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Abstract

The large-conductance, voltage-dependent and Ca2+-dependent K+ (BK) channel links membrane

depolarization and local increases in cytosolic free Ca2+ to hyperpolarizing K+ outward currents,

thereby controlling smooth muscle contractility. Constitutive deletion of the BK channel in mice

(BK−/−) leads to an overactive bladder associated with increased intravesical pressure and frequent

micturition, which has been revealed to be a result of detrusor muscle hyperexcitability.

Interestingly, time-dependent and smooth muscle-specific deletion of the BK channel (SM-BK−/−)

caused a more severe phenotype than displayed by constitutive BK−/− mice, suggesting that

compensatory pathways are active in the latter. In detrusor muscle of BK−/− but not SM-BK−/−

mice, we found reduced L-type Ca2+ current density and increased expression of cAMP kinase

(protein kinase A; PKA), as compared with control mice. Increased expression of PKA in BK−/−

mice was accompanied by enhanced β-adrenoceptor/cAMP-mediated suppression of contractions

by isoproterenol. This effect was attenuated by about 60–70% in SM-BK−/− mice. However, the

Rp isomer of adenosine-3′,5′-cyclic monophosphorothioate, a blocker of PKA, only partially

inhibited enhanced cAMP signaling in BK−/− detrusor muscle, suggesting the existence of

additional compensatory pathways. To this end, proteome analysis of BK−/− urinary bladder tissue

was performed, and revealed additional compensatory regulated proteins. Thus, constitutive and
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inducible deletion of BK channel activity unmasks compensatory mechanisms that are relevant for

urinary bladder relaxation.
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In mammals, the urinary bladder has two principal physiological functions, i.e. storage and

voiding of urine. Urinary bladder voiding requires precise coordination of detrusor muscle

contraction and concerted relaxation of internal and external urinary bladder sphincters. This

process, which is under voluntary control in adults, involves a complex interplay of neuronal

and smooth muscle-specific mechanisms, such as neurotransmitter release and intracellular

Ca2+ signaling. Overactive bladder syndrome involves pathological myogenic and/or

neuronal activities, often associated with increased detrusor muscle contractility [1–3].

There is strong in vitro and in vivo evidence that the large-conductance, voltage-dependent

and Ca2+-dependent potassium (BK) channel (synonyms: maxiK, KCa1.1, KCNMA1, Slo1)

is an important regulator of urinary bladder smooth muscle (UBSM) contractility. This

channel can limit Ca2+ entry through voltage-dependent Ca2+ channels by hyperpolarizing

smooth muscle membrane potential and subsequently closing voltage-dependent Ca2+

channels [4–7]. The important contribution of BK channels to urinary bladder function was

elucidated by using mice with a genetic deletion of the BK channel. Targeted deletion of the

murine auxiliary smooth muscle-restricted β1-subunit increases phasic contraction amplitude

and frequency in the urinary bladder, but also reveals that BK channels – normally

consisting of four pore-forming α-subunits and four accessory β1-subunits in smooth muscle

[8] – still contribute to the regulation of urinary bladder contractility [9], suggesting that BK

channels formed by α-subunits alone can still be activated by Ca2+ and voltage in the

urinary bladder. Genetic ablation of the pore-forming α-subunit, however, results in an

overactive bladder associated with increased detrusor contractility, enhanced transmural

bladder pressure, and increased micturition frequency [5,6]. Thus, the in vitro and in vivo

characterization of BK channel knockout mice suggests a central role of the smooth muscle

BK channel in regulating urinary bladder function. However, these findings cannot exclude

the contribution of neuronal BK channels to urinary bladder function, as this channel type is

ubiquitously expressed throughout the brain [10], parasympathetic nervous system [11], and

dorsal root ganglia [12]. Thus, it is likely that the diverse functions of neuronal BK

channels, e.g. repolarization of action potentials and generation of fast

afterhyperpolarization, also contribute to the observed overactive bladder syndrome.

To address specifically the contribution of smooth muscle BK channels to the control of

urinary bladder function, we established a conditional, temporally controlled smooth

muscle-specific BK channel knockout (SM-BK−/−) mouse line. The temporal control of this

knockout model probably reduces potential compensatory mechanisms that may result in

paradoxical phenotypes, as described recently in airway smooth muscle from mice with a

constitutive deletion of BK channels (BK−/−) [13]. Although treatment of the urinary

bladder with the specific BK channel blocker iberiotoxin (IbTX) [6] should represent the
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most straightforward ‘uncompensated’ state, this approach is limited by the low tissue

penetration of the peptidergic toxin. Characterization of SM-BK−/− mice revealed an almost

complete loss of BK channel protein expression in the urinary bladder within 1 week after

induction. SM-BK−/− mice, which, unlike BK−/− mice, do not exhibit ataxia, showed a more

severe overactive bladder phenotype than constitutive BK−/− mice. Comparative analysis of

constitutive and conditional BK channel knockouts revealed functional compensation and

proteomic adaptation in constitutive BK−/− mice masking – at least in part – the overactive

bladder phenotype. Our conditional SM-BK−/− mouse line will help to determine the

noncompensated contribution of smooth muscle BK channels to smooth muscle-restricted

diseases.

Results

In wild-type littermate control of BK−/− (WT) murine urinary bladder, BK channel

expression was restricted to the plasma membrane of detrusor muscle cells (Fig. 1A), and it

was completely absent in the BK−/− urinary bladder (Fig. 1B). Analysis of BK channel

expression in the SM-BK−/− urinary bladder revealed an almost complete loss of BK

channel protein within 1 week after application of tamoxifen, which activates CreERT2,

leading to a conversion of the BK L2 allele to the knockout (L1) allele (Fig. 1C,D). BK

channel positive staining in WT and wild-type littermate control of SM-BK−/− (Ctr) mice

within the urothelium layer is restricted exclusively to vascular smooth muscle cells, as this

staining disappears in the SM-BK−/− bladder (Fig. 1D). In non-smooth muscle tissues such

as brain, no alteration of BK channel expression could be detected (Fig. 1E,F). Thus,

evaluation of the BK channel expression profile in UBSM cells (UBSMCs) suggests a

smooth muscle-specific knockout in the SM-BK−/− mouse line.

