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Abstract Urinary bladder function is known to mature
during fetal and postnatal development, including changes in
neurotransmitter regulation of detrusor contraction. How-
ever, only few experimental data are available about musca-
rinic receptor antagonist function in the urinary bladder from
young animals. In the present study, we compare the
muscarinic receptor-mediated contractions in juvenile and
adult porcine detrusor and the effects of antimuscarinic
compounds. Urinary bladders from young (8–12 weeks; 12-
to 35-kg body weight) and mature pigs (>40 weeks;
>100 kg) were compared. Muscarinic receptor expression
was assessed by real time polymerase chain reaction and
radioligand binding. Muscle contraction was measured with
a force transducer; L-type Ca2+ currents (ICa,L) of isolated
detrusor myocytes were recorded with standard voltage
clamp technique. Juvenile and adult detrusor expressed
similar quantities of the messenger RNA of M2 and M3

receptors. The number of [3H]QNB-binding sites and their
affinity for the radioligand were also similar between

juvenile and adult detrusor. In contrast, maximum contractile
responses to the muscarinic receptor agonist carbachol were
slightly larger in juvenile than adult bladders. On the other
hand, carbachol was slightly less potent in juvenile than in
adult tissue. The M3 antagonist DAU 5884 and the
spasmolytic drug propiverine inhibited contractile responses
with comparable efficacies and potencies in juvenile and
adult tissue. ICa,L was somewhat smaller in juvenile than in
adult cells. Taken together, these data suggest that expression
and function of M2 and M3 receptors are similar in the
detrusor of juvenile and mature pigs. Therefore, similar
responses to antimuscarinic compounds could be expected in
young and adult patients.
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Introduction

Smooth-muscle contraction in the urinary bladder is mainly
controlled by muscarinic acetylcholine [M] receptors [2, 14].
Although M2 receptors are the predominant receptor subtype
found in detrusor, M3 receptors were shown to play a key
role in mediating contractile function [1, 6, 9, 14, 28, 40].
After activation of M3 receptors, the intracellular Ca2+ level
increases by both intracellular Ca2+ release and Ca2+ influx
via L-type Ca2+ channels. The latter process is thought to be
essential for detrusor contraction because force development
is diminished in Ca2+ channel (Cav1.2) knockout mice [35]
or in the presence of the L-type Ca2+ channel blocker
nifedipine [22, 28, 38]. Thus, muscarinic receptor-induced
detrusor contractions involve Ca2+ entry via L-type Ca2+

channels followed by uptake of Ca2+ into intracellular stores
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and a subsequent release either via IP3-dependent or Ca
2+-

induced processes via ryanodine receptors [7, 10, 26].
Muscarinic receptor-mediated contractions and their un-

derlying cellular signal transduction pathways during early
development have been studied in different animal models
(for review see [19]). Fetal detrusor contracts in response to
muscarinic receptor agonist stimulation, indicating the
presence of functionally active muscarinic receptors. In a
rat study, neonatal bladder tissue was significantly more
sensitive to agonistic stimulation of either muscarinic or
purinergic receptors than tissue from 1- or 4-month-old rats,
indicating dramatic changes during prenatal but only minor
alterations in postnatal development; relaxation responses to
isoprenaline did not differ substantially between the three
groups [32]. Studies comparing fetal calf bladders at
different developmental stages suggest that all components
required for muscarinic receptor stimulation are mainly
developed at birth and hardly change during maturation
[16]. On the other hand, adenosine triphosphate (ATP)- and
noradrenaline-mediated contractile responses appear to be
regulated during postnatal development [24, 41] and are
related to maturation of Ca2+ influx and cellular storage of
Ca2+ [42]. Recently, we found that atropine-resistant
contractions are larger in juvenile than adult porcine
detrusor, suggesting a strong component of noncholinergic
contraction in juvenile tissue [36]. This supports earlier
findings of decreasing contribution of nonadrenergic, non-
cholinergic contractions during maturation [19].

Antimuscarinic compounds are the most widely used
drugs for treatment of overactive bladder [3, 25]. Clinically
employed agents include nonselective and M3-selective
receptor antagonists, including drugs with additional spas-
molytic effects [1, 14]. Propiverine possesses both antimus-
carinic and direct spasmolytic effects [37]. The basis for
these spasmolytic effects appears to be inhibition of L-type
Ca2+ currents (ICa,L) in detrusor smooth-muscle cells from
different species [33, 37] and its ability to displace selective
L-type Ca2+ channels blockers from their binding sites
within the channels [34]. Accordingly, propiverine inhibits
not only contractions elicited by electric-field stimulation or
M receptor agonists but also those induced by KCl or CaCl2
([36]; for review, see [20]).

