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Adrenergic receptors of the β3-subtype (β3-ADRs) seem to represent a new target
for a more effective pharmacological treatment of overactive bladder (OAB), a
wide spread urinary disorder. A promising opportunity for OAB therapy might rely
on the development of selective β3-ADR agonists, but an appropriate preclinical
screening, as well as investigation of their pharmacological mechanism(s), is
limited by poor availability of human bladder samples and of translational
animal models. In this study, we used the porcine urinary bladder as
experimental tool to ascertain the functions of β3-ADRs in the control the
parasympathetic motor drive. Tritiated acetylcholine ([3H]-ACh), mainly
originated from neural stores, was released by electrical field stimulation (EFS)
in epithelium-deprived detrusor strips from pigs bred without estrogens. EFS
produced simultaneously [3H]-ACh release and smooth muscle contraction
allowing to asses neural (pre-junctional) and myogenic (postjunctional) effects
in the same experiment. Isoprenaline and mirabegron produced on the EFS-
evoked effects a concentration-dependent inhibition antagonized by L-748,337, a
high selective β3-ADR antagonist. The analysis of the resultant pharmacodynamic
parameters supports the notion that in pig detrusors, as well as in previously
described human detrusors, the activation of inhibitory β3-ADRs can modulate
neural parasympathetic pathways. In such inhibitory control, the involvement of
membrane K+ channels, mainly of the SK type, seems to play a pivotal role similarly
to what previously described in humans. Therefore, the isolated porcine detrusor
can provide a suitable experimental tool to study the mechanisms underlying the
clinical efficacy of selective β3-ADR compounds for human use.
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1 Introduction

Dysregulation of neural and myogenic pathways is questioned in various forms of lower
urinary tract symptoms (LUTS) which produces sensory- or motor-activated incontinence
(Andersson, 2010). LUTS are generally divided into storage, voiding and post-micturition
components. Overactive bladder (OAB) is a syndrome based on the complaint of urinary
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symptoms and defined as the presence of urinary urgency, usually
accompanied by frequency and nocturia, with or without urgency
urinary incontinence, in the absence of urinary tract infection (UTI)
or other obvious pathology (Haylen BT et al., 2010). It is a very
common condition included in the bladder storage disorders, with
multifactorial pathophysiological mechanisms. OAB can result from
the alteration of detrusor muscle excitability linked to several
myogenic and neurological factors (Andersson, 2010) that
urodynamically can determine bladder pressure increase caused
by uninhibited detrusor contractions (detrusor overactivity—DO).
Muscarinic antagonists are the mainstay of OAB treatment, but their
obvious limitations (Apostolidis, 2015) prompted to research novel
receptor targets for a more effective treatment of this condition
(Andersson, 2015).

Indeed, the focus on sympathetic neurotransmission enriched
the current pharmacological portfolio with mirabegron and recently
with Vibegron (Patton, 2021), the second β3-adrenoceptor (β3-
ADR) agonist to be approved for the treatment of OAB. Other
new putative β3-ADR agonists are reported in clinical trials
(Andersson, 2017). The clinical success of mirabegron has
brought to an increased interest in its mechanism(s) of action.
However pharmacological investigations are limited by poor
availability of human bladder specimens as well as by the
considerable differences in β-ADR expression pattern in different
animal species, making extrapolation of findings hard to correlate
(Michel and Korstanje, 2016). Therefore, since the pig model is
considered, for many aspects, predictive for elucidating integrative
bladder physiology (Parsons et al., 2012), we aimed to ascertain the
presence and the function of the β3-ADR subtype in the porcine
detrusor. In particular, the objective of this exploratory study was to
demonstrate that β3-ADRs are involved in the reduction of
parasympathetic excitatory motor drive as described in the
human detrusor (D’Agostino et al., 2015). In addition, we
explored a possible neural role exerted by Ca2+ −activated K+

channels (KCa) by means of [3H]-ACh release experiments.
For this purpose, we used urinary bladders obtained from male

