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Abstract Propiverine is a commonly used antimuscarinic
drug used as therapy for symptoms of an overactive
bladder. Propiverine is extensively biotransformed into
several metabolites that could contribute to its spasmolytic
action. In fact, three propiverine metabolites (M-5, M-6 and
M-14) have been shown to affect various detrusor func-
tions, including contractile responses and L-type calcium-
currents, in humans, pigs and mice, albeit with different
potency. The aim of our study was to provide experimental
evidence for the relationship between the binding of
propiverine and its metabolites to human muscarinic

receptor subtypes (hM1–hM5) expressed in chinese hamster
ovary cells, and to examine the effects of these compounds
on muscarinic receptor-mediated detrusor function. Propi-
verine, M-5, M-6 and M-14 bound to hM1–hM5 receptors
with the same order of affinity for all five subtypes: M-6 >
propiverine >M-14 >M-5. In HEK-293 cells expressing hM3,
carbachol-induced release of intracellular Ca2+ ([Ca2+]i) was
suppressed by propiverine and its metabolites; the respec-
tive concentration-response curves for carbachol-induced
Ca2+-responses were shifted to the right. At higher
concentrations, propiverine and M-14, but not M-5 and
M-6, directly elevated [Ca2+]i. These results were con-
firmed for propiverine in human detrusor smooth muscle
cells (hDSMC). Propiverine and the three metabolites
decreased detrusor contractions evoked by electric field
stimulation in a concentration-dependent manner, the order
of potency being the same as the order of binding affinity.
We conclude that, in comparison with the parent com-
pound, loss of the aliphatic side chain in propiverine
metabolites is associated with higher binding affinity to
hM1–hM5 receptors and higher functional potency. Change
from a tertiary to a secondary amine (M-14) results in lower
binding affinity and reduced potency. Oxidation of the
nitrogen (M-5) further lowers binding affinity as well as
functional potency.

Keywords Propiverine and metabolites .

Muscarinic receptors . Calcium . Detrusor contraction

Introduction

Muscarinic receptor antagonists are the most widely used
drugs for the therapy of overactive bladder (OAB)
symptoms (Sellers et al. 2001; Andersson et al. 2002;
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Andersson and Yoshida 2003; Hedge 2006). Spasmolytic
agents with various properties appear to be effective, i.e.
nonselective antimuscarinics, muscarinic receptor subtype 3
(M3)-selective compounds, and drugs with additional
pharmacological activity (Chapple 2004; Ouslander 2004;
Oki et al. 2005).

Besides its antimuscarinic properties, propiverine pos-
sesses other mechanisms of action, including direct spas-
molytic effects (Andersson et al. 1999; Wuest et al. 2002,
2005b). In human detrusor strips, propiverine inhibits
contractile responses elicited by electric field stimulation
(EFS), stimulation with acetylcholine (Wada et al. 1995)
and with carbachol (Yono et al. 1999; Wuest et al. 2005a).
Previous studies have revealed that propiverine reduces
KCl-induced contractions in guinea pig (Haruno 1992;
Tokuno et al. 1993), and KCl- as well as CaCl2-induced
contractions in human bladder strips (Wada et al. 1995). In
rabbit detrusor, propiverine also appears to impair intracel-
lular Ca2+ homeostasis (Madersbacher and Mürtz 2001).

Propiverine is extensively biotransformed in the liver
to several active metabolites. After oral application of a
single dose and after 5 days of treatment, the propiverine
N-oxide M-5 was found to be the main metabolite in
serum, while the N-oxide lacking the aliphatic side chain
(M-6) and the secondary amine (M-14; for chemical
structures see Fig. 1) were detectable only in urine. The
pharmacological properties of propiverine metabolites
have not been characterised in detail (Andersson et al.
1999). We recently reported that, in isolated detrusor strips
of humans, pigs and mice, metabolites with an aliphatic
side chain like the parent compound, i.e. M-5 and M-14,
suppressed the effect maximum in the concentration-
response curve for carbachol, whereas the compound
lacking the aliphatic side chain (M-6) shifted the concen-
tration-response curve to higher concentrations without