Worldwide, only two drugs, oxybutynin and propiverine,
are approved for the treatment of overactive bladder (OAB)
or neurogenic detrusor overactivity in children. While
several clinical trials in children with antimuscarinic
compounds were published, the response to placebo was
rather high. Recently, a well-designed randomized and
placebo-controlled study was presented, showing efficacy
and safety of propiverine in the treatment of OAB in
children aged 5 to 10 years [21]. Further research of the
physiological function of the lower urinary tract during
postnatal development and more clinical studies [15, 23,

31] are necessary to consolidate the available treatment
options for children suffering from these conditions.

In the present study, we have explored differences between
juvenile and adult detrusor function. For this purpose, we
compared isolated detrusor tissues from juvenile and adult
pigs with respect to M receptor subtype expression and
functional responses to the M3-selective receptor antagonist
DAU 5884 and the spasmolytic drug propiverine. In
particular, we have studied the drug effects on contractile
function and on L-type Ca2+ currents.

Materials and methods

Quantitative messenger RNA expression

Urinary bladders from juvenile (8–12 weeks; 12- to 35-kg
body weight) and adult (>40 weeks; >100 kg) pigs were
obtained from a local abattoir and transported to the laboratory
within 1 h. Fresh detrusor smooth-muscle tissue was dissected
free from the mucosa and serosa layers and then frozen
immediately. Total RNA was extracted from frozen detrusor
samples using the EZNA total RNA kit (Peqlab, Erlangen,
Germany). Samples from 10–12 juvenile and 8–10 adult
animals were analyzed. All samples were used free of protein
and DNA contaminations. Real-time polymerase chain
reaction (RT-PCR) was performed using the QuantiTect
SYBR® Green RT-PCR kit (Qiagen, Hilden, Germany) and
a Rotor Gene thermal cycler (Corbett Research, Mortlake,
Australia). The following subtype gene-specific primers were
used (5′→3′): muscarinic receptor subtype 2 (M2) sense AAG
AAG GAC AAG AAG GAG CC, antisense CTT TGG AAT
GGC CCA GG; muscarinic receptor subtype 3 (M3) sense
AAC AAT GAT GCT GCT GCC, antisense GTG ATC TGA
CTT CTG GTC TTC. RT-PCR, and RT-PCR conditions
were 94°C for 5 min, 30 s at 94°C, followed by 30 s at 60°C
and 40 s at 72°C, 72°C for another 7 min for M2 receptors
lasting 30 cycles, and 94°C for 5 min; and 30 s at 94°C,
followed by 30 s at 54°C and 30 s at 72°C and 72°C for
another 7 min for M3 receptors lasting 39 cycles. Competitor
RNA (internally deleted standard RNA) was produced by T7
in vitro transcription using the message machine kit
(Ambion, Austin, TX, USA) from RT-PCR products
produced as described above but with a modified sense
primer containing an additional T7 promoter sequence (GGC
CGC GG). Standards of known concentration of RNA
included in each dilution series (105–1012 molecules/μl)
allowed calculation of competitor RNAs. PCR efficiency
was 85 to 92%. Results were analyzed by the Rotorgene
software version 4.6 (Corbett Research). The amount of
muscarinic messenger RNA (mRNA) was normalized to
total mRNA. The identity of the PCR product was confirmed
by sequence analysis as described previously [12].
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Radioligand-binding studies

Muscarinic receptors were identified at the protein level by
radioligand binding studies as previously described [29].
Briefly, muscarinic receptors were identified in saturation-
binding studies using [3H]-l-quinuclidinylbenzylate ([3H]
QNB) as the radioligand. Tissues were homogenized in ice-
cold preparation buffer (50 mM Tris, 10 mM MgCl2,
0.5 mM ethylenediaminetetraacetic acid, pH 7.5) with an
Ultra-Turrax (Janke & Kunkel, Staufen, Germany). The
homogenates were centrifuged for 20 min at 50,000×g at
4°C. The pellets were resuspended in buffer, rehomogen-
ized shortly (10 s at full speed) and washed by an additional
centrifugation step. The final pellets were resuspended and
rehomogenized in binding buffer (10 mM Na2HPO4,
10 mM NaH2PO4 at pH 7.4). Binding experiments were
performed in a total volume of 1,000 μl buffer containing
50–100 μg protein/assay. Incubations were performed for
60 min at 37°C and terminated by rapid vacuum filtration
over Whatman GF/C filters. Each filter was washed four
times with 5 ml each of ice-cold binding buffer. Nonspe-
cific binding was defined by 3 μM atropine.

