activity relationships
of 2-amino-4-azaindoles. Bioorg Med Chem Lett 13:2003–2007

Uchida W, Masuda N, Shirai Y, Shibasaki K, Satoh N, Takenada T
(1994) The role of extracellular Ca2+ in carbachol-induced tonic
contraction of the pig detrusor smooth muscle. Naunyn Schmie-
debergs Arch Pharmacol 350:398–402

Uchida H, Shishido K, Nomiya M, Yamaguchi O (2005) Involvement
of cyclic AMP-dependent and -independent mechanisms in the
relaxation of rat detrusor muscle via β-adrenoceptors. Eur J
Pharmacol 518:195–202

Ukai M, Yuyama H, Noguchi Y, Someya A, Okutsu H, Watanabe M,
Yoshino T, Ohtake A, Suzuki M, Sato S, Sasamata M (2006)
Participation of endogenous endothelin and ETA receptor in
premicturition contractions in rats with bladder outlet obstruction.
Naunyn Schmiedebergs Arch Pharmacol 373:197–203

Naunyn-Schmiedeberg’s Arch Pharmacol (2008) 377:449–462 461



Vijayakumar C, Kathirvel K, Sardar KK, Parija SC (2007) Effect of
KATP channel openers on myogenic and neurogenic responses in
goat urinary bladder. Indian J Exp Biol 45:185–193

Visser AJ, van Mastrigt R (2000) Simultaneous recording of
mechanical and intracellular electrical activity in guinea-pig
urinary bladder smooth muscle: a comparison with human
detrusor contraction. Urology 56:696–701

Wang P, Dhanasekaran N, Luthin GR (1997) ERK activation and
cellular proliferation in response to muscarinic acetylcholine
receptor agonists. Ann N Y Acad Sci 812:182–183

Wang Y, Yoshioka K, Azam MA, Takuwa N, Sakurada S, Kayaba Y,
Sugimoto N, Inoki I, Kimura T, Kuwaki T, Takuwa Y (2006)
Class II phosphoinositide 3-kinase a-isoform regulates Rho,
myosin phosphatase and contraction in vascular smooth muscle.
Biochem J 394:581–592

Watts SW, Florian JA, Monroe KM (1998) Dissociation of angiotensin
II-stimulated activation of mitogen-activated protein kinase kinase
from vascular contraction. J Pharmacol Exp Ther 286:1431–1438

Wegener JW, Schulla V, Lee TS, Koller A, Feil S, Feil R, Kleppisch T,
Klugbauer N, Moosmang S, Welling A, Hofmann F (2004) An
essential role of Cav1.2 L-type calcium channel for urinary
bladder function. FASEB J 18:1159–1161

Weng TI, Chen WJ, Liu SH (2005) Bladder instillation of Escherichia
coli lipopolysaccharide alters the muscle contractions in rat
urinary bladder via a protein kinase C-related pathway. Toxicol
Appl Pharmacol 208:163–169

Weng TI, Chen WJ, Wu HY, Liu SH (2006) Uropathogenic
Escherichia coli alters muscle contractions in rat urinary bladder
via a nitric oxide synthase-related signaling pathway. J Infect Dis
194:1774–1782

Wibberley A, Chen Z, Hu E, Hieble JP, Westfall TD (2003) Expression
and functional role of Rho-kinase in rat urinary bladder smooth
muscle. Br J Pharmacol 138:757–766

Wijetunge S, Lymn JS, Hughes AD (2000) Effects of protein tyrosine
kinase inhibitors on voltage-operated calcium channel currents in
vascular smooth muscle cells and pp60(c-src) kinase activity. Br
J Pharmacol 129:1347–1354

Woods M, Carson N, Norton NW, Sheldon JH, Argentieri TM (2001)
Efficacy of the β3-adrenergic receptor agonist CL-316243 on

experimental bladder hyperreflexia and detrusor instability in the
rat. J Urol 166:1142–1147

Wu L, Bauer CS, Zhen XG, Xie C, Yang J (2002) Dual regulation of
voltage-gated calcium channels by PtdIns(4,5)P2. Nature
419:947–952

Wuest M, Kaden S, Hakenberg OW, Wirth MP, Ravens U (2005)
Effect of rilmakalim on detrusor contraction in the presence and
absence of urothelium. Naunyn Schmiedebergs Arch Pharmacol
372:203–212

Wuest M, Weiss A, Waelbrock M, Braeter M, Kelly L-U, Hakenberg
OW, Ravens U (2006) Propiverine and metabolites: differences
in binding to muscarinic receptors and in functional models of
detrusor contraction. Naunyn-Schmiedebergs Arch Pharmacol
374:87–97

Wuest M, Hiller N, Braeter M, Hakenberg OW, Wirth MP, Ravens U
(2007) Contribution of Ca2+ influx to carbachol-induced detrusor
contraction is different in human urinary bladder compared to pig
and mouse. Eur J Pharmacol 565:180–189

Xiao D, Zhang L (2002) ERK MAP kinases regulate smooth muscle
contraction in ovine uterine artery: effect of pregnancy. Am J
Physiol 282:H292–H300

Yang SJ, An JY, Shim JO, Park CH, Huh IH, Sohn UD (2000) The
mechanism of contraction by 2-chloroadenosine in cat detrusor
muscle cells. J Urol 163:652–658

Yoshino M, Yabu H (1995) Muscarinic suppression of Ca2+ current in
smooth muscle cells of the guinea-pig urinary bladder. Exp
Physiol 80:575–587

Yoshioka K, Sugimoto N, Takuwa N, Takuwa Y (2007) Essential role
for class II phosphoinositide 3-kinase a-isoform in Ca2+-induced,
Rho- and Rho kinase-dependent regulation of myosin phospha-
tase and contraction in isolated vascular smooth muscle cells.
Mol Pharmacol 71:912–920

Zderic S, Sillen U, Liu G-H, Snyder HMI, Duckett JW, Gong C,
Levin RM (1994) Developmental aspects of excitation contrac-
tion coupling of rabbit bladder smooth muscle. J Urol 152:679–
681

Zografos P, Li JH, Kau ST (1992) Comparison of the in vitro effects
of K+ channel modulators on detrusor and portal vein strips from
guinea pigs. Pharmacology 45:216–230

462 Naunyn-Schmiedeberg’s Arch Pharmacol (2008) 377:449–462


	Signal transduction underlying the control of urinary bladder smooth muscle tone by muscarinic receptors and β-adrenoceptors
	Abstract
	Introduction
	Muscarinic receptor signaling pathways
	Phospholipase C
	Phospholipase D
	Phospholipase A2/cyclooxygenase
	Protein kinase C
	Tyrosine kinases
	Mitogen-activated kinase
	Phosphatidylinositide 3-kinase
	Rho kinase
	Ca2+ channels

	β-Adrenoceptor relaxation signaling pathways
	Cyclic AMP formation

	K+ channels
	Conclusion
	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