any reduction of the maximum effect (Wuest et al. 2005b).
Furthermore, propiverine, M-5 and M-14, but not M-6,
reduced the atropine-resistant component of contraction
elicited by EFS, suggesting additional effects besides
being antimuscarinic. We had assumed that the non-
antimuscarinic activity of propiverine and the metabolites
M-5 and M-14 might be related to blocking of Ca2+ influx
via an L-type Ca2+ current (ICa,L) because it had been
shown previously in transgenic mice that knock-out of L-
type Ca2+ channels completely abolished detrusor con-
tractions mediated via stimulation of muscarinic receptors
(Wegener et al. 2004). While propiverine and M-14 did in
fact block ICa,L in detrusor smooth muscle cells, M-5 was
ineffective and M-6 impaired ICa,L only at concentrations
higher than 10 μM, i.e. concentrations at which atropine-
sensitive EFS contractions were mostly abolished (Wuest
et al. 2005b). These results did not support a simple
relationship between the effects on atropine-resistant EFS
contractions and blocking of ICa,L. In addition, our
previous study revealed marked differences in the effec-
tive concentration range between propiverine and its
metabolites (Wuest et al. 2005b).

To gain more insight into the pharmacology of the
propiverine metabolites M-5, M-6 and M-14, we investi-
gated their binding to five human muscarinic receptor
subtypes (hM1–hM5) stably expressed in Chinese hamster
ovary (CHO) cells. In addition, we investigated the potency
and efficacy of these compounds in different models of
detrusor function. The aim of our study was to provide
further experimental evidence for the contribution of these
metabolites to the therapeutic action of propiverine.

Methods

Radioligand binding studies

Cell culture

CHO cell lines, stably transfected with one of the five
human muscarinic receptor subtypes (hM1–hM5), were
obtained from N. Buckley (University College, London,
UK), and were maintained in Dulbecco’s modified Eagle’s
medium (DMEM) enriched with 10% fetal calf serum
(FCS), 200 IU/ml penicillin and 100 μg/ml streptomycin.
The stock culture medium also contained geniticin
(0.5 mg/ml). Subcultures prepared for muscarinic receptor
binding studies were prepared in a medium without
geniticin. The cells were harvested with a rubber scraper,
centrifuged, rinsed in phosphate buffered saline (PBS)
enriched with 1 mM EDTA, homogenised in a 20 mM
Tris-HCl buffer enriched with 250 mM sucrose and stored
in liquid nitrogen until use.

Fig. 1 Chemical structures of propiverine and its metabolites M-5, M-6
and M-14
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[ 3H]-NMS binding

Experiments were carried out using standard protocols as
described in the literature (Borchert et al. 2004; Schneider
et al. 2005; Maruyama et al. 2006). CHO cell homogenates
(at a concentration equivalent to ∼0.075 nM muscarinic
receptors) were incubated at 25°C in the presence of the
indicated concentrations of the unlabeled drug and [3H]-N-
methylscopolamine ([3H]-NMS; specific activity 80 Ci/mmol),
for a time sufficient to achieve equilibrium. The radioactive
compound was dissolved in 1.2 ml 50 mM sodium-
phosphate buffer (pH 7.4), enriched with 2 mM MgCl2.
Non-specific binding was defined as binding in the
presence of 10 μM atropine. The tracer concentrations
used were 0.10 nM for competition binding curves with M2

and M5 receptors. To measure the tracer affinities for these
receptors, the [3H]-NMS concentration was varied between
0.05 and 1.5 nM. The incubation period was 2 h for M1, M2

and M4 receptors, and 4 h for M3 and M5 receptors. The
incubation was terminated by filtration over Gelman A/C
filters (Gelman Sci, Ann Arbor, MI) soaked in 0.01%
polyethyleneimine (Sigma, St. Louis, MO), to reduce non-
specific binding. The filters were rinsed four times with
2 ml ice cold 50 mM sodium-phosphate buffer (pH 7.4),
and the radioactivity was counted by liquid scintillation
counting.

Data analysis

The competition curves for propiverine and its metabolites
M-5, M-6 and M-14 were repeated at least three times in
duplicate. The experimental data were analysed by non
linear curve fitting using GraphPad Prism. The unlabeled
drugs pKi values were calculated assuming competitive
inhibition of tracer binding, using the Cheng and Prusoff
equation. Two competition curves using reference selective
antagonists were performed in the same cell homogenates
to control the identity of the muscarinic receptor subtype
studied.

