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Partial mediation by nitric oxide of the relaxation of human
isolated detrusor strips in response to electrical field stimulation

M. J. JAMES, A. T. BIRMINGHAM & S. J. HILL
Department of Physiology and Pharmacology, University of Nottingham Medical School, Queen's Medical Centre,
Nottingham NG7 2UH

1 A method for reproducing relaxation of human isolated detrusor smooth muscle in
vitro in response to electrical field stimulation is described.

2 The parameters of stimulation associated with relaxation were those which would be
expected to give a largely nerve-mediated response: the relaxations were not reduced
by tetrodotoxin (3 x 10-7 M) and were therefore not dependent on voltage sensitive
sodium channels.

3 The relaxations were decreased (mean 74.1%) by nitro L-arginine (NOARG, 10-5 M).
4 Methylene blue (10-5 M), an inhibitor of soluble guanylate cyclase, abolished the

relaxations.
5 These results indicate that there may be a relaxation mechanism in the human

bladder which is at least partly mediated via the production of nitric oxide.
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Introduction

A noradrenergic innervation of the bladder neck
produces the nerve-mediated relaxation that can be
demonstrated in smooth muscle from this area (Kluck,
1980), but no similar relaxation has been reported in the
body of the bladder.
Nerve-mediated relaxations have been demonstrated

in a variety of smooth muscle preparations from a
number of species (including man) which are non-
adrenergic, non-cholinergic (NANC) responses. In
vascular preparations these relaxations have been
shown to be dependent on the presence of an intact
endothelium, leading to the demonstration of an endo-
thelium-derived relaxant factor (EDRF) which
mediates relaxation. It is now generally accepted that a
major EDRF in blood vessels is nitric oxide (NO)
(Palmer et al., 1987). In addition, it has been suggested
that at least part of the NANC relaxation in some non-
vascular smooth muscle preparations is mediated by
nitric oxide (mouse anococcygeus (Gibson et al., 1990),
guinea-pig trachea (Tucker et al., 1990), rabbit and
guinea-pig taenia coli (Shikano et al., 1988) and human
corpus cavernosum (Pickard et al., 1991)).
The present study investigated the possibility that

there might be a relaxant mechanism present in human
detrusor. A method has been developed for repro-
ducing relaxations in human isolated detrusor in vitro
in response to electrical field stimulation. Some

mechanisms underlying these relaxations have been
investigated, and in particular the role of NO.
A preliminary account of some of the findings was

given at a meeting of the Clinical Section of the British
Pharmacological Society (Lyon, April 1991) and at a
meeting of the American Urological Association
(Toronto, June 1991).

Methods

Electricalfield stimulation ofhuman isolated detrusor
strips

Biopsies were obtained from patients undergoing a
variety of endoscopic bladder procedures. The patients
were a heterogenous clinical group and no attempt
was made to distinguish differences in the responses
according to diagnosis. The biopsies were taken from
areas of the bladder away from the trigone using the
cold-cup biopsy forceps employed routinely to obtain
pinch biopsies of bladder mucosa for histological diag-
nosis. These forceps do not use diathermy and so cause
minimal tissue damage. Biopsies were not taken from
patients known to have urinary tract infection, patients
with urinary catheters, or patients in whom the bladder
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Figure 1 Diagram of the organ bath.

appeared to be inflamed at cystoscopy. Biopsies were
taken only when there was a clinical indication to do so
for histological diagnosis. The biopsies were trans-
ported in chilled, pre-oxygenated Krebs' solution, but
were used fresh (within 1 h). Muscle strips (approxi-
mately 2 mm x 1 mm) were dissected from the biopsies
and mounted in 0.2 ml organ baths (Brading & Sibley,
1983) (Figure 1). As many strips as possible were pre-
pared from each patient up to a maximum of six. They
were perfused with gassed (95% 02, 5% C02) Krebs'
solution (composition (mM): NaCl 118, KCI 4.7, CaCl2
2.5, MgCl2 1.2, NaHPO4 1.2, NaHCO3 25, glucose 5.5,
pH 7.4) at a rate of 2 ml min-', and at a temperature of
370 C (± 0.50). The tissue was placed under 200 mg
initial tension. Electrical field stimulation was then
applied for 15 s and any strips which did not contract
were replaced with fresh strips if sufficient biopsy
material were available. The strips were then allowed
1 h to equilibrate.
Changes in isometric tension were recorded using

Grass FTO3 transducers and a Grass six-channel poly-
graph.