Detrusor contractions

Serosa- and mucosa-free porcine detrusor smooth-muscle
tissue was mounted in 5-ml organ baths containing
Tyrode’s solution, which was maintained at 37°C and
continuously gassed with 95% O2 and 5% CO2. Isometric
tension was measured using force transducers from GM 2,
Föhr Medical Instruments (Seeheim/Ober Beerbach, Ger-
many), and recorded using ADI PowerLab Chart software.
The tissues were subjected to a resting tension of 1 g and
equilibrated for 60 min. Thereafter, cumulative concentra-
tion–response curves for carbachol were generated with
5 min of exposure to each concentration. Tissues were then
washed for 60 min and incubated for another 60 min with a
suitable concentration of the M3 receptor-selective antago-
nist DAU 5884 (1–10 nM; [11]), propiverine (0.1–
100 μM), or vehicle (time-matched controls), followed by
generation of a second concentration–response curve for
carbachol. The relaxing effects of nifedipine (1 nM–
100 μM) were tested in detrusor strips precontracted by
carbachol (1 μM) or KCl (40 mM). Tonic contraction after
45 min incubation with carbachol or KCl were considered
as minimum relaxation (= 0%). Data were normalized to
maximum relaxation (=100%) by 10 μM forskolin added at
the end of each experiment.

Measurement of L-type Ca2+ currents (ICa,L)

Porcine detrusor smooth muscle cells were isolated
according to our standard protocol [37] and immediately used

for experiments. ICa,L was measured at 21–23°C with
standard voltage clamp technique (Axopatch 200, Axon
Instruments, Foster City, CA, USA); ISO 2 software (MFK,
Niedernhausen, Germany) was used for data acquisition and
analysis. Tip resistances of heat-polished pipettes were 2–
6 MΩ; seal resistances were about 1 GΩ. Cell capacitance
(Cm) was calculated from steady-state current during
depolarizing ramp pulses (1 Vs−1) from −40 to −35 mV.
ICa,L was measured from a holding potential of −60 mV at a
test potential of +10 mV. For further isolation of ICa,L from
contaminating currents, Na+ was replaced with tetraethy-
lammonium ions, and K+ was replaced with Cs+ to block
K+ currents. As charge carrier, 3.8 mM Ba2+ was used. Cell
superfusion buffer contained (in millimolar) tetraethylam-
monium chloride, 120; CsCl, 10; 4-2-hydroxyethyl-1-
piperazineethanesulfonic acid (HEPES), 10; BaCl2, 3.8;
MgCl2, 1; and glucose, 20; pH 7.4 (adjusted with CsOH).
The pipette solution consisted of (in millimolar) cesium
methanesulphonate, 90; CsCl, 20; HEPES, 10; Mg-ATP, 4;
Tris–GTP, 0.4; ethylene glycol bis(2-aminoethyl ether)-N,
N,N′N′-tetraacetic acid, 10; and CaCl2, 3 (pH 7.2). Current
amplitudes were determined as the difference between the
peak inward current and current at the end of the
depolarizing clamp step. A system for rapid solution
changes (Cell Micro Controls, Virginia Beach, USA; ALA
Scientific Instruments, Long Island, NY, USA) allowed
application of substances in the close vicinity of the cells.

Statistical analysis

All data are expressed as means ± SEM. Cumulative
concentration–response curves were analyzed by nonlinear
regression of each individual experiment using GraphPad
Prism® 3.02 (GraphPad Software, San Diego, CA, USA);
mean values for molar concentrations producing half-
maximum responses to carbachol pEC50 [M] were calcu-
lated from concentration–response curves before and after
test-drug addition. Maximum contraction during the second
concentration–response curve for carbachol (Effmax) is
expressed in percent of the maximum effects during the
first concentration–response curve (=100%).