Measurement of intracellular calcium concentration [Ca2+]i

Isolation of human detrusor smooth muscle cells (hDSMC)

Human detrusor tissue was obtained from patients under-
going transurethral tumour resection (TUR-BT). All
patients had given informed written consent in accordance
with the regulations of the local ethical committee. Samples
from tumour-free parts of the bladder wall were taken,
immediately placed in cold buffer solution and transported
to the laboratory within 1 h. After removal of the mucosal
layer, the tissue was cut into small pieces, placed in buffer
solution [in mM: 135 NaCl, 6 KCl, 10 HEPES, 2 MgCl2,
1.8 CaCl2, 10 glucose, 1 mg/ml bovine serum albumin
(BSA), pH 7.3 adjusted with NaOH] and incubated with
1,000 units collagenase type 2 (218 U/mg) and 0.05%
papain (70 U/mg) under continuous stirring for 30 min at
37°C. The tissue was filtered, the solution discarded and the
detrusor pieces incubated again using the same buffer
containing only 1,000 units collagenase type 2 and stirred
for another 10 min. The resulting cell suspension was
centrifuged (1,200 rpm for 5 min) and washed twice with
buffer solution prior to use for cell culture.

Cell culture and immunofluorescence staining of hDSMC

The hDSMC were cultured in DMEM. The medium
contained 10% FCS, 1% glutamax, 1% non essential amino
acids and 1% penicillin G/streptomycin. Prior to the [Ca2+]i
experiments, cells were grown to near confluence in
175 cm3 culture flasks.

Cells grown on CultureSlides (BD Bioscience; Belgium)
were fixed with methanol for 5 min. After rinsing with
PBS, cells were incubated with primary antibodies [1:100
(anti-myosin) or 1:400 (anti-α-actin) dilution in PBS]
for 60 min. After washing with PBS they were coun-
terstained with 5 μg/ml 4,6-diamidino-2-phenylindole
(DAPI).

Table 1 pKi (± SD) values for the five muscarinic receptor subtypes

Compound n hM1 hM2 hM3 hM4 hM5

Propiverine 3 6.58 ± 0.02 5.79 ± 0.03 6.39 ± 0.02 6.46 ± 0.03 6.43 ± 0.03
M-5 3 4.66 ± 0.14 < 4.0 4.50 ± 0.14 4.57 ± 0.13 4.32 ± 0.13
M-6 3 7.22 ± 0.02 6.67 ± 0.03 7.03 ± 0.02 6.88 ± 0.04 6.80 ± 0.03
M-14 3 5.96 ± 0.01 4.74 ± 0.04 5.94 ± 0.03
4-DAMP 2 9.07 8.02 8.95 8.87 8.65
AF-DX 116 2 6.50 7.20 6.15 6.80 5.10

The expression system was verified by measuring binding of the selective M1 / M3 antagonist 4-diphenyl-acetoxy-N-methyl-piperidine
methiodide (4-DAMP) and the selective M2 blocker AF-DX 116
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Cell culture of HEK-293 cells

HEK-293 cells, stably expressing the human muscarinic
receptor subtype M3, were obtained from M. Schmidt
(Universitatsklinikum Essen, Germany). HEK-293 cells
were cultured in Dulbecco’s modified Eagle’s medium
(DMEM/F-12) containing 10% FCS, 1% penicillin G/
streptomycin and 1% geniticin- 418.

[Ca2+]i measurements

HEK-293 cells and hDSMC were trypsinised, resuspended
in a HEPES-containing buffer solution (in mM: 55 NaCl, 6
KCl, 2 MgCl2, 1.8 CaCl2, 10 HEPES, 10 glucose, 1 mg/ml
BSA at pH 7.3) and loaded with Fura-2 by incubation with
5 μM Fura-2/AM (dissolved in DMSO) at 37°C for 30 min.
Following loading, the cells were washed twice and
resuspended in the HEPES buffer solution at a density of
about 2×105 cells/0.5 ml. The fluorescence of the cell
suspensions was measured within the next 1.5 h in 500 μl
quartz glass microcuvettes at the excitation wavelengths
of 340/380 nm and an emission wavelength of 505 nm with
a dual-wavelength fluorometer (LS50B, Perkin Elmer,
Boston, MA). During the measurement cell suspensions
were maintained at 37°C. At the end of each experiment,
digitonin (final concentration 0.02%) and EGTA (final
concentration 7.5 mM) were added to obtain maximum
and minimum fluorescence (Rmax and Rmin), respectively.
[Ca2+]i was calculated from the ratio of fluorescence (R) at
340 nm and 380 nm as described by Grynkiewicz et al.
(1985).