Membrane depolarization of UBSMCs from a holding potential of −10 mV elicited large

noninactivating outward currents. The IbTX-sensitive component of the current, which

represents the BK current (Fig. 2A,B, left), was completely absent in UBSMCs from mice

lacking the BK channel α-subunit, whereas non-BK outward currents were not altered in

these cells (Fig. 2A, right). In contrast, voltage-dependent Ca2+ current densities were

significantly reduced in BK−/− but not SM-BK−/− UBSMCs when compared with WT mice,

suggesting that downregulation of L-type Ca2+ channels compensates for constitutive BK

channel deficiency (Fig. 2D). However, such a compensatory downregulation was not

present when the BK channel was acutely deleted in SM-BK−/− mice, suggesting that

adaptive processes during development may play a role in the reduction in L-type Ca2+

channel density. Furthermore, BK channel-deficient cells from BK−/− and SM-BK−/− mice

exhibited a depolarized membrane potential of −25.8 ± 2.0 mV (BK−/−) and −28.5 ± 1.7 mV

(SM-BK−/−) when compared to the corresponding controls (WT, −45.5 ± 3.8 mV; Ctr, −46.4

± 2.1 mV), suggesting that BK channel activity contributes considerably to UBSMC

membrane potential. A similar depolarization to that seen in BK-deficient UBSMCs was

induced in WT and Ctr cells by the specific BK channel blocker IbTX (Fig. 2C),

strengthening the hypothesis that BK channels are important dynamic regulators of UBSM

membrane potential. As a functional consequence of this strong membrane depolarization,

increased detrusor muscle contractility could be expected in BK knockout UBSMCs.
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Apart from the important parasympathetic neurotransmitter acetylcholine, a variety of other

neurotransmitters from efferent neural pathways as well as spontaneous myogenic activity,

modulate detrusor muscle activity and thus micturition [14]. Neurotransmitter release and

excitation of the urinary bladder during micturition was mimicked by electrical field

stimulation (EFS) of the isolated organ (Fig. 3). EFS causes urinary bladder contractions,

mainly by releasing neurotransmitters from nerve endings in the bladder body [15].

Increasing frequencies of EFS were applied to WT and mutant detrusor muscle strips with

intact urothelium, and the initial peak of contraction was analyzed. Peak contractions were

more accentuated and the maximal contraction was obtained at lower EFS frequencies in

BK−/− and in SM-BK−/− detrusor muscle strips than in WT and Ctr mice. This effect was

probably due to the more depolarized membrane potential of BK knockout detrusor muscle

strips. However, there was also a striking difference in the contractile performance of BK−/−

and SM-BK−/− detrusor muscle strips: peak contractions of SM-BK−/− strips were

significantly stronger at 1, 2 and 4 Hz than in BK−/− strips. This difference in phenotype

between the two BK channel knockout mouse lines points to reduced urinary bladder

contractility having apparently developed in UBSM of mice with the constitutive deletion of

BK channels. In order to exclude nonspecific effects of tamoxifen, EFS-induced detrusor

muscle contractility was also determined in WT and BK−/− mice treated with the compound

(Fig. S1). Tamoxifen had no significant effect on EFS-induced detrusor muscle contractility

in WT or BK−/− mice.

To investigate the dynamic profile of detrusor muscle contractility, we analyzed the kinetic

properties of EFS-induced contraction and spontaneous relaxation in urinary bladder strips

from WT, Ctr, BK−/− and SM-BK−/− mice at frequencies of 4 and 30 Hz (Fig. 4). At the

physiological frequency of 4 Hz [16], contractions elicited in SM-BK−/− urinary bladder

strips were significantly stronger than in preparations from BK−/− mice, which developed an

increased contractile force compared to WT and Ctr strips (Fig. 4). At the frequency of 30

Hz, detrusor muscle contractility was maximal (i.e. 100%) in all genotypes. At this

frequency, BK−/− urinary bladder strips exhibited a significantly faster and more pronounced

relaxation than SM-BK−/− strips. In contrast, contractions elicited in SM-BK−/− urinary

bladder strips showed no alterations in relaxation kinetics when compared to WT or Ctr

strips (Fig. 4). Notably, force development per tissue dry weight at maximal contraction was

not significantly different between BK−/− (13.6 ± 1.7 mN·mg−1) and SM-BK−/− (14.4 ± 1.8

mN·mg−1) detrusor muscles. Again, tamoxifen had no influence on peak contraction and

spontaneous relaxation in WT and BK−/− mice, excluding the possibility that tamoxifen

treatment of Ctr and SM-BK−/− mice might have influenced the contractility of UBSM

detrusor muscle strips. The different kinetic properties of detrusor muscle relaxation

emphasize that temporally controlled BK channel deletion results in a more seriously

increased detrusor muscle contractility than constitutive BK channel deletion.

The in vivo consequences of the increased BK−/− and SM-BK−/− detrusor muscle

contractility in response to EFS were tested by long-term recordings of intramural pressure

in awake, freely moving WT and BK−/− mice, using radiotelemetry. For intramural pressure

analysis, the locomotor activity of the mice was taken into account. The distribution of the

recorded intramural pressure revealed that values between 0 and 10 mmHg occurred less
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frequently in BK−/− than in WT mice, whereas pressures above 10 mmHg occurred more

often in BK−/− than in WT mice (Fig. 5A). This result suggests that increased contractility of

detrusor muscle from BK−/− mice is reflected by an elevated urinary bladder tone in the

mutants. A hallmark of elevated urinary bladder tone is an increased micturition frequency.

To address this question, BK−/− mice, SM-BK−/− mice and the corresponding control mice

were maintained without food and fluid for 5 h prior to a defined volume of water being

given through oral tubing. For the following 3 h, the number of micturitions was recorded,

and it was found to be increased 2.5-fold in BK−/− mice as compared with WT mice (WT,

1.4 ± 0.3; BK−/−, 3.6 ± 0.5; Fig. 5B), indicating that the absence of the BK channel in

UBSMCs results in an overactive urinary bladder and frequent micturitions. However, the

micturition frequency in SM-BK−/− mice was substantially higher (~ eightfold) not only

when compared to Ctr mice (SM-BK−/−, 8.4 ± 1.9; Ctr, 1.0 ± 0.1), but also when compared

to BK−/− mice (~ 2.3-fold). Tamoxifen as a control did not influence micturition frequency

in WT and BK−/− mice (Fig. 5B). Taken together, these findings indicate that the overactive

bladder phenotype is less prominent in BK−/− mice than in SM-BK−/− mice, again pointing

to compensatory mechanisms becoming operative in constitutive knockouts.

Our findings so far suggest that the overactive urinary bladder of BK−/− mice reflects a

hybrid phenotype resulting from gene deletion and subsequent long-term adaptation

mechanisms rather than from the functional loss of BK channels alone. During the

preparation of this article, Brown et al. 2008 [17] showed enhanced β-adrenoreceptor (β-

AR) agonist isoproterenol (ISO)-mediated relaxations in BK−/− detrusor muscle

precontracted by carbachol and KCl. Basically in agreement with their results, we observed

enhanced suppression of EFS-induced contractions by ISO and the stable cAMP analog

Sp-5, 6-dichloro-1-β-D-ribofuranosylbenzimidazole-3′,5′-monophosphorothioate (cBIMPS).

To this end, detrusor muscle strips with intact urothelium were preincubated with either ISO

(10 μM) (Fig. 6A–C) or cBIMPS (100 μM) (Fig. 6D) prior to EFS. ISO attenuated EFS-

induced contraction in WT strips at 1, 2 and 4 Hz, but had no significant effect at 8 and 12

Hz. In contrast, EFS-induced contraction of BK−/− strips was significantly reduced by ISO

at frequencies of 1, 2, 4, 8 and 12 Hz (Fig. 6B). In agreement with upregulation of cAMP

signaling, ISO caused enhanced inhibition of BK−/− detrusor muscle contraction at 2, 4 and

8 Hz (13.2 ± 1.2%, 26.0 ± 1.2% and 27.5 ± 3.2% in BK−/− detrusor muscle; n = 4) when

compared to WT detrusor muscle (4.4 ± 1.7%, 7.5 ± 1.6% and 11.0 ± 3.8%; n = 4) (Fig. 6C).