Statistical differences were tested by Student’s t test and
were considered significant for p<0.05. Dissociation con-
stants (pKB) for DAU 5884 were determined by Schild plot
analysis [4].

Drugs

Carbachol (carbamoylcholine chloride) and nifedipine were
obtained from Sigma-Aldrich (Taufkirchen, Germany).
DAU 5884 (8-methyl-8-azabicyclo-3-endo[3.2.1]oct-3-yl-
1,4-dihydro-2-oxo-3(2H)-quinazolinecarboxylic acid ester
hydrochloride) was purchased from Tocris (Bristol, UK).
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Propiverine hydrochloride was provided by APOGEPHA
Arzneimittel GmbH (Dresden, Germany). [3H]QNB (spe-
cific activity 48 Ci/mmol) was from Amersham (Braunsch-
weig, Germany). All other chemicals were purchased from
Sigma-Aldrich. Stock solutions were prepared in Milli-Q
water and further diluted in the appropriate buffers.

Results

Quantitative mRNA expression

Quantitative expression of mRNA of M2 and M3 receptor
subtypes was examined in detrusor samples from juvenile
and adult pigs with RT-PCR. In adult porcine detrusor tissue,
M3 receptors were expressed at slightly higher levels than
M2 receptors: 32±12 (n=10) vs 18±5 fg/ng mRNA (n=8);
however, this difference did not reach the level of statistical
significance. Expression of M2 and M3 receptors was similar
in juvenile and adult tissue (Fig. 1).

Radioligand binding

Muscarinic receptor protein levels were estimated from [3H]
QNB saturation binding experiments (Fig. 2). In juvenile and
adult pigs, maximum binding of [3H]QNB (Bmax) was 36±
5 fmol/mg protein (n=10) and 48±6 fmol/mg protein (n=10;
n.s.), respectively. The dissociation constants KD for radio-
ligand binding were 7.3±2.3 pmol/l in juvenile and 8.0±
1.9 pmol/l in adult tissue (n=10 each; n.s.).

Detrusor contraction

Force of contraction in response to increasing concentration
of carbachol was significantly different in juvenile and adult
tissues. When pooling data from the first concentration–
response curve of all individual muscle strips from the
investigated bladders (n number of strips/x animals), the
mean maximum increases (Effmax) in force of contraction
were 2.03±0.23 mN/mg w.w. (juvenile, n=54/14) and 1.40±
0.20 mN/mg w.w. (adult, n=52/14), respectively (p<0.05).
The corresponding pEC50 [M] values were 5.52±0.06
(juvenile, n=54/14) and 5.80±0.06 (adult, n=52/14;
p<0.01).

In time-matched controls (TMC), the second concentra-
tion–response curves for carbachol were shifted to higher
concentrations, yielding pEC50 [M] values of 5.12±0.11 (n=
16/14) and 5.48±0.13 (n=16/14) for juvenile and adult
tissue, respectively. This indicated a rightward shift
(ΔpEC50) of 0.40±0.09 and 0.41±0.06 in the absence of
any drug added. The pEC50 in TMC were used for the
comparison of drug effects.

The contribution of M3 receptors to carbachol-induced
detrusor contractions was tested with the subtype-selective
receptor antagonist DAU 5884 in a concentration range in
which the compound is selective for M3 receptor subtypes
[11]. DAU 5884 (1–10 nM) shifted the concentration–
response curve for carbachol to higher agonist concen-
trations in juvenile and adult detrusor strips (Fig. 3a,b).
Although pEC50 values for carbachol in juvenile detrusor
were slightly lower than in adult tissue, the actual shifts of
the concentration–response curve by each individual con-
centration of DAU 5884 were similar. The pKB values
corrected for the shift in TMC experiments and estimated
from Schild plot analysis (Fig. 3c) were also slightly but not
significantly different, indicating that potency of DAU
5884 for muscarinic receptors mediating detrusor contrac-
tion from juvenile animals is similar to adult pigs.

The effects of propiverine on the concentration–response
curves for carbachol are depicted in Fig. 4a,b. Increasing
concentrations of propiverine not only shifted the concen-
tration–response curves to the right but also reduced
maximum carbachol responses (Effmax). In juvenile and
adult tissue, propiverine shifted the pEC50 values for car-
bachol to a similar extent, although the variability of in-
dividual results was rather large (Table 1). The propiverine
concentrations for half maximum suppression of force of
contraction were calculated from the impaired maximum
responses to carbachol and were expressed as pIC50 [M]
values. They were 4.97±0.15 (n=4–11) in juvenile and
5.19±0.35 (n=3–9; p>0.05) in adult tissue, suggesting
similar relaxing potency of propiverine in juvenile and
adult detrusor.