pigs (Cavour strain), bred without estrogens to exclude a possible
interference with KCa channels on detrusor smooth muscle (DSM)
(Hanna-Mitchell et al., 2016), and DSM strips prepared urothelium-
deprived to minimize the influence of non-neural sources of ACh
and ATP (Yoshida et al., 2008). From neural store labeled with
tritiated acetylcholine ([3H]-ACh), electrical field stimulation (EFS)
produced simultaneously DSM contractions and related outflow of
radioactivity that were assessed in the presence of β3-ADR agonists
and antagonists as well as of subtype-preferring compounds for the
plasma membrane K+ channels, namely BKCa and SK. The related
pharmacodynamics parameters were calculated and compared with
published estimates previously obtained in the human detrusor
(D’Agostino et al., 2015).

2 Materials and methods

2.1 Chemicals

The following compounds were purchased: [methyl-3H]-
choline chloride (2.89 TBq/mmol) from PerkinElmer, Inc.
(Boston, MA, United States); Tetrodotoxin (TTX), ω-

conotoxin GVIA (ω−CTX), N-[[3-[(2 S)-2-hydroxy-3-[[2-
[4 [(phenylsulfonyl)amino] phenyl]ethyl ]amino] propoxy]
phenyl] methyl]-acetamide (L748,337), naphtho[1,2-day]
thiazol-2-ylamine (SKA-31), (2R,4bS,6aS,12bS,12cR,14aS)-
5,6,6a,7,12,12 b,12c, 13, 14, 14a-decahydro-4b-hydroxy-2-(1-
hydroxy-1-methylethyl)-12 b, 12c-dimethyl-2H pyran[2″,3’’:
5′,6’]benz [1′,2’:6,7] indeno [1,2-b]indol-3 (4 bH)-one
(paxilline), 1-(3,5-bis-trifluoromethyl-phenyl)-3-[4-bromo-2-
(1H-tetrazol-5-yl)-phenyl]-thiourea (NS11021) and apamine
from Tocris Cookson Ltd. (Cabot Park Bristol, UK);
hexamethonium bromide, hemicholinium-3, phentolamine
hydrochloride and (±)-isoprenaline hydrochloride (INA)
from Sigma-RBI (St. Louis, MO, United States); 2-Amino-N-
[4-[2-[[(2 R)-2-hydroxy-2-phenylethyl]amino]ethyl]phenyl]-4-
thiazoleacetamide (mirabegron) from Santa Cruz Biotechnoloy.
Inc. (Santa Cruz, Ca, United States). Mirabegron, L748,337 and
KCa ligands were dissolved in DMSO in stock solutions and
appropriate dilutions were prepared daily. The final DMSO
concentration in the solutions never exceeded 0.1% vol/vol. At
this concentration, DMSO did not influence the EFS-evoked
parameters. Other drugs were dissolved in distilled water.

2.2 Preparation of porcine detrusor strips

Specimens from the anterior part of the urinary bladder dome of
76male pigs (Cavour strain, >9 months, carcass weight 160–180 kg),
obtained from local abattoir were transported to the laboratory in
gassed (95% O2 and 5% CO2) Krebs’ solution at 6°C containing
(mM): NaCl 120, KCl 4.7, MgSO4 0.6, NaHCO3 25, KH2PO41.2,
CaCl2 2.0 and glucose 10 (pH 7). DSM strips (20 mm long, 4 mm
wide), prepared by removing urothelium with the edge of a scalpel.
Urothelium removal was confirmed by histological examination.
Four strips were mounted isometrically under an initial tension of
2 g in 2 ml chambers superfused with Krebs’ solution at 37°C.
Electrical field stimulation (EFS) was applied by means of two
platinum electrodes placed parallel to the preparation, which
activate nerves, similar to triggering bladder contractions in vivo.

The study was approved by the Animal Ethics Committee of
University of Pavia and complies with the current European laws in
adherence to guiding principles of Three Rs (3R s) for more ethical
use of animals.