In most experiments atropine (10-6 M) was added to
the perfusate to abolish any muscarinic contractile
response, and the tone was raised using KCl (20 mM
above basal, substituted for equivalent NaCl in the
perfusate). In some experiments contraction was
abolished by using tetrodotoxin (TTX, 3 x 10-7 M);
tone was then raised with carbachol (10-7 M to 10-5 M),
KCl (as above), or allowed to develop spontaneously.

After the equilibration period, electrical field stimula-
tion was applied for periods of 15 s at intervals of 5 min.
Rectangular wave pulses were delivered from a stimu-
lator (Scientific and Research Instruments) through
platinum ring electrodes built into the organ bath. Un-
less otherwise stated, the standard conditions used
were: raised tone (achieved by a raised concentration of
KCl, 20 mm above basal), atropine (10-6 M) present,
and parameters of stimulation of a frequency of 10 Hz, a
pulse-width of 90 ps, and a voltage of 50 v. Eighty-five
percent of strips which had originally been shown to
contract in response to the original test stimulation
subsequently displayed relaxation under the experi-
mental conditions used. The other 15% either did not
react to stimulation or displayed a response which
continued to be contractile, and these strips were ex-
cluded from the remainder of each experiment.

Drugs

Drugs were added to the perfusate and delivered to the
tissue for a minimum of 20 min. Drugs used were
atropine sulphate, propranolol hydrochloride, nitro
L-arginine, L-arginine, methylene blue, indomethacin
and tetrodotoxin (all obtained from Sigma).

Data analysis

The responses obtained showed variability, both
between patients and between individual strips from
each patient. In order to compare the responses they
were therefore expressed as a percentage of the maxi-
mum response attained by each individual strip. The
precise point at which the maximum was achieved
could vary between strips, and so the mean data do not
always reach 100%. Data were analysed using the pro-
gramme Statmode. The data were not assumed to be
normally distributed and so were analysed using the
Wilcoxon sign-rank test. In order to indicate the scatter
of results standard errors (s.e.) are included. The
differences were assumed to be significant at values of
P < 0.05. Unless otherwise stated, n refers to numbers
of patients. The results for each patient were the means
of measurements on 3 to 6 strips.

Results

Contraction: effect of TTX

A pulse-width contraction curve was made over a range
of pulse-widths from 20-60 ,us. TTX (3 x 10-7 M) was
then added to the perfusate and a second pulse-width
response curve performed, with additional stimuli
delivered at 80, 100 and 200 Rs (50 v, 10 Hz). TTX
abolished all contraction up to 40 ,us; at higher pulse
widths there was a small but gradually increasing con-
traction.

Establishing relaxation in response to field-stimulation

To study relaxations the normal contractile response to
electrical field stimulation was prevented (using atro-
pine, 10-6 M or TTX, 3 x 10-7 M) and tone was raised
(using KCI, 20 mm, or carbachol, 10-7 M to 10-5 M, or
by allowing tone to develop spontaneously). Examples
of these responses are shown in Figure 2.
Under the conditions of raised tone, and in the

presence of atropine or TTX, electrical field stimulation
resulted in relaxation, and when stimulation
ended there was typically an after-contraction. This
biphasic response is seen in Figure 2.

Parameter response curves

Voltage, frequency, and pulse-width responses were
investigated (Figure 3). A voltage of 50 v, a frequency
of 10-20 Hz, and a pulse-width of 90-100 ,us were found
to give the largest magnitude relaxations. These stan-
dard parameters (50 v, 10 Hz, 90 ,us) were used in all
subsequent experiments unless otherwise stated. We
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Figure 2 Examples of responses using a variety of agents to raise tone and block the contractile response. Scale bars represent
time (30 s, x-axis) and tension (as labc lled, y-axis). The horizontal bar represents the period of stimulation (15 s). Typical
biphasic responses were seen with relaxation (downward deflection) during stimulation, and contraction after stimulation
ceased. a) KCI (+20 mM)-induced tone with atropine (10-6 M) present; b) carbachol (10-6 M)-induced tone with TTX (3 x 10-7
M) present; c) spontaneous tone with atropine (10-6 M) present; d) KCI (+20 mM)-induced tone with atropine (10-6 M) and
indomethacin (10-5 M) present.

report here the data pertaining to the relaxant phase of
the response only, although we are also studying the
after-contractions.

Effect of TTX on relaxation

Muscle strips were stimulated at 80 ,us, 10 Hz and 50 v
(n = 6). They were then exposed to TTX (3 x 10-7 M)
for 20 min and the stimulus repeated. TTX did not
abolish the relaxations. Their magnitude was increased
by a mean of 90% (±39.1) after exposure to TTX.