Fig. 1 Quantitative mRNA expression of M2 and M3 receptor subtypes
in juvenile and adult porcine detrusor tissue. Data as mean + SEM from
n different animal preparations. n.s. Not significant
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L-type Ca2+ currents

Potential contribution of Ca2+ influx to porcine detrusor
contraction was investigated in precontracted muscle
strips exposed to increasing concentrations of nifedipine.
(Fig. 5a,b). Increasing the extracellular K+ concentration
will depolarize the smooth muscle and neuronal cells within
the muscle strips. Therefore, atropine (1 μM) was added to
suppress contribution of any pre- or postsynaptic M
receptors. Under such conditions, addition of 40 mM KCl
produced a sustained increase in force of contraction that
could be almost completely abolished by increasing
concentrations of nifedipine. Stimulation of adenylyl
cyclase with forskolin (10 μM) completely reversed KCl-
induced contractions in both age groups. The potency of
nifedipine (pIC50 [M]) was 7.82±0.21 (n=6/4) in juvenile
versus 7.56±0.33 (n=8/6) in adult detrusor strips (n.s.).
Contractile force in muscle strips precontracted with 3 μM
carbachol also stabilized after a transient increase. In this
system, nifedipine was one order of magnitude less potent
as a relaxant than in KCl-induced contractions. The pIC50

[M] values for nifedipine were 6.55±0.28 (n=5/5) in
juvenile and 6.37±0.21 (n=5/5) in adult tissue (n.s.).
Maximum responses to nifedipine were similar in juvenile
and adult tissue.

Finally, L-type Ca2+ current (ICa,L) was studied directly
in freshly isolated detrusor smooth-muscle cells. Membrane
capacitances of juvenile and adult detrusor cells were
similar, i.e., 44±4 pF and 50±4 pF (n=14/6 each, n.s.),
suggesting similar cell sizes. Inward currents were elicited
by clamp steps to +10 mV and were completely suppressed

by 100 mM propiverine (Fig. 6a,b). ICa,L amplitudes were
not significantly different in juvenile and adult pigs
(Fig. 6c). Propiverine reduced ICa,L with similar potency
in both groups, resulting in the following pIC50 values [M]:
4.57±0.34 (n=7/3) in juvenile versus 4.76±0.25 (n=7/3) in
adult cells (Fig. 6d).

Discussion

The aim of the present study was to compare muscarinic
receptor-mediated detrusor contraction in juvenile and adult
porcine urinary bladder. We found small but consistent
differences between juvenile and adult detrusor tissue
across the different experimental techniques, which reached
statistical significance only in some cases. In particular, we
detected that (1) mRNA expression of muscarinic M2 and
M3 subtypes was similar; (2) albeit somewhat lower in
juvenile tissue, the number of muscarinic receptor-binding
sites and binding affinity for [3H]QNB were not statistically
different; (3) potency of the muscarinic receptor agonist
carbachol was slightly but significantly lower in juvenile
than adult bladders; and (4) L-type Ca2+ currents were
nonsignificantly smaller in cells from juvenile than from
adult animals. Irrespective of their variable statistical
significance, the magnitude of the observed differences
typically was so small that it is unlikely to be of clinical
relevance when extrapolated to humans.

Muscarinic receptor-mediated contractile function in
detrusor muscle has been studied in fetal, newborn, and
adult tissue from rat, rabbit, sheep, and bovine [16, 17, 18,

Fig. 2 Binding of [3H]QNB in detrusor tissue from juvenile and adult
pigs. Maximum binding of [3H]QNB (Bmax) and affinity dissociation
constants KD are presented. Data are shown as single points from

individual determinations. The mean value from all single points is
indicated as a line
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32]. These studies revealed a high muscarinic receptor
density at birth; no significant changes in the cholinergic
innervation over the first 6 weeks of postnatal development
in the rabbit [17] but a decrease in potency and efficacy of
carbachol and ATP during the first month of newborn rats
[32]. So far, only one study has evaluated that muscarinic
receptor subtypes are expressed to a significantly greater
extent in fetal bladders [5]. In this study, we have studied
muscarinic M2 and M3 receptor expression and function in
juvenile and adult porcine detrusor to compare detrusor
contractile function in premature and mature organisms. In
fact, as predicted by earlier studies in different species, we
did not observe significant differences in the individual
receptor subtype expression. However, binding of [3H]
QNB tended to be lower in juvenile bladders. This finding