2.3 Labelling and release experiments

After a 30 min equilibration period, neuronal release of [3H]-ACh
was assessed according to the procedure previously described for the
human bladder (D’Agostino et al., 2015). Briefly, the preparation was
incubated for 45 min with [methyl-3H] choline (92 kBq/ml) to label
neuronal ACh stores under EFS applied by 10 s pulse trains delivered at
10 Hz (0.2 m duration, 60 V/cm, 60 s apart). Following loading, the
preparations were washed out for 120 min by superfusion at a constant
rate of 2 ml/min (Minipulse 2HP8 flow inducer, Gilson Medical
Electronics, Middleton, WI, United States). Hemicholinium-3
(10 μM) and phentolamine (1 μM) were present in the superfusion
solution throughout the experiment to prevent choline uptake and
influence of α-ADRs, respectively. Starting at the 121th min (zero time),

Frontiers in Pharmacology frontiersin.org02

D’Agostino et al. 10.3389/fphar.2023.1177653

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1177653


the fluidwas collected continuously in 3 min periods (6 ml samples) and
aliquots (1 ml) were measured in 3 ml of Ultima Gold scintillation
cocktail (Packard BioScience, Groningen, Netherlands) by liquid
scintillation spectrometry (Tri-Carb 2700TR, PerkinElmer, Shelton,
CT, United States). Quench correction curves were established and
external standardization was used for counting efficiency. Tritium
content was expressed in disintegration per s (Becquerel) for gram of
dry weight of the tissue (Bq/g) determined at the end of the experiment.

2.3.1 Pre- and postjunctional experimental
protocols

EFS at 20 Hz evoked simultaneously submaximal DSM
contraction and [3H]-outflow, which can be regarded as a reliable
indicator of [3H]-ACh release from postganglionic cholinergic nerve
terminals (D’Agostino et al., 2000). EFS was delivered in individual
preparation with different parameters in two protocols (A and B).

Protocol A. DSM strips were stimulated by intermittent EFS (IS)
delivered with six trains of 9 s at 20 Hz (0.1 m durations, 90 V/cm,
33 s apart) according to D’Agostino et al. (2015). Two EFS (S1 and S2
evoked at ninth min and 54th min after zero time, respectively)
evoked an increase of 3H]-outflow that was calculated as difference
between the total tritium outflow during 3 min stimulation plus the
following 12 min (evoked-outflow period) and the calculated
spontaneous outflow. The decline for the spontaneous outflow
was calculated by fitting a linear regression line to the values
(expressed in Bq/g) of 3 min-samples before and after the
evoked-outflow period. In control situation (S2/S1 in the absence
of tested drugs), the ratio between the [3H]-outflows evoked during
the two stimulation periods (S2/S1) was calculated and considered as
100% reference value. The change in this ratio caused by the tested
drugs was taken as a measure of their percentage effect at neural side.

DSM contractions (IC1 and IC2) evoked by S1 and S2,
respectively, were measured as the mean value of six
contractions. This value was considered as 100% reference in
control situation (IC2/IC1 in the absence of tested drugs). Any
variation in IC2/IC1 ratio caused by drug exposure compared to
the equivalent ratio in control experiments was taken as a measure of
the muscular effect. The drugs were added 8 min (agonists) or
30 min (antagonists and toxins) before the onset of S2.
Accordingly, concentration-response curves (CRCs) for agonists
were constructed in the absence and in the presence of antagonists.

Protocol B. After the washout period (zero time), spontaneous
[3H]-outflow was measured for 12 min and thereafter DSM strips
were stimulated by continuous EFS (CS) delivered with 3 s trains at
20 Hz (0.75 m durations, 20V/cm, 60 s apart) according to Soder
et al. (2013). When DSM twitch contractions were reproducible,
related EFS-evoked [3H]-outflows were measured and those evoked
during two 15 min periods (P1 and P2, starting at 26th min and 75th
min after zero time, respectively) were compared. The respective
amount of radioactivity was calculated as area under curve (AUC)
that is the value resulting from the difference between the total
tritium outflow during 15 min stimulation and the calculated
spontaneous outflow. The decline for the spontaneous outflow
was calculated as described in protocol A. Drugs (KCa activators
and blockers) were exposed 15 min before P2 and the resultant P2/
P1 calculated. The change of this ratio compared to that observed in
control situation (P2/P1 in the absence of tested drugs) was taken as
a measure of the percentage effect caused by KCa ligands.