Effect ofpropranolol

Muscle strips (n = 5) were stimulated under standard
conditions. Propranolol (10-6 M) was then added to the
perfusate, and stimulation repeated. There was no sig-
nificant change in relaxant response in the presence of
propranolol.

Effect of indomethacin

In a pilot study of eight muscle strips from two patients
stimulated under standard conditions, addition of in-
domethacin (10-5 M) caused a marked decrease in tone
and in the relaxant response to electrical stimulation. In
a further 18 strips from another five patients indo-
methacin was added at the outset and did not prevent
tone from developing in response to KCl, although the
rise in tone was less well sustained. In 15 of these 18
strips relaxations were developed in the presence of
indomethacin, but the relaxations were generally of
small size and took longer to develop (Figure 2d).

Effect of nitro L-arginine (NOARG) on relaxation

Muscle strips were stimulated at a range of frequencies
from 2-20 Hz (50 v, 90 ,us). NOARG (10-5 M) was then
added to the perfusate, and after 30 min the stimulation
sequence was repeated. L-arginine (10-4 M) was then
added to the perfusate and after a further 30 min the
stimulation sequence was repeated a third time (Figure
4). The relaxations were inhibited by NOARG by up to
74.1% at 20 Hz. There was no statistically significant
reversal of this inhibition when L-arginine was added to
the perfusate.

In order to investigate the effect of time on the
responses, a second series of experiments was per-
formed. The strips were repeatedly stimulated at 90 p,s
(10 Hz, 50 v). Half the strips were exposed to NOARG
(10-5 M), and the other half acted as time-matched
controls (Figure 5). There was an increase in magnitude
of the relaxations up to 30 min after the start of stimu-
lation in the control strips. The relaxations in the strips
treated with NOARG were again significantly dimin-
ished, both with respect to their initial magnitude, and
with respect to the time matched controls.
A third series of experiments was performed in which

strips from nine patients were studied allowing a longer
time (90 min) for equilibration to minimise the effect
of any change in the responses with time. Control
relaxations were obtained to standard stimulation in all
strips. Half the strips were exposed to L-arginine (10-4
M) for 30 min and the stimulation repeated. All strips
were then exposed to NOARG (10-4 M) for 30 min and
the stimulation repeated a third time (Figure 6). After
exposure to L-arginine there was a 60% increase in the
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Figure 3 Parameter response curves for relaxation of raised
tone (+20 mm KCl) in the presence of atropine (10-6 M)
(n = 10 patients; 15 s duration stimuli at 5 min intervals).
Responses are related to the maximum response for each strip
which is taken to be 100%. The precise stimulus parameter at
which the relaxation is maximum varied slightly between
strips, and so the mean relaxation did not quite reach 100%.
Relaxations are expressed as negative values, contractions as
positive values. a) Frequency response curve (voltage 50 v,
pulse width 90 p.s); b) pulse width response curve (frequency
10 Hz, voltage 50 v); c) voltage response curve (frequency 10
Hz, pulse width 90 p,s).

relaxations which was not seen in the untreated strips.
Subsequent exposure to NOARG had no effect in the
continuing presence of L-arginine, but in the strips not
exposed to L-arginine there was a decrease in the
relaxations by 50.5%.

Effect of methylene blue

Muscle strips (n = 6) were repeatedly stimulated as
described above. The strips were exposed to methylene
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Figure 4 Effect of NOARG on relaxations (n = 8 patients,
* = P < 0.05 using the Wilcoxon test for each pair of data
points; 10 Hz, 90 ,us, 50 v, 15 s trains at 5 min intervals). A
control frequency response curve was performed (A), and
repeated after exposure to NOARG (10-5 M, 30 min, *).
Responses are related to the maximum response for each strip
which is taken to be 100%. Relaxations are expressed as
negative values. NOARG caused a significant inhibition of
relaxation of up to 74.1% (mean).
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Figure 5 Effect of time andNOARG (10-5 M) on relaxations.
(n = 6, * = P < 0.05 using the Wilcoxon test for each pair of
data points; 10 Hz, 90 ,us, 50 v, 15 s trains at 5 min intervals).
Responses are related to the control response for each strip
which is taken to be 100%. Relaxations are expressed as
negative values. The relaxations of untreated strips (A)
became larger over the first 30 min, after which they remained
constant. NOARG significantly inhibited relaxations (m).

blue (10-5 M) for 30 min after which the relaxations
were completely abolished.

