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• HIGHLIGHTS
-  The frequency-dependence of contraction initiation in pig and rat bladder by pre- or postganglionic stimulation is similar, implying the absence of 

intrinsic frequency modulation by intramural ganglia. The phosphodiesterase inhibitor sildenafil reduced contractions more with pre- than with 
postganglionic stimulation, implying multiple sites of action.

Purpose: The urinary bladder generates phasic contractions via action potentials generated in pre- and then postganglionic 
neurons. Whilst the frequency-dependence of postganglionic neurons to generate contractions has been quantified, the dy-
namic range of preganglionic neurons is less clear and if intramural ganglia exert frequency-dependent modulation of trans-
mission between pre- and postganglionic neurons. The phosphodiesterase type 5 inhibitor sildenafil reduces neurotransmitter 
release from postganglionic fibres to detrusor smooth muscle and an additional question was if there was also a preganglionic 
action. This study aimed to compare the frequency range of bladder contractile activation by pre- and postganglionic stimula-
tion in pig and rat bladders and if sildenafil exerted additional preganglionic actions. 
Methods: An arterially-perfused ex vivo pig bladder preparation was used for preganglionic (pelvic nerve) and mixed pre- 
and postganglionic (direct bladder wall) stimulation at 36°C and postganglionic mediated contractions achieved by field-stim-
ulation of in vitro isolated detrusor strips. With rats, pelvic nerve stimulation was carried out in vivo and postganglionic stimu-
lation also with isolated detrusor strips. 
Results: All contractions were abolished by 2% lignocaine indicating they are nerve-mediated. Stimulation targets were veri-
fied with hexamethonium that completely abolished pelvic nerve responses by had no effect on detrusor strips; responses to 
mixed bladder wall stimulation were partially reduced. The frequency-dependence of contractile activation was similar 
whether by pre- or postganglionic stimulation in both pigs and rats. Sildenafil reduced contractions to preganglionic stimula-
tion significantly more than to postganglionic stimulation. Mixed pre- and postganglionic stimulation were reduced by an in-
termediate extent. 
Conclusions: Intramural ganglia offer no frequency-dependent modulation under the experimental conditions used here and 
the sildenafil data are consistent with multiple sites of action underlying generation of bladder contractions. A translational as-
pect of these findings is discussed in terms of setting stimulation parameters for neuromodulation protocols.

Keywords: Bladder; Pelvic nerve; Nerve-mediated contractions; Sildenafil; Hexamethonium
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INTRODUCTION

The normal excitatory innervation of the bladder comprises 
preganglionic parasympathetic fibres that arise from the sacral 
spinal cord and project to intramural ganglia. Acetylcholine 
(ACh) release onto nicotinic receptors of postganglionic neu-
rons generates action potentials that are conducted to the de-
trusor layer of the bladder wall (BW) and elicit contraction 
[1,2]. A question arises if the ganglion itself modulates para-
sympathetic signal transmission. n vagal innervation of the tra-
chea, the ganglion is an effective filter of incoming signals [3]. 
In contrast, some sympathetic ganglia act as preganglionic am-
plifiers [4]. The situation with bladder intramural ganglia is less 
clear. De Groat and Saum [1] showed that low-frequency pre-
ganglionic stimulation (<1 Hz) recruits fewer postganglionic 
fibres than stimulation at higher frequencies (5–10 Hz), but it 
was not possible to show whether the frequency or intensity of 
preganglionic stimulation accounted for this modulation.