DSM contractions (CC1 and CC2) were assessed as the mean
value of the 15 contractions evoked during P1 and P2, respectively.
Any variation in CC2/CC1 ratio caused by drug compared to the
equivalent ratio in control experiments was taken as a measure of the
muscular effect.

2.4 Data analysis

The present study and analyses were designed to be exploratory,
but not to test a pre-specified statistical null hypothesis. Therefore, p
values reported here should be considered as descriptive and not as
hypothesis testing.

The amounts of ACh release were measured as S2/S1 and P2/
P1 ratios by Peak (software program from University of Pavia). The
effectiveness of ACh release in producing isometric DSM contraction
was assessed on PowerLab apparatus (ADInstruments, Castle Hill,
Australia) by mean of LabChart 3.6 software.

Results are expressed as mean ± SD, with n indicating the
number of preparations used for a particular set of experiments:
no outliers were excluded from data analysis and presentation and
the n number was always equal or higher than five. Only one
experiment was performed per preparation.

Drug potency estimates were evaluated for agonists as -log EC50

(negative log of the molar concentration-producing half-maximal
effect) by non-linear curve fitting (best-fit value Delta log EC50,
GraphPad Prism, version five; GraphPad Software Inc., San Diego,
CA). Efficacy was expressed as Emax (maximal effect vs control).
Apparent affinity (pKi) estimates were calculated for antagonists
(D’Agostino et al., 2015). One sample t-test using 100% as reference
value was applied to evaluate the effects caused by drugs. p <
0.05 values were considered statistically significant.

3 Results

3.1 Neural and muscular effects evoked by
intermittent EFS in pig DSM strips

EFS produced simultaneously a contractile response (IC1;
748.7 ± 20.8 mN, n = 15) and a marked 3 [H]-outflow (S1;
6,279 ± 798 Bq/g dry tissue, n = 15) (Figures 1A, B). In control
experiments, the second EFS produced reduced effects on both
patterns, showing an IC2/IC1 and S2/S1 ratio value of 0.90 ±
0.45 and 0.82 ± 0.02, respectively.

These ratios were not significantly affected by the ganglionic
blocker hexamethonium at 10 μM (n = 14, p > 0.05; not shown).
Conversely, EFS-evoked contractile response and [3H]-outflow were
reduced in a concentration-dependent manner by TTX assessed in
100 nM-10 μM concentration range (Emax at 10 μM: 92 ± 3% and
85 ± 2%, respectively; n = 5). A similar marked inhibitory pattern
was observed for the N-type Ca2+-channel blocker ω-conotoxin
GVIA (0.1–3 μM range) (Emax at 3 μM 70 ± 11% and 83 ± 5%,
respectively; n = 5; Figure 2). Taken together, these data indicate that
the [3H]-outflowmostly reflects the release of neural [3H]-ACh from
cholinergic terminals, but it includes a TTX-insensitive component
too (by about 15%–20%) likely related to the TTX-resistant
spontaneous outflow (D’Agostino et al., 2015).
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Isoprenaline (INA) and mirabegron (Figure 3A) inhibited the
EFS-evoked contraction, producing CRCs with similar efficacy
(Emax 50%) and potency (pEC50 6.94 ± 0.07, n = 14, and 6.84 ±
0.29, n = 10, respectively).

EFS-evoked [3H]-ACh release was reduced in a
concentration-dependent manner with similar Emax (45% and
40%, respectively; Figure 3B) but with a marked difference
between the potencies of INA (pEC50 9.06 ± 0.20, n = 14, and

FIGURE 1
Time course illustrated by original drawings of experiments in pig DSM strips according to protocol A (see Methods for details). Intermittent EFS (IS)
delivered at 20 Hz 33 s apart caused simultaneously contractile (A) and [3H]-ACh release (B) effects in control conditions. The exposure of 1μM TTX and
100 nMmirabegron produced inhibition of both effects as shown inmiddle (C, D) and bottom (E, F) panels, respectively. In B, D and F diagrams, each point
represents the radioactivity per gram of tissue in the superfusate.
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mirabegron (pEC50 6.88 ± 0.19, n = 10). Notably, the same
difference was also reported in the human detrusor (see
Table 1) where an additional inhibitory β-ADR is present,
resembling the β2-ADR subtype (see D’Agostino et al., 2015).