Effect ofpolarity reversal

The electrodes are positioned in the organ bath such
that one lies 'upstream' (labelled 'A', Figure 1) and the
other 'downstream' (labelled 'B', Figure 1) in the
current of perfusate. In order to test the hypothesis that
the relaxations may be caused by a product of electro-
lysis at one or other electrode, the response to 90 Rus
stimuli was compared at normal and reversed polarity.
Polarity change had no effect.
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Figure 6 Effect of L-arginine (10-4 M, 30 min) and NOARG
(10-4 M, 30 min) on relaxations (n = 9 patients. * = P < 0.05
compared with control (Wilcoxon); 10 Hz, 90 ,us, 50 v, 15 s

trains at 5 min intervals). Responses are related to the control
response for each strip which is taken to be 100%. Relaxations
are expressed as negative values. a) Half of the strips from
each patient were treated with L-arginine for 30 min, and
L-arginine + NOARG for the next 30 min. L-arginine
produced an enhancement of relaxation by a mean of 61.4%.
In the continuing presence of L-arginine NOARG had no
effect. b) The other half of the strips from each patient were
treated with NOARG from 60 min only. There was no
significant change in the relaxation at 30 min, but NOARG
inhibited relaxations by a mean of 50.5%.

Discussion

It is well established that contraction of the detrusor is
mediated by the cholinergic innervation and, unlike
many animal species, it is generally accepted that
in man this response is entirely sensitive to atropine
(Kinder & Mundy, 1985, 1987; Palfrey et al., 1984;
Sibley, 1984). Although many other neurotransmitters
have been demonstrated histologically to be present in
the bladder, their function is still largely unknown (Gu
et al., 1984; Maggi & Meli, 1986; Milner et al., 1987;
Polak & Bloom, 1984; Scultety, 1989; Vaalasti et al.,
1986).
This report describes a method for reproducing

relaxation of human isolated detrusor in vitro and the
characteristics of these relaxations. The stimulation
parameters which were found to give the largest

magnitude relaxation are those which would be
expected to be associated with a nerve-mediated re-
sponse. At the stimulation parameters and concen-
tration of TTX used, a contractile response (in the
absence of atropine) would be reduced by about
80%. The finding that relaxation was TTX-resistant was
therefore unexpected. One possibility which could
account for this is that the response is mediated by ionic
channels other than the voltage-operated sodium
channels blocked by TTX. If this were the case the
response might be due to stimulation of excitable mem-
branes, and possibly nerves, which are not dependent
on these sodium channels. However direct smooth
muscle stimulation is perhaps more likely to be the
explanation, given that the stimulation parameters are
slightly higher than those demonstrated to be asso-
ciated with a purely nerve-mediated response. The
TTX-resistant nature of these relaxations distinguishes
them from other electrically-induced (and presumably
nerve-mediated) relaxations which have been observed
in smooth muscle from the human trigone (Speakman et
al., 1988) and from pig bladder neck, trigone and blad-
der (Klarskov, 1987). The authors are unaware of any
studies which report relaxation of human detrusor to
electrical field stimulation.
One concern about the experimental conditions

utilised is that the use of KCl to increase tone may be
causing widespread depolarisation in all excitable
tissues making the whole situation rather 'unphysio-
logical'. We have, however, also demonstrated similar
relaxant responses of both spontaneous tone in the
presence of atropine, and of carbachol-induced tone in
the presence of TTX (see Figure 2).