This could be mimicked by the protein kinase A (cAMP kinase) (PKA) activator cBIMPS

[18] at stimulation frequencies of 2, 4 and 8 Hz (BK−/−, 13.7 ± 0.8%, 22.6 ± 0.9% and 20.4

± 1.9% versus WT, 8.4 ± 1.8%, 9.1 ± 1.3% and 9.5 ± 3.7%; n = 4 per genotype) (Fig. 6D).

Also EFS-induced detrusor muscle contractions were performed on SM-BK−/− and Ctr strips

in the presence of ISO and cBIMPS (Fig. 6E,F). The agonists still inhibited contractions of

SM-BK−/− detrusor muscle more efficiently than those of Ctr detrusor muscle, with

significance at stimulation frequencies of 2 and 4 Hz. However, ISO (and likewise cBIMPS)

increased the inhibition of SM-BK−/− contraction as compared to Ctr contraction only by

62% (2 Hz), 80% (4 Hz) and 36% (8 Hz), but by 200% (2 Hz), 246% (4 Hz) and 150% (8

Hz) in BK−/− detrusor muscle when compared to WT detrusor muscle (Fig. 6C,E). Here, it

became apparent that Ctr and WT mice differ in their response to ISO (Fig. 6E,F versus Fig.

6C,D). This might be due to background differences (the Cretg C57Bl6 strain used for
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generating SM-BK−/− mice differs from the C57Bl6 strain used for generating BK−/− mice;

see also Experimental procedures) or the previous pharmacological treatment of the mice,

i.e. application of tamoxifen to SM-BK−/− and Ctr mice, but not to BK−/− and WT mice.

Nevertheless, the results suggest that the acute deletion of the BK channel in SM-BK−/−

detrusor muscle attenuates the increased sensitivity of BK−/− detrusor muscle to ISO and

cBIMPS. Moreover, upregulated cAMP signaling in the BK−/− urinary bladder may

participate in the mitigated overactive bladder phenotype in BK−/− as compared to SM-

BK−/− mice.

To evaluate the underlying compensatory mechanism, we focused on the expression of

PKA, as β3-adrenoceptor-mediated activation of this protein kinase is thought to inhibit

urinary bladder activity [19–21]. Interestingly, we found significant increases in the

expression of regulatory (1.92 ± 0.21-fold, n = 5 per genotype) and catalytic (1.53 ± 0.11-

fold, n = 5 per genotype) subunits of PKA in the BK−/− urinary bladder when compared to

the WT urinary bladder. In agreement with the increased PKA protein expression, the β-AR

agonist ISO stimulated basal cAMP levels (WT, 0.61 ± 0.04 pmol·mg−1 wet weight; BK−/−,

0.75 ± 0.05 pmol·mg−1 wet weight; n = 4 per genotype) 2.6-fold in the BK−/− urinary

bladder (1.95 ± 0.51 pmol·mg−1 wet weight; n = 4) but only 1.3-fold in the WT urinary

bladder (0.78 ± 0.02 pmol·mg−1 wet weight; n = 4) (Fig. 7B), suggesting that amplification

of cAMP signaling proteins counterbalances the increased contractility in the BK−/− urinary

bladder. Interestingly, the basal cAMP levels in the constitutive knockout urinary bladder

were also significantly increased as compared to those in the WT urinary bladder (Fig. 7B).

This could reflect protection of cAMP from degradation because of a higher level of

expression of the PKA regulatory subunit. It should be noted that in the BK−/− urinary

bladder we did not detect any alterations in the expression level of protein kinase G (cGMP

kinase) (PKG) (BK−/−, 99.2 ± 11.0%, as compared to WT; n = 6 per genotype) (Fig. 7A),

which is also known to antagonize smooth muscle contraction. In contrast to what was found

in the BK−/− urinary bladder, time-dependent deletion of smooth muscle BK channels (SM-

BK−/−) had no significant influence on protein expression levels of PKA (Fig. 7A).

To further elucidate the participation of PKA and its downstream effectors in detrusor

muscle relaxation, we used the Rp isomer of adenosine-3′,5′-cyclic monophosphorothioate

(Rp-cAMPS), a specific inhibitor of PKA. As PKA expression is upregulated in BK−/−

detrusor muscle and ISO relaxes BK−/− detrusor muscle more efficiently than WT detrusor

muscle, Rp-cAMPS, in the presence of ISO, should evoke stronger increases of EFS-

induced contractions in BK−/− than in WT detrusor muscle. However, contractions of WT

and BK−/− strips were only marginally increased by Rp-cAMPS/ISO versus ISO alone (Fig.

8), even though the increases caused by Rp-cAMPS were significant for BK−/− strips at

frequencies of 2, 4 and 8 Hz. The latter observation suggests that only a minor part of the

enhanced ISO-mediated relaxation of BK−/− detrusor muscle is based on upregulated PKA

signaling (Fig. 7) and that the major part may involve other effectors of cAMP.

As only the minor part of the enhanced β-AR-mediated relaxation in BK−/− detrusor muscle

could be inhibited by Rp-cAMPS and thus by PKA inhibition (Fig. 8), we were prompted to

analyze the urinary bladder proteome using 2D SDS/PAGE combined with HPLC–ESI-

MS/MS. The proteomic analysis revealed additional differentially expressed proteins, which
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are summarized in Fig. 9. Interestingly, we found ~ 1.6-fold upregulation of smoothelin A

(158 ± 8%; Fig. S3A), a marker protein of contractile smooth muscle cells [22] that is also

upregulated in humans with overactive bladder syndrome [23].

Another example of an upregulated protein in the BK−/− urinary bladder is enolase 3 (216 ±

61% when compared to WT) (Fig. 9; Fig. S3B). Enolase 3, located at the sarcoplasmic

reticulum (SR) as part of a glycolytic enzyme complex, is involved in local ATP synthesis

by generating phosphoenolpyruvate [24,25]. A functional coupling between this enzyme

complex and the sarcoendoplasmic reticulum-associated Ca2+-ATPase (SERCA) has been

shown. In fact, locally provided ATP rather than global ATP is essential for SERCA activity

[26]. Thus, upregulation of enolase 3 in the BK−/− urinary bladder suggests enhanced

synthesis of local ATP that subsequently results in higher SERCA activity, which in turn

might increase Ca2+ uptake into the SR, thereby stimulating relaxation kinetics. Indeed,

relaxation kinetics are enhanced in BK−/− detrusor muscle, as shown in Fig. 4. Further

proteins that are substantially dysregulated in the BK−/− urinary bladder with putative roles

in smooth muscle contraction and relaxation are presented in a proteome network (Fig. 10)

(see Discussion).