The [3H]-ACh release CRCs of mirabegron and INA were
shifted to the right by the selective β3-ADR antagonist L-
748,337 yielding a similar pKi (8.56 ± 0.08, n = 10, and 8.56 ±
0.06, n = 14, respectively) (Figures 3C,D). The blocking action of
30 nM L-748,337 was estimated also on EFS-evoked contractile
responses caused by mirabegron yielding a pKi of 8.26 ± 0.18, n =
5, (Table 1). Taken together, both rank order of potencies and
apparent affinities correlate with the presence of the β3-ADR
subtype in porcine DSM (see Table 1).

3.2 Neural and muscular effects evoked by
continuous EFS in pig DSM strips

The intracellular pathways suspected in the inhibitory
effects caused by β3-ADRs activation were studied in a
different set of experiments by means of subtype-preferring
compounds for membrane KCa channels (BK and SK). For a
reliable comparison, EFS was delivered with parameters of
protocol B, previously used to stimulate human DSM strips
(Soder et al., 2013). Continuous EFS caused DSM contraction
(CC1; 271.3 ± 65.1 mN, n = 7) and [3H]-ACh release (P1; 8,515 ±
1,126 Bq/g dry tissue, n = 7). A progressive reduction was
observed during a period of 120 min showing a CC2/CC1 and
P2/P1 ratio value of 0.79 ± 0.03 and 0.60 ± 0.02, respectively. The
time course of an experiment in control conditions is shown in
Figures 4A, B.

NS11021 (putative selective BKCa activator at 3 μM) caused
small but significant reduction on contraction (8.75 ± 0.97%, n =

6) and [3H]-ACh release (9.2 ± 2.60%, n = 5) in six and five assays,
respectively (p < 0.01). At variance, both effects were enhanced
by 1 μM paxilline (BKCa blocker) (27.1 ± 2.5% and 8.12 ± 0.95%,
respectively; n = 5, p < 0.01) (Figures 5A, B). Conversely, marked
variation on DSM contraction was caused by the compounds
selective for K+ channels of SK type, namely 10 μM SKA-31 and
100 nM apamin, which caused inhibition (32.44 ± 4.33%, n = 10)
and facilitation (33.64 ± 3.78%, n = 7) of contractions,
respectively (p < 0.001; Figures 4C,E; Figure 5A). Similarly,
EFS-evoked [3H]-ACh release was reduced (32.65 ± 2.22%,
n = 6) and enhanced (33.39 ± 5.35%, n = 7) by the SK ligands
(p < 0.001; Figures 4D, F; Figure 5B). Noteworthy, the
combination of the two drugs failed to affect both facilitation
and inhibition significantly (not shown). The extent of variation
on EFS-evoked contraction caused by the used compounds is
listed in Table 1 for comparison with contractile experiments in
human DSM.

4 Discussion

An increasing body of evidence supports the concept that the
function of the human urinary bladder (during the storage and
the voiding phase) depends on a complex interplay of several
molecular pathways external to or within the bladder wall.
(Andersson and Arner, 2004). In this respect, close similarities
have been ascertained between human and porcine bladder in
functional and mechanical properties (Parsons et al., 2012). In
particular, similarities in receptors distribution (Goepel et al.,
1997; Goepel et al., 1998) as well as pharmacological profiles of
Ca2+ channels, involved in the contractile mechanism, have been
described (Buckner et al., 2000; Kajioka et al., 2002; Hashitani
and Brading, 2003). The excitatory component depends on ACh
and ATP in both species (Kumar et al., 2004). Weather available
evidence points to ACh as the main physiological
neurotransmitter in humans (Andersson and Wein, 2004), the
role of ATP rises in pathological conditions (Kumar et al., 2010)
as well as in porcine detrusor when ATP breakdown is down-
regulated (D’Agostino et al., 2012). In addition, the overall
amount of released ATP, including the one released from
neuronal (parasympathetic terminals) plus non-neural sources
(urothelium) and ecto-ATPase activity affecting purine levels, is
remarkably similar between pig and humans (Kumar et al., 2004).
Moreover, the inhibitory sympathetic pathway involves β-ADR
similar subtypes in both species (Yamaguchi, 2002; Yamanishi
et al., 2002). In humans, β3-ADR located on DSM was considered
the predominant subtype to cause effective bladder distension
required for urine storage (Yamaguchi and Chapple, 2007).
However, as recently focused (Okeke et al., 2017; Igawa et al.,
2019), this concept has been recently more and more questioned
because of the ambiguous reports on β3-ADRs localization
(Coelho et al., 2017; Silva et al., 2017, 2020). Previous studies,
based on validated antibodies (Limberg et al., 2010; Otsuka et al.,
2013), showed that β3-ADRs are not only expressed on myocytes
but also on other bladder wall structures suspected to contribute
to the regulation of bladder function (Limberg et al., 2010).