Determination of the physiological range of firing frequency 
in pre- and postganglionic nerves to the bladder is relevant, as 
postganglionic parasympathetic fibres release 2 transmitters: 
ACh, which is released at higher frequencies (10–40 Hz), and 
adenosine triphosphate (ATP), which is released at lower fre-
quencies (1–10 Hz) [5]. The normal human bladder contractile 
activation is solely mediated by ACh, as determined by the abo-
lition of in vitro nerve-mediated responses with atropine [6]. 
This pattern is unlike that of human bladders with benign lower 
urinary tract pathologies, such as overactive bladder (OAB), 
and the bladders of most laboratory animals, which show atro-
pine-resistant contractions, themselves abolished by additional 
purinergic (P2X1) receptor desensitization, due to nerve-medi-
ated ATP release. Whether ATP is a functional neurotransmit-
ter depends on its hydrolysis rate at the nerve-muscle junction 
[7]. The differential control of nerve-mediated ATP and ACh 
release has translational potential as the selective reduction of 
ATP release from postganglionic fibres would attenuate a trans-
mitter associated with OAB contractions in humans. It would 
therefore be important to measure the relationship between the 
frequency ranges of pre- and postganglionic stimulation that 
generate bladder contractions as a paradigm for artificial neu-
romodulation to control transmitter release selectively.

An additional aim of the study was to investigate the role of 
the phosphodiesterase-5 (PDE5) inhibitor sildenafil in modify-
ing detrusor contractions. Sildenafil has a direct relaxatory ac-
tion on detrusor muscle, suggesting that it may play a role in 

therapy for OAB. However, it also selectively reduces ATP neu-
rotransmitter release over ACh at postganglionic parasympa-
thetic fibres, which raises the question of whether it also influ-
ences preganglionic transmitter release. Therefore, its action on 
pre- and postganglionic stimulation was also tested.

These experiments used ex vivo and in vitro pig bladder 
preparations for 2 reasons: the physiology is similar to that of 
the human bladder [8], and experiments can be done, in this 
preliminary study, without the potential confounding effect of 
sympathetic hypogastric activity on ganglion function as would 
exist with in vivo experiments. Additional experiments with in 
vivo and in vitro rat preparations were done to determine 
whether similar data would be found in a small laboratory ani-
mal model.

MATERIALS AND METHODS

Experimental Animals and Ethical Approval
Data were collected from adult female pigs (Sus scrofa domesti-
ca, 6 months) and rats (Wistar 200–240 g). Pig bladders were 
obtained from the local abattoir, immediately after slaughter 
(Langford, Bristol, UK). Rats were sourced from Charles River 
UK Ltd. and housed at the University of Bristol Animal Servic-
es Unit, where they were maintained at 22°C in plastic cages 
with bedding, under a 12/12-hour light-dark environment and 
with free access to food and water. Animal care and experimen-
tal procedures with rats were in compliance with the University 
of Bristol Ethics Committee and UK legislation under the Ani-
mals (Scientific Procedures) Act 1986 Amendment Regulations 
(SI 2012/3039) and adhered to ARRIVE guidelines [9].

Pig Preparations
The bladder, ureters, urethra, and distal abdominal aorta with 
the vesical branches were removed and immediately transport-
ed to the laboratory in ice-cold, gassed Tyrode’s solution. The 
aorta was cannulated with a 14-G needle, the redundant branch-
es were ligated, and the bladder was perfused (10 mL/min) with 
Tyrode’s solution by a peristaltic pump: drug interventions were 
introduced into the arterial perfusate. The preparation was put 
into a 20-L closed water-jacketed (36°C) chamber, into which 
venous outflow drained through a siphon, to maintain a hu-
midified environment. A 6-channel double-lumen catheter was 
inserted into the bladder via the left ureter, secured with a Vic-
ryl suture, and connected to a pressure transducer; the right 
ureter was ligated. The bladder was filled with Tyrode’s solution 
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to 150 mL through a 14-channel Foley catheter and drained as 
required. This model has been previously validated [8]. Finally, 
the pelvic nerves (PNs) were identified (Fig. 1A, B).