Discussion

In this study, we exploited inducible, smooth muscle-specific loss of BK channel activity

and found a more pronounced overactive urinary bladder syndrome manifested by increased

micturition frequency and enhanced detrusor muscle contractions as compared with the

constitutive BK channel knockout. These phenotypic results could be traced back to

compensatory mechanisms being operative in the constitutive knockout detrusor muscle. As

an underlying compensatory mechanism in BK−/− detrusor muscle, we identified a reduced

L-type Ca2+ current density that was not present in the urinary bladder from mice with acute

ablation of the BK channel. In agreement with Brown et al. [17], cAMP signaling was

enhanced, with contractions of detrusor muscle being more efficiently relaxed by β-AR

agonists and cAMP in BK−/− mice (Fig. 6). This was reflected by upregulation of catalytic

as well as regulatory subunits of PKA (Fig. 7). The enhanced β-adrenergic/cAMP signaling

was attenuated (Fig. 6E versus 6C) or even abolished (Fig. 7) after acute tamoxifen-

triggered deletion of urinary bladder BK channels. Petkov et al. [27] and Hristov et al. [28]

suggested that stimulation of β-AR in UBSMCs results in PKA-mediated activation of Ca2+

pumps and ryanodine receptors (RyRs), which generate Ca2+ sparks, leading to activation of

the BK channel. However, loss of BK channels activates β-adrenergic signaling pathways

independently of BK channels. These mechanisms are apparently upregulated in BK−/−

detrusor muscle, and overcompensate for the loss of the BK channel in β-adrenergic

signaling (Fig. 6). Moreover, the minor effect of Rp-cAMPS in inhibiting enhanced β-

adrenergic signaling in BK−/− detrusor muscle suggests that even PKA-independent

pathways [29] are implicated in ISO-induced relaxation of BK−/− detrusor muscle (Fig. 8).

To identify putative proteins that may be regulated in BK−/− mice additionally to the L-type

Ca2+ channel and PKA, a proteomic analysis was performed, and revealed further

candidates such as calponin, enolase and smoothelin, which may also contribute to the

maintenance of reasonable function of the urinary bladder and prevent a dramatic increase in

micturition frequency in BK−/− mice.
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The in vitro and in vivo characterization of the constitutive BK channel knockout model by

Meredith et al. [5] and Thorneloe et al. [6] points to the central role of the smooth muscle

BK channel in the regulation of urinary bladder function. However, the findings in this

constitutive BK channel knockout model do not exclude the contribution of neuronal BK

channels in urinary bladder function, as this channel type is ubiquitously expressed

throughout the brain [10], spinal cord [11], and dorsal root ganglia [12]. These neuronal

compartments are involved in the regulation of urinary bladder function [30]. Thus, it seems

plausible that neuronal BK channels, which participate in repolarization of action potentials

and generate fast after hyperpolarization, may contribute to the observed overactive bladder

syndrome in constitutive BK channel knockout mice. In the present study, we established a

smooth muscle-specific BK channel knockout mouse model in which the targeted deletion

of the channel is temporally controlled and allows the acute deletion of smooth muscle BK

channels. This permits analysis of the independent phenotype of UBSM BK channel

deficiency while minimizing compensatory mechanisms accumulating over time after

constitutive deletion of BK channels, which may partially mask the contribution of smooth

muscle BK channels to urinary bladder relaxation. The inducible tissue-specific mouse

model results in very efficient depletion of smooth muscle BK channels 1 week after

tamoxifen application.

BK channels regulate membrane potential in detrusor muscle, as reported in arterial and

tracheal smooth muscle [13,31]. In smooth muscle, BK channels are supposed to couple

functionally to L-type Ca2+ channels via a negative feedback loop. Smooth muscle-specific

deletion of L-type Ca2+ channels results in detrusor muscle quiescence and in urinary

bladder atony [32], contrasting with the overactive bladder syndrome in smooth muscle-

specific BK−/− mice. The more depolarized membrane potential in BK−/− detrusor muscle

cells may result in incomplete inactivation of previously opened L-type Ca2+ channels. The

resulting ‘window current’ [33] may increase Ca2+ influx and force development, although

the density of the L-type Ca2+ channels appeared to be downregulated (Fig. 2D).

What can we learn from the functional characterization of tissue-specific BK−/− mice with

regard to overactive bladder syndrome? The functional characterization and proteomic

analysis of BK−/− mice suggest that the organism is challenged by loss of the BK channel

and responds with compensation to maintain a certain level of physiological urinary bladder

function. Although occurring to a smaller extent than in BK−/− mice, compensatory changes

also seem to emerge in the inducible, smooth muscle-specific BK−/− mice (Fig. 6E,F),

suggesting a reactive rather than a developmental adaptation to these changes. Nevertheless,

constitutive BK−/− mice displayed an overactive bladder syndrome, demonstrating that the

important role of BK channels in detrusor muscle function cannot be fully substituted for by

enhancing the activity of other pathways involved in UBSM relaxation. This contrasts with

observations from airway smooth muscle, where compensatory upregulation involving

cGMP signaling in BK−/− mice apparently switches the expected phenotype from

hypercontractility to hypocontractility [13].

What further insights into the pathophysiology of overactive bladder syndrome are provided

by proteome analysis of the BK−/− urinary bladder? Constitutive deletion of the BK channel

results in compensatory upregulation of the cAMP/PKA pathway, which is thought to
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mediate sympathetic-induced relaxation of detrusor muscle. As blockage of PKA by Rp-

cAMPS was insufficient to reverse the enhanced ISO-mediated inhibition of contraction,

cAMP pathways other than PKA may be involved [29]. Another finding is the increased

expression of the actin-binding protein smoothelin A – a contractile visceral smooth muscle

marker [34] – in the BK−/− urinary bladder, which might be functionally relevant for the

observed BK−/− urinary bladder phenotype. Targeted deletion of smoothelin A in mice

revealed an essential role of this protein in smooth muscle contractility: smoothelin A

knockout mice display a fragile gastrointestinal tract with strongly reduced intestinal

contractility [35]. Thus, the upregulation of smoothelin A should promote hypercontractility

of the BK−/− urinary bladder. Speculatively, upregulation of smoothelin A may be the

consequence of increased Ca2+-dependent transcriptional activity at the smoothelin gene

locus. Increased smoothelin A expression was also found in humans with overactive bladder

syndrome [23], suggesting that dysfunctions in bladder contractility converge at specific

regulatory proteins.

Substantially dysregulated proteins of the BK−/− urinary bladder were integrated into a

proteome network, illustrated in Fig. 10. Calponin (upregulated in proteomics; Fig. 9)

inhibits the actin-activated Mg2+- ATPase activity of myosin and maintains cells with

unphosphorylated myosin in a relaxed state [36]. Glutathione S-transferase, including the

omega 1 isoform (downregulated in proteomics; Fig. 9), has been found to differentially

modulate the activity of the RyR1 and RyR2 calcium channel types [37].