Detrusor contraction experiments

Material

The majority of the contractile experiments were done in
strips from biopsies obtained during transurethral tumour
resections. All patients had given informed written consent
in accordance with the regulations of the institutional
ethical committee. The mucosa and all tissue obviously
damaged by the high voltage forceps were removed, but
only one or two muscle strips could be dissected from each
specimen. For comparative purposes, some muscle strips
from cystectomy material were also used. After removal of
serosa and mucosa (see Wuest et al. 2005c), four muscle
strips (10–15 mm long, 4–5 mm wide) were dissected from
each sample.

Detrusor contraction

Muscle strips were mounted in 5-ml organ baths containing
carbogen-gassed Tyrode’s solution maintained at 37°C.

Tension generated was measured with an isometric force
transducer (GM 2, Föhr Medical Instruments, Seeheim/
Ober Beerbach, Germany), amplified and recorded with a
data and recording system (Chart 4.0, ADInstruments,
Sydney, Australia). Resting load was set to 10 mN and
was readjusted after 30 min. During the equilibration period
of 60 min, the bath solution was changed once. After
20 min of stabilisation, muscle strips were subjected to EFS
(Malysz et al. 2004; Wuest et al. 2005a–c; stimulator, Föhr
Medical Instruments) with the following parameters: pulse
duration 1 ms at 40 Hz (biopsy strips) or 30 Hz (cystectomy

Fig. 2 Original recordings for the carbachol-induced elevation in
intracellular Ca2+ ([Ca2+]i) using 1 μM carbachol in a the absence of
test drugs, b the presence of 100 μM propiverine, and c the presence
of 100 μM M-14 in HEK-293 cells stably transfected with hM3

receptors. Maximum Ca2+ concentration was determined after adding
0.02 % digitonin and minimum Ca2+ after addition of 20 mM EGTA.
Data are presented as the ratio of the twomeasuredwavelengths (F340 /F380)
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samples) with 90 mA, with trains of stimuli for 10 s
(biopsies) or 5 s (cystectomies) every 2 min. The
compounds under investigation were added in cumulatively
increasing concentrations with 30 min between increments.
To estimate the non-neuronally mediated portion of muscle
contraction under our stimulation conditions, nerve con-
duction was completely blocked by adding the neurotoxin
tetrodotoxin (TTX, 1 μM) at the end of each experiment.
Experimental data were analysed using GraphPad Prism
3.02 (GraphPad Software, San Diego, CA). Average
values for the EFS-induced muscle contraction amplitudes
were obtained from the last five contractions before
the next concentration increase. The magnitude of drug
effect is given in percent inhibition of the electrically
evoked contraction amplitude before any substance addition
(=100 %).

Chemicals and solutions

[3H]-NMS was obtained from Amersham (Little Chalfont,
UK). The following drugs were gifts: pirenzepine and AF-
DX 116, from Boehringer-Ingelheim (Germany); hexahy-
dro-sila-difendiol (HHSiD), from G. Lambrecht (Frankfurt
University, Germany), himbacine, from Dr. Taylor
(Melbourne University, Australia) and 4-diphenyl-acetoxy-
N-methyl-piperidine methiodide (4-DAMP), from R.B.
Barlow (Bristol University, UK). Cell culture media
(DMEM, DMEM/F-12), FCS and flasks were obtained
either from GIBCO Life Technologies (Gent, Belgium) or
SIGMA-Aldrich (St. Louis, MO). Fura-2/AM and Pluronic
F-127 were from Calbiochem (EMD Biosciences, Merck,

Darmstadt, Germany). The monoclonal smooth muscle
specific anti-myosin (smooth) and anti-α-actin (clone 1A4)
antibodies (both from mouse) were from Sigma. Propiverine
and its metabolites M-5, M-6 and M-14 were obtained from
APOGEPHA Arzneimittel GmbH (Dresden, Germany). All
other chemicals were purchased from Sigma-Aldrich.