Preganglionic Stimulation Ex Vivo Model
Intravesical pressure transients were generated by PN stimula-
tion with an isolated Grass SD9 stimulator (AstroNova, Elgin, 
IL, USA) via bipolar platinum-iridium cuff electrodes (minia-
ture nerve cuff electrode, WPI, Hitchin, Herts, UK; Fig. 1C). 
The stimulus protocol was a 3-second train of 0.1-msec square 
waves (1–40 Hz) every 90 seconds. Before recordings, stimula-
tion was applied to the electrode when placed about 1 cm from 
the PN to ensure absence of field stimulation to the nerve or 

bladder. The stimulator output voltage was varied for each blad-
der to obtain a threshold (Vthr, Fig. 1D, 10 V in this example), 
and recordings were obtained at twice-Vthr; this was checked at 
intervals and did not change by more than 10% during the ex-
periments.

Pre- and Postganglionic Stimulation Ex Vivo Model
Pressure transients were generated by direct BW stimulation 
with the same stimulation protocol, via custom-made titanium 
mesh electrodes (6.25 cm2) with a 0.25-µm platinum-coating. 
An electrode was sutured to the bladder base (Fig. 1E) and a 
reference Ag/AgCl electrode to the dome.

A B C

D E F

Fig. 1. Pig bladder pelvic nerve and bladder wall ex vivo preparations. (A) Dissection of the pig pelvic region to show the lower uri-
nary tract. The inset shows the pelvic nerve and an intramural ganglion. (B) Suture around the pelvic nerve prior to placement of the 
cuff electrode. (C) Cuff electrode in place. (D) Intravesical pressure traces at different stimulator voltages to determine the threshold 
stimulation conditions. (E) Pig bladder with electrode in place for bladder wall stimulation. (F) Rat bladder, intravesical pressure trac-
es with the cuff electrode around the pelvic nerve (upper trace) or adjacent to the nerve (lower trace).
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Postganglionic Stimulation In Vitro Model
At the end of the ex vivo experiments, a BW section was cut 
from the mid-dome, the mucosa was removed, and a detrusor 
strip (5-mm length; <1-mm diameter) was prepared to record 
isometric contractions by electrical field stimulation (EFS), us-
ing the same protocol [5]. The pressure and tension transducers 
were connected to a data acquisition system (PowerLab 16/35, 
WPI, Hitchin, Herts, UK) running LabChart v8 software.

In Vivo and In Vitro Rat Preparations
Female rats were anaesthetised (urethane, 1.4 g/kg, intraperito-
neal), the right femoral artery was cannulated to record blood 
pressure and heart rate, and the right femoral vein was used for 
fluid infusion; the trachea was cannulated to ensure airway pa-
tency. The rectal temperature was 37°C with a homeothermic 
blanket system (Harvard Apparatus, Holliston, MA, USA). An-
aesthetic depth was assessed by monitoring paw withdrawal re-
flexes, blood pressure, and heart rate: if required, additional an-
aesthesia and fluids were administered. Through a midline lap-
arotomy, the bladder was reflected to 1 side, the PN was identi-
fied and separated from the uterine wall, and a custom-made 
cuff electrode [10] was placed around the distal part. Intravesi-
cal pressure was monitored by a suprapubic 25-G needle con-
nected to a pressure transducer, after filling to 1.5 mL. For pre-
ganglionic nerve stimulation, the same protocol was used (ST-
MISOLA, Biopac Systems Inc., Santa Barbara, CA, USA), with 
threshold measurement and the lack of field stimulation (Fig. 
1F) checked as above. At the end of the experiment the rat was 
euthanised with sodium pentobarbital (200 mg/kg, intraperito-
neal) and the bladder was immediately removed. A detrusor 
strip, after removal of the mucosa, was prepared in the same 
manner as for the pig preparations to record isometric contrac-
tions with postganglionic nerve stimulation.