A ubiquitously expressed protein is Ca2+-dependent tissue transglutaminase (TG2,

downregulated in proteomics; Fig. 9), which crosslinks glutamate and lysine residues

intracellularly and in extracellular matrix organizations [38,39]. In addition, cell surface

TG2 plays a role in cell adhesion and migration by binding to integrins [40]. Furthermore,

TG2 can switch between a Ca2+-bound and a GTP-bound state. The GTP-bound form is

characterized as Ghα protein, which acts as a G-protein, functionally coupled to α1B [41]

and α1D adrenoceptors [42], and regulates BK channel activity [43]. Activation of α1B/1D

adrenoceptors stimulates GDP–GTP exchange of TG2/Ghα, thus activating phospholipase

Cδ1 and resulting in an increase of [Ca2+]i [44,45]. In rabbit urinary bladder, α1-

adrenoceptors were reported to determine smooth muscle tone predominantly in the dorsal

bladder and bladder neck [46,47]. Thus, TG2/Ghα downregulation might reduce α1B/1D-

adrenoceptor-mediated contractions and muscle tone.

The suggested network reflects only a small aspect of potential compensatory protein

regulation, as only soluble proteins, and not highly hydrophobic membrane-integrated ion

channels, ion pumps, G-protein-coupled receptors or low-abundance signaling proteins such

as kinases, can be reliably analyzed by 2D gel electrophoresis and HPLC–ESI-MS/MS.

Furthermore, the experimental proof-of-concept of the differentially expressed proteins,

found by 2D gel electrophoresis, and thus of their corresponding signaling pathways is

missing, owing to the limitations of commercially available specific antibodies as well as the

lack of specific pharmacological blockers for experimental verification of the proteome data.

What are the implications for future overactive bladder syndrome treatments? Besides the

commonly used antimuscarinergic drugs [1,2,48], β3-adrenoceptor agonists [49] emerge as
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new therapeutics. The compensatory upregulated cAMP pathway in BK−/− mice reflects the

importance of this signaling pathway as a possible rescue mechanism in overactive bladder

syndrome. BK channels are essential for normal urinary bladder function, so BK channel

openers/activators are also taken into consideration as therapeutics [50,51], despite the risk

of seizures when they permeate the brain–blood barrier [52]. Also, gene therapy represents a

putative clinical approach for overactive bladder syndrome treatment. Injection of BK

channel DNA ameliorates detrusor muscle hyperactivity [53].

Experimental procedures

Constitutive and conditional BK knockout mice

BK−/− male mice WT mice (at an age of 3–4 months) were produced on an SV129 ×

C57Bl6 hybrid background (F2 generation) as previously described [54]. To establish the

SM-BK−/− mouse line, mice with loxP-flanked alleles (BK L2/L2; SV129 background) of

the BK gene KCNMA1 [54] were intercrossed with transgenic mice expressing the

tamoxifen-dependent Cre recombinase CreERT2 under control of the smooth muscle-

specific myosin heavy chain (SMMHC) gene Myh11. The generation of this

SMMHCCreERT2 mouse line (C57BL6 background) is described in detail by Wirth et al.

[55]. Progenies both carrying two BK L2 alleles and transgenic for SMMHC-CreERT2 were

then crossed with BKL1/+ (SV129 background) mice to obtain SMMHC-CreERT2

transgenic BKL2/L1 (SM-BK−/−) and BKL2/+ (Ctr) mice. The correct genotype was

analyzed by PCR amplification as described previously [54,55]. An intraperitoneal

application of tamoxifen at 8 weeks of age (1 mg per day for five consecutive days) results

in conversion of the loxP-flanked BK allele (L2) into a BK knockout allele (L1) specifically

in smooth muscle. Either litter-matched or age-matched male mice (at an age of 3–4 months)

with a hybrid SV129/C57BL6 background (always F2 generation) were randomly assigned

to the experimental procedures with respect to the German legislation on animal protection.

Immunohistochemistry of the urinary bladder

On-slide 12 μm cryostat slices from nonfixed murine urinary bladder were preincubated

with 10% normal donkey serum in buffer (1% BSA/0.5% Triton X-100/0.05 M NaCl/Tris).

After being rinsed with NaCl/Tris, the slices were incubated with anti-BKα(674–1115) [10]

(1 : 1000 in buffer) and tagged with an Alexa 555-conjugated donkey anti-(rabbit IgG) (1 :

1000 in buffer). BK expression was analyzed using a confocal-laser scanning microscope

(Biorad MRC1000 attached to a Nikon Diaphot 300 equipped with a krypton–argon laser).

Electrophysiological recordings of UBSMCs

The urinary bladder was dissected and cut into small pieces prior to digestion at 37 °C for 30

min in Ca2+-free physiological saline solution (PSS) (130 mM NaCl, 5.9 mM KCl, 2.4 mM

CaCl2, 1.2 mM MgCl2, 11 mM glucose, 10 mM Hepes, pH 7.4) containing 0.7 mg·mL−1

papain, 1 mg·mL−1 dithiothreitol, and 1 mg·mL−1 BSA. The buffer was exchanged for PSS

(containing 0.05 mM Ca2+, 1 mg·mL−1 collagenase type H, 1 mg·mL−1 hyaluronidase, 1

mg·mL−1 BSA), and the tissue pieces were digested for a further 15 min at 37 °C. The

remaining tissue was transferred to PSS and triturated to yield single UBSMCs. The cell

dispersion was kept at room temperature until electrophysiological measurements were
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performed. For recording membrane currents (whole cell mode), the bath solution was PSS,

the pipette solution contained 136 mM KCl, 6 mM NaCl, 1.2 mM MgCl2, 5 mM EGTA, 11 mM

glucose, 3 mM dipotassium-ATP and 10 mM Hepes (pH 7.4), and the free Ca2+ concentration

was adjusted to 300 nM. The holding potential was −10 mV, and test pulses of 300 ms

duration were applied every 5 s to potentials ranging from −60 to +80 mV.

For measuring membrane potentials (using the nystatin-perforated patch configuration), the

bath solution was PSS, and the pipette solution contained 110 mM potassium aspartate, 30

mM KCl, 10 mM NaCl, 1 mM MgCl2, 0.05 mM EGTA, 10 mM Hepes (pH 7.2), and 250

μg·mL−1 nystatin. For recording voltage-dependent Ca2+ currents in the whole cell

configuration, the pipette solution contained 110 mM CsCl, 20 mM tetraethylammonium

(TEA+), 2 mM MgCl2, 10 mM EGTA, 5 mM ATP, 10 mM Hepes, and 10 mM glucose, adjusted

to pH 7.2 with CsOH. The bath solution contained 10 mM BaCl2, 130 mM TEA+, 2 mM

MgCl2, 10 mM Hepes, and 10 mM glucose, adjusted to pH 7.2 with TEA-OH. UBSMCs were

voltage-clamped at a holding potential of −60 mV, and the potential was increased stepwise

for 300 ms every 5 s in 10 mV increments up to +50 mV. The inward current was measured

as peak inward current with reference to zero current. A low-pass filter was set at a cut-off

frequency of 1 kHz, and signals were digitized at 5 kHz. Data acquisition and analysis were

performed with an ISO-3 multitasking patch-clamp program (MFK, Niedernhausen,

Germany).