Results

Binding of propiverine and its metabolites to muscarinic
receptors

Binding of propiverine and its metabolites to the muscarinic
receptor subtypes expressed in CHO cells revealed that the
compounds bound to all receptor subtypes in the following
order of affinity: M-6 > propiverine > M-14 > M-5
(Table 1). The reference compounds 4-DAMP and AF-DX
116 had the expected selectivity for hM1 / hM3 and hM2,
respectively. Propiverine and its metabolites showed similar
orders of affinity within their characteristic concentration
range of receptor binding: All compounds exhibited higher
affinities for hM3 and the remaining receptor subtypes than
for hM2. These results suggest that neither propiverine nor
its metabolites are selective for hM3 receptor binding.

Effects on [Ca2+]i

In HEK-293 cells expressing hM3, a single application of
carbachol (1 μM) induced an increase in [Ca2+]i (Fig. 2),
with the increase occurring over a similar concentration

Fig. 3 Non-cumulative concen-
tration-response curves for the
effects of propiverine and its
metabolites M-5, M-6 and M-14
on carbachol-induced [Ca2+]i
elevation in HEK-293 cells
stably transfected with hM3

receptors. Data are presented
as mean ± SEM of n number of
experiments as indicated.
***P< 0.001

Naunyn-Schmiedeberg’s Arch Pharmacol (2006) 374:87–97 91



range as described previously (Schmidt et al. 1995; Ikeda et
al. 2002). Atropine (1 μM) fully inhibited the carbachol-
induced [Ca2+]i elevation (data not shown). Exposure of the
cells to 100 μM propiverine completely prevented the
carbachol-induced effect (Fig. 2b), while 100 μM M-14
merely attenuated the effect (Fig. 2c). The traces also show
that addition of 100 μM propiverine alone caused a small
increase in [Ca2+]i. A similar effect was observed with M-
14. Figure 3 summarises the effects of propiverine, M-5,
M-6 and M-14 on the carbachol-induced [Ca2+]i elevation
in HEK-293 cells expressing hM3. Increasing concentra-
tions of propiverine and its metabolites impaired the [Ca2+]i
response. The −log IC50 [M] values estimated from fitting a
sigmoidal function to the mean data points yielded the
following order of potency: M-6 [5.47] ≥ propiverine [5.27]
> M-14 [4.53] > M-5 [<4.00]. The intrinsic [Ca2+]i
elevating effects of propiverine and M-14 (100 μM each)
amounted to 49±7 nmol/l [Ca2+]i (n=5) with 100 μM
propiverine, and 58±7 nmol/l [Ca2+]i (n=6) with 100 μM
M-14 (Fig. 4). This phenomenon was not observed after
addition of M-5 or M-6.

Figure 5a shows cultivated hDSMC in light transmission
micrographs and fluorescence micrographs of cells posi-
tively stained for smooth muscle α-actin. These cells were
used to verify drug effects on [Ca2+]i in native cells;
concentration-response curves for the carbachol-induced
Ca2+ elevation in hDSMC are shown as the change in ratio
from the two fluorescence wavelengths and the increase in
[Ca2+]i (Fig. 5b). The maximum rise in [Ca2+]i from 130±13
to 347±32 nmol/l (n=8) occurred with 10 μM carbachol.
Addition of 100 μM propiverine reduced the maximum and
shifted the concentration-response curve by about 2 log units
to higher concentrations.

Effects of propiverine and its metabolites on electrically
induced contractions

In human detrusor strips from biopsies, EFS-induced
contractions spontaneously declined to 72 ± 10% of the
control after 3.5 h of regular stimulation. Like atropine,
propiverine and the three metabolites reduced contraction
amplitudes, and the concentration-response curve for
propiverine and M-14 appeared to be biphasic (see
Discussion). The order of potency for the major decline
was: atropine > M-6 > propiverine ≈ M14 > M-5 (Fig. 6,
Table 2). All compounds impaired contractile responses
with a similar efficacy. Addition of the neurotoxin
tetrodotoxin (1 μM) did not further reduce electrically
induced contractions.

To compare the order of potency of the investigated
compounds with the order of affinity, we plotted the −log
IC50 values of the effects on hM3 receptors of EFS-induced
contractions according to the respective pKi values obtained

from the binding experiments (Fig. 7). The concentrations
of half maximum force reduction for propiverine and the
metabolites correlate well with the binding affinities to hM3

receptors, which are thought to play the key role in
mediating muscarinic receptor-induced contractions in
human urinary bladder.