Solutions and Drugs
Tyrode’s solution contained (mM): NaCl, 118.0; NaHCO3, 24.0; 
NaH2PO4, 1.8; KCl, 4.0; MgCl2, 1.0; CaCl2, 1.8; sodium pyru-
vate, 5.0; glucose 6.0, 5% CO2-95% O2, pH 7.4. Lidocaine-HCl 
was diluted in Tyrode’s solution to a final 2% (w/v) solution 
[11]; hexamethonium was dissolved in Tyrode’s solution to a fi-
nal concentration of 300 µM [12]. Sildenafil was dissolved in 
dimethylsulphoxide (DMSO) as a 10mM stock solution and di-
luted to 20 µM in Tyrode’s solution. The chemicals and drugs 
were obtained from Sigma-Aldrich (Gillingham, Dorset, UK).

Data and Statistical Analysis
Data were recorded with a PowerLab 16/35 acquisition system 
and LabChart v8 software. Because pressure transients were su-
perimposed on spontaneous contractions, the amplitude was 
measured with respect to the lowest pressure immediately after 
relaxation (Fig. 2A, B). The pressure (P) or tension (T)-frequen-
cy relations were parameterised as:

where Pmax (Tmax) is the maximum estimated value at high fre-
quencies, f, and f1/2 is the frequency required to attain Pmax/2 
(Tmax/2); m is a constant. P-f (T-f) curves were also normalised 
to values for each curve at 40-Hz stimulation. Data sets are giv-
en as mean±standard error of the mean (SEM), with n equal-
ling the number of bladders; tension values were normalised to 
the mean preparation cross-sectional area. Differences between 
data sets were tested with analysis of variance and the post hoc 
parametric t-test adjusted for multiple comparisons.

RESULTS

Pig Bladder-Contractions to Electrical Stimulation
Pressure or tension transients in response to electrical stimula-
tion of the PN (Fig. 2A), BW (Fig. 2B) and isolated detrusor 
strips (Fig. 2C) are shown. Mean (±SEM) frequency-response 
curves are shown to the right of the sample traces. Lidocaine 
completely abolished responses in all 3 preparations, indicating 
they were all nerve-mediated. The insets show force-frequency 
plots for the respective modes of stimulation, and the data were 
fitted by equation 1. In each preparation, 2 curves at 30 minutes 
apart were generated as time-controls. The respective Pmax val-
ues for PN stimulation were 5.8±2.3 and 6.2±1.8 cm H2O (n=7, 
P>0.05) and for BW stimulation were 6.2±1.8 and 6.7±1.1 cm 
H2O (n=8, P>0.05). Tmax values for EFS of isolated preparations 
were 2.0±0.7 and 2.1±0.3 mN/mg (n=6, P>0.05).

A nicotinic receptor antagonist, hexamethonium (300 µM), 
was used to confirm the target of stimulation in the 3 prepara-
tions. Contractions were completely abolished with PN stimu-
lation (0%±0% control, n=7), but unaffected by EFS to isolated 
preparations (102.8% ±2.7% control, n =6): BW stimulation 
contractions were partially reduced (32.6% ±2.7% control, 
n=8) but the f1/2 values were not significantly different. Thus, 
PN stimulation was preganglionic, EFS was postganglionic, and 
BW stimulation elicited pre- and postganglionic responses.
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To test the main question of the study, the frequency-depen-
dence of responses to the 3 modes of stimulation was calculat-
ed, as f1/2 values. There was no significant difference in the f1/2 
values (f1/2: the frequency for half-maximal response, equation 
1) among the 3 modes of stimulation (Fig. 3A), suggesting that 