In vitro analysis of detrusor muscle contractility

Dissected urinary bladder was placed in ice-cold dissection solution (containing 80 mM

monosodium glutamate, 55 mM NaCl, 6 mM KCl, 10 mM glucose, 2 mM MgCl2, and 10 mM

Hepes, pH 7.3), and opened longitudinally prior to segmenting the detrusor muscle into four

muscle strips (each 2 × 4 mm). Muscle strips were mounted in organ baths (TSZ-04; volume

5 mL; Experimetria Ltd, Budapest, Hungary) that were filled with buffer (37 °C) containing

119 mM NaCl, 4.7 mM KCl, 1.2 mM KH2PO4, 2.5 mM CaCl2, 1.2 mM MgSO4, 11 mM glucose,

and 24 mM NaHCO3, aerated with 5% CO2 in O2 (pH 7.4). The muscle strips were

equilibrated at 3 mN resting tension for 90 min, with buffer exchanges every 10 min.

Tension was recorded isometrically. Contractions were provoked by transmural nerve

stimulation performed by application of square-wave pulses (10 V amplitude, 0.5 ms

duration; CRS-ST-04, Experimetria Ltd). The train duration was 60 s followed by a recovery

interval of 120 s. Frequency–response relationships with EFS of 1–30 Hz were recorded. In

some experiments, frequency–response relationships with EFS (1–30 Hz) were performed in

the absence and presence of 10 μM ISO (Sigma, Steinheim, Germany), which was applied 10

min before starting EFS. After four washouts, the same strips were preincubated with or

without 100 μM cBIMPS (Biolog, Bremen, Germany) for 15 min, and subsequently

frequency–response relationships with EFS were recorded. In order to inhibit PKA, strips

were preincubated with 100 μM Rp-cAMPS (Biolog, Bremen, Germany) for 45 min. Data

acquisition was performed with the computer-based EXP-D/4 system (Experimetria Ltd).

Percentualized EFS curves were calculated with ORIGIN 6.0 (OriginLab Corporation,

Northampton, MA, USA).
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Western blot analysis of signaling proteins in urinary bladder

Proteins from WT and BK−/− urinary bladder were isolated by homogenization with an Ultra

Turrax in buffer (20 mM Tris/HCl, 100 mM NaCl, 2.5 mM dithiothreitol, 2.5 mM EDTA, 2.5 mM

benzamidine, 2.5 mM phenylmethanesulfonyl fluoride, 1 μg·μL−1 leupeptin; pH 8.0; 4 °C)

followed by centrifugation (17 900 g 4 °C, 3 min). Protein isolation was always performed

in the morning to avoid differences in circadian protein expression. The supernatants were

concentrated up to a final volume of ~ 120 μL using a Vivaspin-30 concentrator (Sartorius,

Germany). After SDS/PAGE loaded with ~ 120 μg protein per lane, western blot analysis of

detrusor smooth muscle proteins was performed with specific primary antibodies (Fig. S2;

diluted in 1 × TBST (1% BSA, 0.5% Triton X-100, 0.05 M NaCl/Tris), 5% BSA, 0.05%

sodium azide) against PKAα cat [1 : 100], PKA IIα reg (Santa Cruz Biotechnology Inc.,

Santa Cruz, California, USA; 1 : 100), PKG type 1 ([56] 1 : 300), and a secondary alkaline

phosphatase-conjugated donkey anti-(rabbit IgG) (Dianova, Hamburg, Germany; 1 : 5000).

For protein quantification, western blots were scanned and signals were quantified using

BIODOC analysis software (Biometra, Göttingen, Germany). As internal standard of protein

expression, the signal of MAPK (detected with MAPK antibody diluted 1 : 500; Cell

Signaling Technology, Danvers, MA, USA) was used.

cAMP measurements in urinary bladder

Dissected urinary bladder was incubated in buffer (120 mM NaCl, 4.5 mM KCl, 1.2 mM

NaH2PO4.2H2O, 1 mM MgSO4, 1.6 mM CaCl2, 0.0625 mM EDTA, 5.5 mM glucose, 5 mM

Hepes, pH 7.4) for 30 min at 37 °C prior to stimulation with or without 10 μM ISO for 1 or

10 min. Then, the tissue was snap-frozen in liquid nitrogen and homogenized in 10%

trichloroacetic acid. According to the manufacturer’s manual, the resulting supernatant was

extracted with water-saturated diethyl ether and assayed for cAMP content using a cAMP

EIA system kit (Cayman Chemical, Ann Arbor, MI, USA).

Radiotelemetric analysis of intramural pressure in freely moving mice

An implantable radiotelemetric device (PA-C20; Data Sciences International, St Paul, MN,

USA) was used for long-term analysis of intravesical pressure and physical activity in

conscious, 4–6-month old WT (n = 7) and BK−/− (n = 8) mice, which were either litter-

matched or age-matched. A conventional isoflurane inhalation regime was used for

anesthesia, during which mice were placed upon a heating pad to maintain body

temperature. To expose the urinary bladder, a lower midline abdominal incision was made.

A 6-0 silk suture was knotted proximal to the border between thick-walled and thin-walled

sections of the catheter, and a purse suture was made on the bladder wall. The catheter tip

beyond the knot was then inserted into the bladder dome. The sutures were knotted with

each other to secure the position of the catheter tip. The transmitter body was placed in the

peritoneal cavity. After its fixation, the abdominal incision was closed using nonabsorbable

sutures. Inhalation anesthesia was stopped, and mice were transferred to their home cages

and kept under infrared light for 2 h. Thereafter, the mice were allowed to recover from the

surgical procedure for 7 days. The intramural pressure was continuously recorded (one

pressure value every 10 s) from day 7 to day 9 postsurgery. To minimize the influence of the

mechanical impact induced by physical activity, it is necessary to analyze intravesical

Sprossmann et al. Page 12

FEBS J. Author manuscript; available in PMC 2014 May 19.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



pressure with respect to the circadian rhythmicity of locomotor activity. The locomotor

activity of both genotypes was nearly identical between 8 a.m. and 6 p.m. Intramural

pressure values higher than 40 mmHg, which occurred infrequently, were assessed as

artefacts caused by movements of the mice transferred to the catheter and were therefore

excluded from statistics. Data acquisition was performed using the dataquest art data

acquisition system (Data Sciences International).

Micturition frequency in freely moving mice

For conditioning, mice were kept in their home cages, which were equipped with a gray-

colored paper towel on the bottom. After conditioning on three consecutive days, the

micturition frequency was analyzed. Therefore, food and water was removed for 5 h,

starting at 9 a.m. Thereafter, 0.3 mL of water was applied though an oral tube, and the mice

were brought back to their home cage, equipped with a new gray-colored paper towel. In the

following 3 h, the number of micturitions was counted according to the urine spots on the

paper towel. This procedure was repeated twice.