Detrusor contractions in strips from biopsy
versus cystectomy samples

The detrusor tissue used in the experiments described so far
were obtained from biopsies, whereas in our previous
studies of antimuscarinic drug effects, we used muscle

Fig. 4 Concentration-dependent effects of a propiverine and b its
metabolite M-14 on the cytosolic [Ca2+]i concentration in HEK-293
cells stably transfected with hM3 receptors. Data are presented as
mean ± SEM of n experiments. The insets in both diagrams show
representative original tracings of either propiverine or M-14 during
electric-field stimulation (EFS) on human detrusor strips
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strips from cystectomy patients (Wuest et al. 2005a,b).
Since differences in tissue handling and preparation may
directly affect force development, we compared contractile
responses to standard stimuli in preparations from both
sources. The amplitudes of muscarinic receptor-mediated
contractions induced by EFS or by 10 μM carbachol were
significantly lower in biopsy samples compared to cystec-
tomy tissue. However, the contraction amplitudes induced
by 85 mM KCl were not significantly different in both
types of tissue (Fig. 8).

Discussion

The main findings of our study were: (1) propiverine and its
metabolites bind to stably expressed human muscarinic
receptors in the following order of affinity: M-6 >
propiverine > M-14 > M-5; (2) all compounds reduce the
carbachol-induced [Ca2+]i elevation mediated via hM3

receptors; and (3) inhibition of electrically induced con-
tractions in human detrusor from biopsies occurs in the
same order of potency as binding.

After oral administration, propiverine undergoes an
extensive first-pass effect resulting in a number of different
metabolites (Guay 2003; Haustein and Hüller 1988). One
major metabolic pathway involves oxidation of the tertiary
nitrogen in the piperidinyl moiety leading to the production
of N-oxides. The main metabolite found in serum and urine
is the propiverine N-oxide M-5 (Haustein and Hüller 1988;
Siepmann et al. 1998). Twenty-four hours after oral

Fig. 5 a Primary culture of
human detrusor smooth muscle
cells (hDSMC) (left). Immuno-
fluorescence staining with
monoclonal anti-myosin clone
HSM-V (1:250) and anti-mouse
FITC conjugate (1:100; right).
The inset on the right side
shows a single cell stained with
anti-α smooth muscle actin
clone 1A4 FITC conjugate.
b Concentration-response curves
for carbachol in the absence and
presence of 100 μM propiverine
in cultivated hDSMC. Data are
presented as the change in ratio of
the two measured wavelengths
(F340 /F380) or as cytosolic [Ca

2+]i
concentration in nmol/l. Data rep-
resent the mean ± SEM of n
experiments

Fig. 6 Concentration-dependent effects of propiverine and its
metabolites M-5, M-6 and M-14 on electrically induced detrusor
contraction in human tissue from biopsy samples in comparison to the
effect of atropine and time-matched control experiments without any
drugs added. Data represent the mean ± SEM of n experiments

Table 2 −log IC50 values (mol/l) and the maximum inhibition on
EFS-induced contractions (Inhmax; %) in human detrusor muscle from
biopsy samples

n −log IC50 Inhmax (% of pre-drug control)

Propiverine 9 5.35 ± 0.52 85 ± 6
M-5 5 4.19 ± 0.14 88 ± 4
M-6 5 6.79 ± 0.53 90 ± 2
M-14 5 4.74 ± 0.24 97 ± 1
Atropine 2 7.97 and 8.27 86 and 85
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application of a single dose, the concentrations recovered in
human urine were (in percent of the original dose): 2–3%
propiverine, 20% M-5, 5% M-6 and 1 % M-14 (Haustein
and Hüller 1988). The maximum serum concentrations after
5 days of treatment with the standard dose of 15 mg
propiverine hydrochloride three times daily (median; range)
were: 155 (96–240) ng ml−1 for propiverine, corresponding
to 0.33 μM, and 645 (385–955) ng ml−1 for M-5,
corresponding to 1.68 μM (Siepmann et al. 1998). In view
of the extensive metabolism, it was proposed that the
metabolites may contribute to the clinical effects of
propiverine. Indeed, we found that M-5, M-6 and M-14
inhibited carbachol-induced Ca2+ release and also reduced
electrically stimulated contractions in biopsy strips, as
previously reported for strips from cystectomy samples
(Wuest et al. 2005b). The order of potency for these two
pharmacological effects was the same as the order of
binding affinity to hM1–hM5 receptors (see below).