there was no frequency-dependent filtering by the intermediate 
ganglion. This result was consistent across the first and second 
sets of force-frequency curves from the time-control studies. In 
addition, the f1/2 values of BW stimulation responses in the 
presence of hexamethonium (postganglionic responses) were 
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Fig. 2. Pig bladder-contractile responses to electrical stimulation. (A) Left: intravesical pressure changes in response to pelvic nerve 
stimulation at the frequencies indicated. Dotted lines after each contraction are the base-line from which contraction amplitude was 
measured. Right: mean (±standard error of the mean [SEM], n=7) data as a percentage of maximum pressure (Pmax) at high frequen-
cies. (B) Left: intravesical pressure changes in response to bladder wall stimulation. Right: mean (±SEM, n=8) data as a percentage of 
maximum pressure (Pmax) at high frequencies. (C) Left: isometric tension changes in a detrusor strip in response to electrical field 
stimulation. Right: mean data (n=6) as a percentage of Tmax at high frequencies. Curves fitted to equation 1, Methods.
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not significantly different from those obtained from detrusor 
strips (7.8±1.7 Hz vs. 6.9±0.8 Hz, respectively, n=6, 6; P>0.05).

Pig Bladder-Responses to Sildenafil
A second objective of the study was to identify whether silde-
nafil had any effect on frequency-dependent contractile re-
sponses. Force-frequency curves were generated in the presence 
of 20 µM sildenafil, and Pmax or Tmax was calculated. With post-

ganglionic (EFS) stimulation, sildenafil reduced Tmax by about 
30% (Fig. 3B). However, the effect on preganglionic (PN) stim-
ulation was much greater, with Pmax reduced by about 75%. The 
effect on mixed pre- and postganglionic stimulation (BW) was 
intermediate, with a Pmax reduction of about 45%. Control ex-
periments with DMSO, used to dissolve sildenafil for stock so-
lutions, had no effect on isolated detrusor preparations (Tmax: 
106.0%±3.7% control, n=6) or in PN-stimulated preparations 
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Fig. 3. Pig bladder - responses to electrical stimulation. (A) f1/2 values (frequency required for half-maximum stimulation) from pelvic 
nerve (n=7) or bladder wall (n=8) stimulation of perfused bladders and from detrusor strips under electrical field stimulation (EFS, 
n=6). Data are shown as mean±standard error of the mean (SEM). (B) The effect of sildenafil (20 µM) on maximum pressure (Pmax) 
or tension (Tmax) in the pelvic nerve (n=6), bladder wall (n=6) or electrical field stimulation (n=6). Data are shown as mean±SEM: 
*P<0.05. **P<0.01. ***P<0.001.
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response curves to PN stimulation and electrical field stimulation, both in control conditions. Curves fitted to equation 1, Methods. 
Data are shown as mean±standard error of the mean (n=6).
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(Pmax: 101.4%±4.3% control, n=3).

Rat Bladder-Contractions in Response to Electrical 
Stimulation
Similar experiments were performed with PN stimulation of in 
vivo preparations (Fig. 4A) and EFS using in vitro (Fig. 4B) rat 
preparations. The control quantitative data for the 2 preparations 
were: Pmax 14.3±3.1 cm H2O (n=6) and Tmax 1.8±0.4 mN/mg 
(n=6). The respective f1/2 values were: 7.3±1.4 Hz (n=6) and 
5.4±1.7 Hz (n=6), which were not significantly different from 
each other (P>0.05); the frequency-response curves are shown 
in Fig. 4C.

DISCUSSION

Frequency-Dependence of Nerve-Mediated Contractions
The main result of the study is that the frequency-dependence 
of contractions elicited by PN stimulation, direct stimulation of 
nerves in the whole BW, or in isolated detrusor preparations of 
the pig bladder was similar. Thus, preganglionic or postgangli-
onic nerve stimulation generates the same frequency-depen-
dent contractile response. There was a similar conclusion in rat 
preparations when in vivo and in vitro responses were com-
pared. Moreover, the range of frequencies was similar in both 
species and to those recorded in other animals, as well as in hu-
man preparations [7,13,14]. All responses were nerve-mediat-
ed, inferred from their abolition at all frequencies by lidocaine; 
similar to that achieved by the neurotoxin tetrodotoxin [13]. 
This implies that action potential transmission between pre- 
and postganglionic fibres through the BW intramural ganglia is 
not frequency-modulated under these experimental conditions. 
Hypogastric sympathetic fibres do project to intramural gan-
glia, which could exert modulatory influences on intramural 
transmission, as exemplified in cat and dog preparations [13, 
15]; however, this was not explored in this study. It was also of 
interest that pure postganglionic nerve stimulation in pig prep-
arations, whether by EFS of isolated preparations or by BW 
stimulation in the presence of hexamethonium, produced the 
same frequency-dependent responses. This implies that dissec-
tion of muscle strips itself does not alter the characteristics of 
nerve-mediated responses.