Proteomic analysis of the BK−/− urinary bladder

Protein sample preparation—The urinary bladders from six WT and six BK−/− mice

were dissected, snap-frozen, and homogenized in DIGE Labelling Buffer (containing 7 M

urea, 2 M thiourea, 4% Chaps, 30 mM Tris-base; pH 8.5) using an Ultra Turrax. The tissue

preparation was always performed in the morning, to avoid differences in circadian protein

expression. After centrifugation (17 900 g 4 °C, 3 min), each supernatant was concentrated

up to a final volume of ~ 100 μL using a Vivaspin-5 concentrator (Vivascience AG,

Hannover, Germany), yielding a protein concentration of 5–10 mg·mL−1. DIGE labeling and

2D SDS/PAGE was performed with 50 μg of WT and BK−/− protein per gel, as well as with

an internal standard containing 50% of all WT samples and 50% of all BK−/− samples.

According to the manufacturer’s protocol, the WT protein samples were labeled with CyDye

Cy3, the BK−/− protein samples with Cy5, and the internal standard with Cy2 (minimal

dyes; GE Healthcare Bio-Sciences, Uppsala, Sweden). To minimize differences in protein

expression caused by unequal affinity of CyDyes, Cy3 and Cy5 were swapped between WT

and BK−/− samples. Labeled WT and BK−/− samples and internal standard were mixed, and

the same volume of 2× sample buffer (containing 8 M urea, 130 mM dithiothreitol, 4% Chaps,

2% Pharmalytes 3–10) was added to samples focused on IPG strips (pH 4–7). The residual

volume was refilled with rehydration buffer A (8 M urea, 2 M thiourea, 4% Chaps, 65 mM

dithiothreitol, 0.7% Pharmalytes 3–10, Bromophenol blue). For focusing samples on IPG

strips (pH 6–11), the complete residual volume was refilled with rehydration buffer B (8 M

urea, 2 M thiourea, 4% Chaps, 0.7% Pharmalytes 6–11, 1.2% DeStreak, 10% isopropanol,

5% glycerol; Bromophenol blue). For IEF, IPG strips [(pH 4–7) (24 cm, linear; BioRad,

Hercules, CA, USA) and (pH 6–11) (18 cm, linear; GE Healthcare)] were used. After IEF,

IPG strips were equilibrated for 15 min in buffer A containing 1% dithiothreitol, 6 M urea,

4% SDS, and 0.24 M Tris/HCl, and subsequently for 15 min in buffer B, which had the same

composition as buffer A, except that dithiothreitol was replaced by 4.8% iodacetamide. The

second dimension of SDS/PAGE was performed on 12% polyacrylamide gels (PROTEAN

plus Dodeca Cell; BioRad), which were subsequently scanned on low-fluorescent glass

plates using a Typhoon9410 Imager (GE Healthcare). For spot detection and differential
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analysis, the software programs decyder 2d 6.5 (GE Healthcare) and proteomweaver

(BioRad) were used. The limit for regulation factor was set at 1.3-fold. For spot-picking,

silver staining of the gels was performed. Protein spots, which are identified to be regulated

in the knockouts, were excised and digested in-gel using trypsin (sequencing grade;

Promega, Mannheim, Germany).

NanoHPLC-ESI-MS/MS and database search—The eluted and trypsinized peptide

fragments were processed using a Dionex LC Packings HPLC System (Dionex LC

Packings, Idstein, Germany). ESI-MS/MS mass spectra were recorded using the high-

performance quadrupole time-of-flight (QqToF) mass spectrometer QStar Pulsar I (Applied

Biosystems, Applera, Darmstadt, Germany) equipped with a nano-ESI source (ADPC-PRO

Column Adapter) and distal coated SilicaTips (FS360-20-10-D-20) (both from New

Objective, Woburn, USA). Proteins were identified by correlating the ESI-MS/MS spectra

with the NCBI protein sequence database using the mowse algorithm as implemented in the

MS analysis software mascot (Matrix Science Ltd, London, UK).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

BK large conductance voltage-dependent and Ca2+-dependent K+ channel

BK−/− constitutive BK channel knockout

cBIMPS Sp-5,6-dichloro-1-β-D-ribofuranosylbenzimidazole-3′,5′-
monophosphorothioate

Ctr wild-type littermate control of SM-BK−/− mice

EFS electrical field stimulation

IbTX iberiotoxin

ISO isoproterenol

MAPK mitogen-activated protein kinase

PKA protein kinase A (cAMP kinase)

PKG protein kinase G (cGMP kinase)

PSS physiological saline solution

Rp-cAMPS Rp isomer of adenosine-3′,5′-cyclic monophosphorothioate
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RyR ryanodine receptor

SEM standard error of the mean

SERCA sarcoendoplasmic reticulum-associated Ca2+-ATPase

SM-BK−/− smooth muscle-specific BK channel knockout

SMMHC smooth muscle-specific myosin heavy chain

SR sarcoplasmic reticulum

TEA+ tetraethylammonium

TG2 tissue transglutaminase

UBSMC urinary bladder smooth muscle cell

UBSM urinary bladder smooth muscle

WT wild-type litter mate control of BK−/− mice

β-AR β-adrenoceptor
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Fig. 1.
Constitutive (BK−/−) and temporally controlled smooth muscle-specific (SMBK−/−) BK

channel ablation. (A–D) Representative sections of detrusor muscle show BK channel

immunostaining in the plasma membrane of UBSMCs of WT (A) and Ctr (C) mice. No BK

channel staining was observed in BK−/− (B) and SM-BK−/− (D) sections 1 week after

tamoxifen application. Note the green autofluorescence of urinary bladder non-smooth

muscle cells; arrows indicate blood vessels that are devoid of BK channel immunostaining

in BK−/− and SM-BK−/− mice. dm, detrusor muscle; ur, urothelium. (E, F) No change in

expression of neuronal BK channels was observed at 2 weeks after tamoxifen application.