Fig. 3 Cumulative concentration–response curves (CRC) for carba-
chol (CCh) in the presence and absence of different concentrations of
the M3 receptor antagonist DAU 5884 (DAU) in juvenile (a) and adult
pigs (b). Responses are expressed as percentage of the maximum
response during the first CRC for carbachol, and data are presented as
mean + SEM from n investigated strips from x animals. TMC
indicates time-matched control experiments without any test drug
added. c Schild plot for the determination of the apparent affinity for
DAU 5884 in juvenile and adult porcine detrusor; slope defined as 1

Fig. 4 Cumulative concentration–response curves (CRC) for carba-
chol (CCh) in the presence and absence of different concentrations of
propiverine in juvenile (a) and adult animals (b). Data are presented as
mean + SEM from n investigated strips from x animals. Some data at
0.1 μM (4/4), 1 μM (6/3), and 10 μM (4/3) were taken from [39].
Layout like in Fig. 3a, b
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is in line with the lower potency of the M receptor agonist
carbachol in juvenile versus adult tissue. This is in contrast
to findings in rats, where the fetal detrusor tissue is more
sensitive for carbachol approaching the properties of adult
bladders and looses this hypersensitivity 1 month after birth
[32]. Given the lower potency of carbachol in juvenile

tissue, the observed Effmax was significantly higher than in
adult pigs, confirming earlier results in rats, where
carbachol induced almost one-third larger contractions in
1-month-old than in 4-month-old detrusor tissue [32].

Binding of the muscarinic antagonist [3H]QNB was in
good agreement with carbachol-induced contraction proper-
ties, indicating only a small functional difference between
juvenile and adult detrusor tissue. In contrast to larger
changes in purinergic receptor expression and function
during maturation [24], our data support earlier predictions
of only small alterations regarding muscarinic receptor
function in the bladder.

In addition to direct agonistic receptor stimulation, we
have also studied the influence of Ca2+ influx through L-
type Ca2+ channels, as muscarinic receptor-induced detru-
sor contraction largely depends on this process [22, 26, 28,
35, 38]. Again, as seen in the other experimental
approaches, our data show only a small difference in ICa,L
between juvenile and adult porcine detrusor cells, which
also did not reach statistical significance. Tugay et al.
describe significantly larger contractions induced by
80 mM KCl in the neonatal rat, whereas 1 month after
birth, no significant difference is seen in the detrusor as
compared to adult rats [32]. Zderic et al. found that
bethanechol-induced detrusor contractions in 1-day- and
1-week-old rabbits were more sensitive to increases in
extracellular Ca2+ and L-type Ca2+ channel blockers than
from mature 8-week-old rabbits [41, 42]. The authors
concluded that during maturation, ryanodine-induced Ca2+

released from the sarcoplasmatic reticulum increases rather
than the Ca2+ influx via L-type Ca2+ channels elevated.
However, this statement has to be handled with caution
because Ca2+ influx and Ca2+ release processes may vary in

Table 1 Effect of propiverine on cumulative concentration–response
curves (CRC) for carbachol in juvenile and adult porcine detrusor

n ΔpEC50 Effmax (%)

Juvenile pig
Time-matched controls 11/9 0.38±0.11 92±7
Propiverine
1 μM 6/6 0.49±0.16 88±10
3 μM 4/4 0.54±0.44 81±16
10 μM 9/9 1.10±0.17* 42±9***
100 μM 5/5 2.45±0.11*** 5±3***
Adult pig
Time-matched controls 9/9 0.37±0.26 92±6
Propiverine
0.1 μM 4/4 0.42±0.19 93±4
1 μM 6/3 0.73±0.11* 67±8*
10 μM 7/7 1.31±0.24** 50±9**
30 μM 3/3 1.63±0.23** 16±3***
100 μM 3/3 2.37±0.43*** 18±3***