All the NANC relaxations mediated by NO reported
in the literature are sensitive to tetrodotoxin (TTX), but
a number of earlier studies have also demonstrated
relaxations in response to electrical field stimulation
which are presumed to be non-neurogenic, mostly on
the basis of TTX-resistance (in canine coronary artery
(Feletou & Vanhoutte, 1987; Gantzos et al., 1983;
Lamb & Webb, 1984; Rooke et al., 1982), rabbit and
monkey pulmonary artery (Frank & Bevan, 1983), rat
tail artery (Lamb & Webb, 1984), bovine coronary
artery (Kalsner & Quillan, 1989), rat, rabbit, cat, pig,
dog, monkey and human pial arteries together with a
variety of peripheral vessels from rat, rabbit and cat
(Hardebo et al., 1989), and rat oesophageal smooth
muscle (Bieger & Triggle, 1985)). These relaxations
appeared to be of two sorts; a rapidly developing,
rapidly reversible relaxation to short duration stimuli of
moderate strength, and a more slowly developing, irre-
versible relaxation produced by long duration (5 min or
more) higher intensity stimulation. Whilst being resis-
tant to TTX, and to conventional methods of blocking
neuromuscular transmission, the reversible, short
duration relaxations were slightly enhanced by agents
which reduce the number of oxygen free radicals
present, such as superoxide dismutase. This finding
would be consistent with the relaxations being
mediated by nitric oxide. In contrast, the slower, irre-
versible relaxations were inhibited by these agents, and
are therefore likely to be caused by free radical-induced
tissue damage. A number of explanations have been put
forward to account for these responses; Hardebo et al.
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(1989) proposed that they were due to the formation of
chlorine gas by electrolysis due to the electrical field. In
our perfused organ bath we were able to test this
hypothesis, because the two ring electrodes are
arranged such that one is upstream of the tissue and the
other downstream. Any product of electrolysis would
therefore be carried past the tissue with the polarity
in one direction, and away from it with the polarity in
the opposite direction. We observed no change in the
relaxations with a change of polarity and therefore con-
clude that they are unlikely to be due to a product of
electrolysis. Some of the short-duration reversible
responses described in the reports above are very
similar to those described in this study, often with a
biphasic form; in addition, the stimulation parameters
in several of these studies are similar to those in the
present one, being slightly higher than those needed
to give a purely nerve-mediated (TTX sensitive) con-
traction.
NOARG has been shown to be a potent inhibitor of

other NANC responses thought to be mediated by
nitric oxide (Gibson et al., 1990; Tucker et al., 1990).
Nitric oxide is produced from L-arginine by the enzyme
nitric oxide synthase (Palmer et al., 1988), and NOARG
acts by competing with L-arginine in this reaction.
Incubation of the detrusor muscle strips with NOARG
resulted in an inhibition of the relaxations which
suggests that at least part of the response is mediated
via the production of NO. This suggestion is supported
by the finding that L-arginine increased the relaxations,
and antagonised the inhibitory effect of subsequent
exposure to NOARG. The lack of reversibility when
L-arginine was added after NOARG may be due to dif-
ferences in the permeability ofNOARG and L-arginine,
or the relative affinity of each for the enzyme nitric
oxide synthase.
NO exerts its relaxant effects by the stimulation of

soluble guanylate cyclase with a consequent rise in
cyclic GMP levels (Waldman & Murad, 1988), an effect
which is blocked by methylene blue. Our finding that
methylene blue abolished the relaxations is therefore
entirely consistent with the suggestion that these
relaxations involve the generation of NO.
Although NO is most familiar as an endothelium-

derived relaxing factor, evidence is beginning to
emerge that smooth muscle cells are themselves able to
synthesise NO (Salvemini et al., 1991). In the absence
of atropine, the stimulation parameters used to produce
the relaxations were at the borderline beween those
producing purely nerve-mediated contraction and
those producing direct muscle stimulation. Perhaps the
most likely explanation for the TTX resistance of these
relaxations is therefore that they are a result of NO
generation at the level of the smooth muscle cells.
Evidence is also emerging that smooth muscle cells
possess both a baseline capacity to synthesise NO, and
can increase their release of NO over a relatively short
time (hours), possibly by enzyme induction (Salvemini
et al., 1991). This may explain the observed increase in
the size of the relaxations with time observed in this
study.
The effect of indomethacin of reducing tone makes it

difficult to comment on the contribution of prosta-
glandins to the relaxant response, as the inhibition of
relaxation may simply be due to the loss of tone rather
than a direct effect on the relaxant mechanism.
However, the finding that relaxations still develop in
the presence of indomethacin suggests that the role of
prostaglandins in these relaxations is not a major one.

In summary, we have characterised relaxations of
human isolated detrusor strips to electrical field stimu-
lation. These relaxations were resistant to tetrodotoxin
but inhibited by nitroarginine and by methylene blue.
These results suggest that the relaxation is not depen-
dent on voltage-activated sodium channels, is mediated
by activation of guanylate cyclase, and is at least partly
mediated by nitric oxide.

If relaxation mechanisms are involved in the control
of the human detrusor then it is possible that an altera-
tion of these mechanisms would affect normal bladder
function. In particular, if relaxation were impaired this
might result in detrusor overactivity of the sort seen in
the clinical condition of detrusor instability.

We are very grateful to the urologists at Nottingham City
Hospital, in particular Mr C. P. Bates, for providing the
biopsy material used in this study.
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