Ctr cerebellar cortex (E) and SM-BK−/− cerebellar cortex (F) are presented with molecular

layer (cm), purkinje cell layer (pc) and granule cell layer (gc). Bars (A–F): 100 μm.
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Fig. 2.
(A) Current–voltage relationships of K+ outward currents from six WT and five BK−/−

UBSMCs derived from three urinary bladders of each genotype. Whole cell recordings

representing the IbTX-sensitive (left) and IbTX-insensitive (non-BK currents) (right)

components of outward currents. The pipette solution contained 300 nM [Ca2+]i and the

holding potential was −10 mV. (B) Current–voltage relationships of K+ outward currents

from nine Ctr and nine SM-BK−/− UBSMCs. (C) Statistics of membrane potential

recordings from BK−/− and SM-BK−/− as well as WT and Ctr UBSMCs ± 300 nM IbTX (n =

6–10 cells per genotype). (D) Reduced amplitudes of voltage-gated Ca2+ channel currents in

BK−/− but not in SM-BK−/− UBSMCs. Peak inward currents were measured in the whole

cell patch-clamp configuration, using Ba2+ as charge carrier, and are presented as current–
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voltage relationships (n = 12 from seven WT mice and n = 14 from six BK−/− mice, as well

as n = 10 from four Ctr mice and n = 6 from four SM-BK−/− mice). Voltage-gated Ca2+

channel currents were evoked by step depolarizations (300 ms duration) from a holding

potential of −60 to +50 mV in 10 mV increments, and current densities are plotted against

the respective test potential. Data are means ± standard error of the mean (SEM); *P < 0.05;

**P < 0.01.
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Fig. 3.
EFS-induced contractions of SMBK−/− detrusor muscle are increased as compared to those

of BK−/− detrusor muscle. (A) Representative original traces from WT and BK−/− (left

panel) as well as Ctr and SM-BK−/− (right panel) detrusor muscle strips showing initial peak

contraction followed by tonic contraction in response to EFS at frequencies of 1–30 Hz. (B)

Statistics of peak contractions of detrusor muscle strips (WT, 18; BK−/−, 20; Ctr, 22;

SMBK−/−, 21; n = 6–8 mice per genotype). Contractions were normalized to their maxima

recorded at 30 Hz. WT/BK−/− and Ctr/SM-BK−/− mice (always F2 generation on an SV129

× C57Bl6 hybrid background) were of equivalent ages and were studied on the same

occasion. All data are means ± SEM; *P < 0.05; **P < 0.01.
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Fig. 4.
Altered contractility kinetics in BK−/− urinary bladder strips during EFS. Time-dependent

contraction curves of 18 WT, 20 BK−/−, 22 Ctr and 21 SM-BK−/− detrusor strips during EFS

at 4 and 30 Hz. Contraction force was referred to maximum contraction at 30 Hz. Note that

the absolute values of contractile force at 30 Hz were not statistically different between all

genotypes; n = 6–8 mice per genotype. All values are means ± SEM; lines indicate where

data points are significantly different (P < 0.05).
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Fig. 5.
Increased intramural pressure and micturition frequency in SM-BK−/− versus BK−/− mice.

(A) Statistics of intramural pressures telemetrically recorded from seven WT and eight

BK−/− mice. On three consecutive days (days 7–9 after implantation of the telemetric

device), the intramural pressure was analyzed every 10 s between 8 a.m. and 6 p.m., the

period when WT and BK−/− mice exhibited similar locomotor activity. Each count

represents the pressure value of a 10 s interval. Distribution of pressure values in 5 mmHg

ranges are presented. The mean pressure of each range is indicated. Movement artefacts

were excluded (see also Experimental procedures). (B) Micturition frequency in response to

forced water ingestion was analyzed in four WT, five BK−/−, six Ctr and six SM-BK−/−

mice. To evaluate a putative effect of tamoxifen on micturition frequency, we analyzed also

six WT and six BK−/− mice subjected to tamoxifen. The number of micturitions for the 3 h

period after water application is given. All data are means ± SEM; *P < 0.05; **P < 0.01.
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Fig. 6.
Enhanced β-AR/cAMP-mediated inhibition of contractile responses of BK−/− urinary

bladder strips. (A, B) Statistics of EFS-induced contractions of WT (A) and BK−/− (B) strips

in the absence and presence of 10 μM ISO. Strips were preincubated with either buffer

(NaCl/Pi) or 10 μM ISO for 10 min prior to EFS. (C) Statistics of ISO-mediated alterations in

peak contraction of WT and BK−/− detrusor strips after preincubation with 10 μM ISO for 10

min prior to EFS. (D) Statistical analysis of cBIMPS-mediated reduction of WT and BK−/−

detrusor muscle contraction after preincubation with 100 μM cBIMPS for 15 min prior to

EFS. (E) Statistics of ISO-mediated alterations in peak contraction of Ctr and SM-BK−/−

detrusor muscle strips after preincubation with 10 μM ISO for 10 min prior to EFS. (F)

Statistical analysis of cBIMPS-mediated reduction of Ctr and SM-BK−/− detrusor muscle

contraction after preincubation with 100 μM cBIMPS for 15 min prior to EFS. All data are

means ± SEM; n = 15 detrusor muscle strips of four or five mice per genotype; *P < 0.05;

**P < 0.01.
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Fig. 7.
Increased cAMP/PKA signaling in BK−/− but not in SM-BK−/− urinary bladder. (A)

Representative western blots (WB) of PKA and PKG protein expression, and corresponding

statistics in BK−/− and SM-BK−/− urinary bladder as compared to WT or control mice.

Expression of PKG and the regulatory (PKA RIIα) subunit of PKA was studied using

specific antibodies (for specificity, see also Fig. S2). The WT level was set to 100%. The

loading control was MAPK 42/44, which was also the reference for calculation. For

statistical significance, PKG expression was used as the reference. (B) cAMP levels under

basal conditions (saline) and after incubation with 10 μM ISO for 1 min. All values are means

± SEM; n = 5 per genotype; *P < 0.05; **P < 0.01.
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Fig. 8.
Enhanced ISO-mediated inhibition of EFS-induced contractions in BK−/− detrusor muscle

strips is only partially reversed by the PKA inhibitor Rp-cAMPS. Statistics of EFS-induced

contractions of WT and BK−/− strips (15 detrusor strips from four mice per genotype)

preincubated either with 10 μM ISO for 10 min or with 100 μM Rp-cAMPS for 45 min and 10

μM ISO for 10 min prior to EFS. All data are means ± SEM; *P < 0.05; **P < 0.01.
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Fig. 9.
Proteomic adaptation in the BK−/− urinary bladder. Upper: Representative 2D SDS/PAGE

gels showing protein-spot localization of regulated urinary bladder proteins (pH range: 4.7–

10.0). Fifty micrograms of WT and BK−/− protein and internal standard, fluorescence-

labeled with DIGE CyDyes, was applied per gel. Numbers indicate position of protein; red

circles indicate upregulated spots, blue circles indicate downregulated spots. Lower:

summary of proteome analysis in the BK−/− urinary bladder (bold, upregulation; italic,
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downregulation). calc. MW, calculated Mr, including only amino acids; det. MW, detected

Mr; pI, isoelectric point; Mascot score, measurement for reliability of MS analysis.
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Fig. 10.
Hypothetical network of proteins found in proteome analysis. Note that (?) suggests a

putative compensatory mechanism, which might be operative in the BK−/− urinary bladder

(for further information see also Results and Discussion). AC, adenylate cyclase; CAM,

calmodulin; CNN, calponin h1; DAG, diacylglycerol; Eno, enolase 3; ER, endoplasmic

reticulum; GPCR, G-protein-coupled receptor; GST, glutathione S-transferase; IP3, inositol

1,4,5-trisphosphate; IP3-R, IP3 receptor; MLCK, myosin light chain kinase; MLCP, myosin

light chain phosphatase; PKC, protein kinase C; PIP2, phosphatidylinositol 4,5-

bisphosphate; PLB, phospholamban; PLC, phospholipase C.
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