Some data at 0.1 μM (4/4), 1 μM (6/3), and 10 μM (4/3) were taken
from [39].
ΔpEC50 [M] Difference of the pEC50 values between the first and
second CRC for carbachol, Effmax maximum contraction during the
second CRC expressed in percent of the maximum effects during the
first CRC (=100%), means ± SEM; n number of detrusor strips from x
animals
*p<0.05
**p<0.01
***p<0.001 (compared to the relevant TMC value)

Fig. 5 Effect of cumulatively added concentrations of the L-type Ca2+

channel blocker nifedipine [Nif] on detrusor contraction induced by
either 40 mM KCl (a) or 3 μM carbachol [CCh] (b). The
concentration–response curves are presented as percent relaxation of

10 μM forskolin [F] (=100%). Data as mean + SEM from n detrusor
strips from x animals. TMC indicates time-matched control experi-
ments without any test drug added
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different species [26, 28, 38]. In this study, we did not
observe any difference in the effect of the L-type Ca2+

channel blocker nifedipine, suggesting that Ca2+ influx
does not change in porcine detrusor during maturation.

Antagonistic properties on muscarinic receptor-induced
detrusor contraction were also not significantly changed.
The reported affinity (pKi value) of DAU 5884 at M3 re-
ceptors in submandibular glands is 8.80±0.03 as compared
to 7.40±0.05 on cardiac M2 receptors [8]. Accordingly,
100 nM DAU 5884 yields a fractional M3 receptor
occupancy of 99 versus 26% at M2 receptors [11]. Under
these M3 receptor subtype selective conditions, DAU 5884
similarly antagonized detrusor contractions in both juvenile
and adult tissue, with estimated pKB values close to the
reported pKi at M3 receptors. Therefore, M3 receptors
appear to be similarly the predominant subtype contributing
to detrusor contraction in juvenile and adult pigs. Our
estimated pKB value of 8.62 for the apparent affinity of
DAU 5884 in adult porcine detrusor tissue is in a similar
range as the pA2 value of 8.72 reported for DAU 5884 in

guinea pig tracheal tissue known to mediate its contraction
exclusively via M3 receptors [27]. Our data show that
expression and function of M3 receptors seem to be not
significantly altered during maturation.

In addition, we have tested whether potency and efficacy
of the spasmolytic drug propiverine are different in juvenile
and adult detrusor tissue, as it is clinically used to treat
children with symptoms of overactive bladder [13, 20, 21,
31]. Antimuscarinic drugs are one therapeutic option to treat
children suffering from enuresis and urinary incontinence.
Their effectiveness has been demonstrated in several clinical
studies [21, 23, 30] despite a particularly high response rate
to placebo treatment in this clinical setting. To use current
drugs properly or develop more efficacious drugs for treating
children with urinary incontinence, further research of the
physiological function of the lower urinary tract especially
during postnatal development is necessary. In this study, we
found that potency and efficacy of propiverine were indeed
similar between juvenile and adult tissues. Furthermore,
propiverine impaired electrically induced contractions to a

Fig. 6 Current traces for ICa,L in juvenile (a) and adult (b) porcine
detrusor muscle cells and effect of 100 μM propiverine. Current
densities for ICa,L are presented as pA/pF (c). Concentration–response
curves for propiverine (Prop) on ICa,L in juvenile (J) and adult (A)

cells are compared to the time course (TMC) of the maximum current
density in detrusor cells from adult pigs (d). Data are mean + SEM
from n individual cells from x animals (c and d)
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similar extent in juvenile and adult detrusor [36]. Propiverine
also reduced Ca2+ influx via L-type Ca2+ channels by direct
binding to the channels [33, 37]. The potency of propiverine
to reduce ICa,L was similar in juvenile and adult cells. The
functional characteristics of propiverine as an antimuscarinic
compound, which possesses additional properties like direct
blockade of L-type Ca2+ channels, suggest that neither M3

receptors functions nor L-type Ca2+ channels are altered
during postnatal development of urinary bladder.

In conclusion, we did not detect major functional
changes for muscarinic receptor-mediated detrusor contrac-
tion during maturation. Therefore, antimuscarinic drug
actions seem to be similar in juvenile and adult pig
detrusor. In analogy to our findings in pig, which has been
established as a good model for human urinary bladder,
similar responses to antimuscarinic compounds could be
expected in human detrusor tissue. However, further
investigations are required to show a comparable efficacy
of these drugs in younger and adult patients.

Acknowledgment The authors would like to thank Sabine Kirsch
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