Propiverine and the three metabolites bound to all hM
receptor subtypes. Each compound exhibited lowest affinity
for hM2 receptors and similar affinity for the other
subtypes. The differences in pKi values for binding to
hM2 and hM3 receptors varied between 0.5 and 1.5 log
units; nevertheless, the order of binding affinity to hM1–
hM5 was the same, i.e. M-6 > propiverine > M-14 > M-5.

The hM3 subtype is the most important subtype involved
in detrusor contraction (Chess-Williams et al. 2001;

Fetscher et al. 2002; Yamanishi et al. 2000). Propiverine
bound to hM3 receptors with lower affinity than the
selective hM3 receptor antagonist 4-DAMP (see Table 2)
and other drugs used in the therapy of OAB (i.e.
tolterodine, pKi 8.5, oxybutynin, 8.5–9.2, darifenacin,
8.9–9.1, atropine, 9.0–9.7; Nilvebrant et al. 1997; Chapple

Fig. 7 Correlation of potency (pEC50) and binding affinity (pKi) on
hM3 receptors of the standard antimuscarinic drugs tolterodine,
oxybuytnin, propiverine and the propiverine metabolites M-5, M-6
and M-14 in comparison to atropine. Drug potency was estimated as
the pEC50 value for suppression of EFS-elicited detrusor contractions
(Fig. 5). Binding affinities to hM3 receptor subtype are expressed as
pKi values for propiverine, M-5, M-6 and M-14. For comparative
purposes, the respective values for tolterodine, oxybutynin and
atropine were taken from the literature as indicated (pKi values from
Nilvebrant 1997; pEC50 values from Naerger et al. 1995)

Fig. 8 Mean contraction amplitudes of human biopsy samples in
comparison to tissue preparations from cystectomy patients after EFS
or stimulation with either 10 μM of carbachol or 85 mM KCl. The
numbers in the columns represent the number of strips versus the
number of patients. Note that the whole biopsy sample was used for
mounting one or two muscle strips, whereas three to four strips were
obtained from each cystectomy sample
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2004; Mansfield et al. 2005). Oxidation of the nitrogen
without any change in the aliphatic side chain, as in M-5,
dramatically reduced binding affinity to hM3 receptors, and
this corresponded well with the observed low functional
potency. In fact, M-5 was less potent than the parent
compound with respect to preventing carbachol-induced
elevation of [Ca2+]i or with respect to impairment of
detrusor contractions induced by muscarinic receptor
stimulation. In our previous work, M-5 did not block
L-type Ca2+ channels even at the highest concentration
studied (100 μM), although it reduced EFS-induced force
completely at 1 mM (Wuest et al. 2005b). M-5 had only a
small effect on maximum carbachol-induced contractions in
human detrusor, although it had a larger effect in pig and
mouse. This correlates well with the reduction in maximum
carbachol contractions in the presence of the selective
L-type Ca2+-channel blocker nifedipine, which was found
to be significantly lower in human than in other species
(M. Wuest et al. unpublished results; Schneider et al.
2004a,b). Therefore, we cannot exclude that M-5 may
show some inhibition of ICa,L at very high concentrations.

Converting the tertiary amine into a secondary amine
like M-14 lowered the binding affinity to hM3 receptors
only slightly in comparison with the parent compound. This
corresponds with the general differences in affinity of
secondary and tertiary amines to muscarinic receptors, as
for example reported for the tricyclic antidepressants
desipramine and imipramine (Rehavi et al. 1987). In
functional studies, M-14 reduced the maximum effect of
the concentration-response curve for carbachol without any
shift to higher concentrations (Wuest et al. 2005b). Like
propiverine, M-14 reduced hM3 receptor-mediated [Ca2+]i
release in HEK cells, albeit at higher concentrations. In line
with the small difference in binding affinity to hM3

receptors, M-14 and propiverine show comparable
potency and efficacy in reducing EFS detrusor contrac-
tion (cf. Fig. 6). Binding of M-14 to muscarinic receptors
would support the idea that the metabolite causes a
receptor-mediated pharmacological effect. M-14 also
blocks L-type Ca2+ channels (Wuest et al. 2005b), and this
effect may contribute to reduction of detrusor contractions
since activation of calcium-influx via L-type calcium-
channels is associated with muscarinic receptor-mediated
detrusor contraction (Wegener et al. 2004; Schneider et al.
2004a,b).