The present functional experiments corroborate such
assumption. Indeed, β3-ADRs activation by mirabegron caused

FIGURE 2
Concentration-dependent inhibition produced by 30min exposure
of TTX and ω−CTX on EFS-evoked [3H]-ACh release in pig DSM strips.
Intermittent EFS (IS) was delivered at 20 Hz according to protocol A (see
Methods for details). Data are the mean ± SD of n experiments. (*)
p < 0.01; (**) p < 0.001 significance vs. controls.
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smooth muscle relaxation simultaneously to a parallel reduction
of ACh release from parasympathetic terminals. The
concentration-dependent reduction of both effects was
antagonized by the highly selective antagonist L-748,337,
showing a pharmacodynamic pattern consistent with the
involvement of the β3-ADR subtype at both sides (see Table 1
for comparison). Notably, in our porcine in vitro model,
mirabegron is potent at a concentration therapeutically
achieved in humans, a finding that does not corroborate
classic pathophysiological and treatment concepts, historically
focused on smooth muscle cells (Andersson, 2017). In addition,
as previously suggested (D’Agostino et al., 2015), the observed
reduction on the cholinergic motor drive might support the
increase in post void residual volume documented in clinical
trials (Drake et al., 2017), even if acute urinary retention
remained negligible in OAB patients, where neurogenic

detrusor contractions seem mostly purinergic in nature
(D’Agostino et al., 2015).

It is evident that our findings stir up an open debate (Igawa
et al., 2019), supporting the notion that the mechanism in
reducing detrusor excitability might reside at neural site too.
But, since OAB symptoms occur in the storage phase, it remains
an enigma how neural ACh might contribute to an anomalous
detrusor motor drive, since the parasympathetic motor drive is
assumed to be “silent” during the filling phase (Igawa et al.,
2019). Really, during the storage phase ACh (and ATP) are
mainly released from urothelium, but urothelium does not
represent the exclusive source. Indeed, in urothelium-
deprived preparations parasympathetic nerves spontaneously
release non-quantal ACh and detrusor stretch causes the
increases non-neuronal ACh (Yoshida, et al., 2008). Both
sources produce a valuable amount of ACh, claimed TTX-

FIGURE 3
Concentration-dependent inhibition of INA and mirabegron on contraction (A) and [3H]-ACh release (B) evoked by intermittent EFS (IS) delivered at
20 Hz in pig DSM strips. In panel (C, D) the inhibitory effect on EFS-evoked-[3H]-ACh release in the presence of L748,337, selective antagonist for the β3-
ADR subtype. Data are the mean ± SD of 5–14 experiments.
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resistant. (D’Agostino et al., 1988; Zagorodnyuk, et al., 2009;
Yoshida, et al., 2004). In the present study, our findings did not
allow to establish whether β3-ADR agonists caused any
reduction in the amount of ACh TTX-resistant (by about
15%–20% of the total amount evoked by EFS): this represents
a not secondary matter that remains to be investigated in future
specifically designed experiments.