Effects of Interventions
The nicotine receptor antagonist, hexamethonium, completely 
abolished PN-mediated contractions in the ex vivo perfused pig 

bladder, which is interpreted as indicating that ACh is the sole 
transmitter acting on ganglionic nicotinic receptors. Similar 
contractions induced in anaesthetised rats were only partially 
abolished (not shown), and higher doses could not be used as 
the physiological status of the preparation would have been 
compromised. This limitation highlights an advantage of the ex 
vivo arterially-perfused bladder preparation, when higher doses 
of agents might be required. The partial abolition by hexame-
thonium of responses to direct pig BW stimulation implies that 
both pre- and postganglionic fibres are stimulated, corroborat-
ed by a lack of action on EFS responses in detrusor strips. Of 
interest, functional nicotinic receptors have been demonstrated 
in bladder urothelial cells and their modulation may contribute 
to the nicotine-induced increase of the cystometric intercon-
traction interval [16]. However, the experiments here using de-
trusor strips, denuded of mucosa, were not consistent with the 
presence of functional nicotinic receptors in the smooth muscle 
layer.

Sildenafil, a PDE5 inhibitor, increases intracellular cGMP 
and is associated with a relaxatory effect on isolated detrusor 
preparations. This may be due to a direct effect on detrusor 
contractile function [17], as well as inhibition of nerve-mediat-
ed release from postganglionic fibres, although ACh release re-
mains intact [5]. The results presented here imply that sildenafil 
has actions at sites other than the BW, as the proportional re-
duction of contractile responses was significantly greater with 
preganglionic stimulation than with postganglionic stimula-
tion. An interpretation is that sildenafil also affects pregangli-
onic transmission. Several studies have demonstrated both 
stimulatory or inhibitory actions of the NO-cGMP pathway on 
transmitter release in central and peripheral pathways [18,19], 
implying there are multiple pathways that regulate release [20]. 
However, it is evident that agents such as PDE5 inhibitors that 
may be used as therapeutic agents on peripheral targets also 
have central actions; with respect to the lower urinary tract, this 
would further depress bladder function.

Translational Potential for Neuromodulation
These data are useful to identify a frequency range for bladder 
stimulation using neuromodulation devices, where too low a 
frequency would achieve inadequate stimulation and too high a 
frequency would reduce stimulator efficiency and potentially 
tissue damage. Sacral nerve stimulators have pulse rates of 
about 1–150 Hz, with individual pulses of 50–500 µsec [21], 
which may be compared to the 100-µsec pulses at 1–40 Hz in 
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the current study. A short pulse width (<50–100 µsec) is im-
portant, as this can selectively stimulate nerve fibres without di-
rect action on smooth muscle, due to the different membrane 
time constants of these 2 cell types. Recent studies of recharge-
able sacral nerve stimulators have shown success and patient 
satisfaction with devices delivering 200-µs pulses at about 14 
Hz [22]. More recently, intravesical devices are also being tri-
alled and a recent study [23] to manage OAB contractions used 
200-µsec pulses at frequencies between 5 and 50 Hz. The use of 
isolated detrusor preparations is an efficient way to characterise 
the properties of nerve-mediated contractions. The study shows 
that the frequency-dependent properties of isolated prepara-
tions can be used to set appropriate neurostimulation variables 
applied to the PN or BW.
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