Loss of the aliphatic side chain, as in the molecular
structure of M-6, is associated with a higher binding affinity
to hM3 receptors than the parent compound propiverine
(see Table 1). Our data confirm recently published binding
affinities of propiverine and M-6 in homogenates of human
bladder, with pKi values of 6.81 versus 6.32, respectively
(Maruyama et al. 2006). In hM3 receptors expressed in
CHO-K1 cells, the differences in pKi values were smaller:

6.76 for propiverine versus 6.94 for M-6 (same reference).
In the two functional models of [Ca2+]i elevation mediated
by hM3 receptor stimulation and EFS-elicited detrusor
contractions, M-6 was more than one order of magnitude
more potent than propiverine (this study), but did not affect
atropine-resistant contractions (Wuest et al. 2005b). Inter-
estingly, M-6 neither reduced the maximum responses to
carbachol nor blocked L-type Ca2+ calcium currents at
≤10 μM (Wuest et al. 2005b). The concentration ranges of
binding characteristics and pharmacological effects in
different models of detrusor function are strikingly similar
(this study; Maruyama et al. 2006; Wuest et al. 2005b),
therefore M-6 is likely to be involved in the drug effect. It
must be emphasized, however, that M-6 was not detected in
serum but was found in urine only (Haustein and Hüller
1988). If M-6 does in fact contribute to the therapeutic
effect of propiverine it must be assumed that it reaches its
site of action via the urothelium, which also contains
muscarinic receptors (Andersson and Arner 2004; Gillespie
et al. 2003; Hawthorn et al. 2000).

The paradoxical increases in baseline tension recorded
with high concentrations of propiverine and M-14 were
similar to our previous observation with atropine and
propiverine in cystectomy samples (Wuest et al. 2005a).
Although the phenomenon was not found in all prepara-
tions, we suggest that it may be related to an unselective,
direct effect of the compounds on the Ca2+ release
mechanism, since propiverine and M-14 elevated [Ca2+]i
in HEK-293 cells (cf. Fig. 4). M-6 did not directly increase
[Ca2+]i, which was not surprising because it is the only
propiverine metabolite without the aliphatic side chain and
probably acts exclusively as a muscarinic antagonist.
Conversely, all propiverine metabolites with an unchanged
aliphatic side chain were associated with an unsurmount-
able antagonism in guinea-pig ileum (Siegmund et al.
1990). M-5 on the other hand, like propiverine and M-14,
does possess the aliphatic side chain and also depresses
carbachol-induced detrusor contraction in an unsurmountable
manner. We suggest that the lack of a direct effect on [Ca2+]i
may be due to its generally low affinity and potency.

In this study the effects of propiverine and its metabolites
were measured in human detrusor biopsies in which absolute
force development in response to high KCl was similar as in
cystectomy samples, suggesting that depolarisation-depen-
dent contractile function does not differ between the two
preparations. However, contractions elicited by electric field-
or carbachol were significantly lower in biopsy specimens
than in cystectomy samples even when corrected for smaller
sample size (Wuest et al. 2005b). This suggests some
impairment of muscarinic receptor-mediated signal transduc-
tion in the biopsies. Nevertheless, potency and efficacy of
the individual spasmolytic compounds were comparable in
both types of tissue (see Table 2 and Wuest et al. 2005b).
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These findings confirm and extend previous reports in the
literature where biopsies were found to be suitable prepara-
tions for experimenting with porcine or human detrusor
contractions (Harrison et al. 1988; O’Reilly et al. 2002).

In summary, our results suggest that the main metabolite
of propiverine, M-5, probably contributes little to the
overall effect of propiverine because of its low affinity to
hM3 receptors. Conversely, because of the high affinity to
muscarinic receptors and high potency in different models
of detrusor contractions, M-6 should contribute significant-
ly despite the fact that it is not detected in plasma but in
urine only. The intermediate position of M-14 with respect
to binding affinity and potency suggests some limited
contribution to the therapeutic action of propiverine.
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