As regards ATP, it was suggested that in human detrusors
mirabegron could decrease the levels of neural ACh indirectly,
promoting adenosine accumulation from myocytes into the
neural cleft and, in turn, via activation of A1 receptors located
at prejunctional site (Silva et al., 2017, 2020). However, it is
reasonable to assume that such mechanism might work even
more in neural cells, since higher concentrations of ATP (up to
100 mM) are stored in secretory vesicles of neurons and released
with acetylcholine (and other transmitters) by nerve impulses
(Zimmermann, 2008). On this subject, porcine detrusor might
represent a useful tool to ascertain this molecular pathway in
cholinergic terminals too, providing evidence to reinforce the
neural hypothesis that β3-ADRs exert their inhibitory effect
predominantly at pre-junctional site, even if by indirect
mechanism underlying adenosine release generation. In this
respect, isolated porcine detrusor was successfully used to
explore the cross talk between purinergic and cholinergic
pathways, a link of particular importance when the ATP
breakdown is down regulated (D’Agostino et al., 2012). In
fact, ATP and its metabolites influenced the ACh levels in the
neural cleft of cholinergic terminals, determining an exaggerated
cholinergic trend that, mimicking pathological situations in
human bladders (Kumar et al., 2010; Silva-Ramos et al., 2020),
resembled in porcine detrusor a condition of experimental
hyperactivity.

Regarding the regulatory mechanism(s) underlying the
above-described inhibitory effects, a recent study with
adenylyl cyclase or PKA inhibitors showed that mirabegron-
induced relaxation of pig and human detrusor smooth muscle
occurs via both a β3-ADRs/cAMP-dependent and -independent
pathway (Maki et al., 2019). Particularly in exocytosis, it is

conceivable the involvement of biochemical cAMP-
independent pathways regulating intracellular Ca2+ signals
within the bladder wall. Indeed, nerve terminals contain a rich
variety of cAMP/PKA-independent downstream effectors that
ultimately govern neurotransmission. Among these, proteins as
Ca2+ −activated K+ (KCa) channels are prominent players in the
control of neurotransmitters release (Wang, 2008). In the DSM
cells, three major groups represent the KCa channel family: large
conductance (BKCa), intermediate conductance (IKCa) and small
conductance (SKCa) channels (Petkov, 2011; Petkov, 2014). BKCa

channels play an important inhibitory function in the bladder, in
health as well as in LUTS condition (Hristov et al., 2011; Petkov,
2014). Notably, it has been exclusively ascribed to SKCa channels
a negative feedback system controlling the neural activity in
human DSM (Afeli et al., 2012; Hristov et al., 2012; Soder
et al., 2013; La Fuente et al., 2014) as in pig DSM (Nielsen
et al., 2011).

However, based on the suggestion that β-ADRs are
functionally coupled to BKCa channels (Berkefeld et al., 2010)
and that BKCa channels enrich a variety of presynaptic terminals
regulating neurotransmitter release (Wang, 2008), we aimed to
ascertain whether BKCa channels are really key negative
regulators of cholinergic activity in the pig too.

The BKCa blocker paxilline caused a marked increase of DSM
contractions (by about 25%) but not on neurotransmitter release
(by about 8%). The enhancing effect of paxilline was
counteracted by NS11021, a well-established highly specific
activator for BKCa channels in 0.1–3 μM concentration range
(Bentzen et al., 2014), necessarily chosen to avoid the drawbacks
of non-selective BKCa openers (D’Agostino et al., 2017). The
efficacy of NS11021 was evident at muscular side but not at
neural level, even at the highest concentration (3 μM) (see
Table 1). These data seem to exclude BKCa channels to exert a
pivotal negative control at parasympathetic terminals, on the
other hand a role not previously predictable in the absence of
ACh release measurement. This finding might reinforce the
notion that either the function of presynaptic BK channels
may vary from synapse to synapse (Wang, 2008) or that

TABLE 1 Potency (pEC50), affinity (pKi) and variation values on EFS-evoked effects produced by ligands in pig DSM in comparison with respective values obtained
in human DSM.

EFS-evoked effects [3H] ACh release Contraction

Tissue Pig DSM Human DSM Pig DSM Human DSM

Parameter pEC50/pKi/% variation pEC50/pKi/% variation

INA 9.06 ± 0.20 9.05 ± 0.18 (a) 6.94 ± 0.26 6.94 ± 0.07 (a)

Mirabegron 6.88 ± 0.19 6.89 ± 0.29 (a) 6.84 ± 0.29 6.91 ± 0.08 (a)

L748,337 8.56 ± 0.08 8.57 ± 0.12(a) 8.26 ± 0.18 8.10 ± 0.05 (f)

Paxilline 8.12 ± 0.95 facilitation 25.5 ± 1.64 facilitation 32 facilitation (b)

NS11021 13.96 ± 1.80 inhibition 12.14 ± 1.31 inhibition

Apamine 33.39 ± 5.35 facilitation 33.64 ± 3.78 facilitation 32 facilitation (c, d)

SKA-31 32.65 ± 2.22 inhibition 31.63 ± 4.25 inhibition 33 inhibition (e)

a) Data from D’Agostino et al., 2015. Approximate values extrapolated from figures or diagrams reported from: Xin et al., 2012 (b); Afeli et al., 2012 (c); La Fuente et al., 2014 (d); Soder et al.,

2013 (e); Propping et al., 2013 (f).
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efferent nerves in the bladder do not express functional BKCa

channels (Werner et al., 2007).
In contrast, RT-PCR studies and immunohistochemistry

analysis (Afeli et al., 2012) pointed out the occurrence of the
SK3 channel as prominent subtype in whole detrusor tissue.

Furtherly, the presence of SK3 channels is corroborated by
functional data suggesting SK channels to exert a remarkable
role in reducing nerve-evoked contractions in both human and
pig detrusor (Nielsen et al., 2011; Soder et al., 2013). Our release
experiments clearly demonstrate the involvement of SK3 channels

FIGURE 4
Time course illustrated by original drawings of experiments in pig DSM strips according to protocol B (see Methods for details). Contractile response
and [3H]-ACh release were simultaneously evoked by EFS (CS) continuously delivered at 20 Hz, 60 s apart. Both effects are shown in control conditions
(A, B), in the presence of 10 μM SKA-31 (C, D) and of 100 nM apamine (E, F). In B, D and F diagrams, each point represents the radioactivity per gram of
tissue in the superfusate. p the amount of ACh released during 15 min period expressed as AUC (for details seeMethods). Arrows indicate the starting
time of drugs exposure.
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in a negative feedback mechanism: indeed, compounds selective
for the SK type, namely SKA-31 and apamin, markedly affected
[3H]-ACh release and, in turn, DSM contractions (Figure 5). So it
is now evident that SK channels, owing to their diverse subcellular
and cellular expression, serve a diverse range of functions, from
modulating repetitive firing patterns (Soder et al., 2013) to directly
determining levels of neurotransmitter release. Thus, the
modulation of intracellular second messenger pathways could
offer promising possibility for selective relaxation of urinary
bladder musculature. Noteworthy, the robust modulation
produced by selective SK modulators on motor drive in pig,
corroborating what reported in human DSM (see Table 1),
might represent a novel strategy to develop new drugs for the
treatment of human urinary bladder dysfunctions.

5 Conclusion

The present findings show close similarities between porcine
and human detrusors regarding the functions of β3-ADRs in control
the parasympathetic motor drive. Thus, this isolated animal model
might represent a valid tool to study further mechanisms underlying
the efficacy of β3-ADR agonists. In this respect, even if mirabegron
has been defined as a β3-adrenoceptor agonist, off-target effects at
other receptors and transporters have been reported (Dehvari et al.,
2018) and worthy to be investigated.

In addition, experiments with porcine detrusor might be used
translationally in pharmacology programs accompanying the
clinical development of new β3-ADR agonists. In this respect,
in pigs bred without estrogens we did not report any significant
variation in the efficacy of mirabegron, at variance from the
random efficacy observed in pigs of not selected strains used in a
previous study (D’Agostino et al., 2017). The clinical meaning of
our findings is yet to be determined. However, whenever β3-ADR
agonists were used in female patients on estrogens therapy, our
results might support a caveat for their clinical efficacy.
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