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What’s known on the subject? and What does the study add?
• Detrusor underactivity is highly prevalent, particularly in the elderly. It is assumed to result from detrusor failure,

although detrusor contractility is often derived from urodynamics studies. Given that detrusor pressure and force are
not proportional and urodynamics cannot identify the basis of the pathology, we produced a neurogenic animal model
with a highly-compliant bladder and studied detrusor muscle properties, aiming to increase our understanding of the
underlying pathology.

• Highly compliant bladders were characterized by reduced passive wall stiffness and stretched detrusor muscle strips
exhibited an enhanced rate of relaxation. These detrusor strips displayed spontaneous contractions that were of greater
amplitude (expressed as a ratio of bladder wall stiffness) than those of strips from sham-operated animals; spontaneous
contractions increased in amplitude when stimulated by an agonist. These data imply that compliance is not the result
of a reduction of detrusor contractility; we hypothesize that altered matrix properties reduce the magnitude with which
force can be generated to void the bladder.

Objective
• To characterize passive and active changes in detrusor

activity in a highly compliant bladder.

Materials and Methods
• Bladders from adult female Sprague–Dawley rats were

used 5 weeks after lower thoracic (T8) spinal cord
transection or a sham-operation.

• Passive wall properties were assessed by pressure–volume
relationships from whole bladders and the tensile
response of bladder strips after a rapid (<0.5 s)
stretch.

• Active properties were assessed from the frequency and
amplitude of spontaneous contractions of bladder strips,
and their response to the inotropic TRPV4 agonist
GSK1016790A.

Results
• Passive bladder wall stiffness of SCT bladders was

significantly reduced compared to that of the
sham-operated control group (N = 6 and 8, respectively)

and SCT bladder strips relaxed more quickly than those
from sham-operated rats.

• The frequency of spontaneous contractions was reduced
in SCT rats, and their amplitude, expressed as a ratio of
bladder wall stiffness, was greater than in sham-operated
rats.

• GSK1016790A (0.1 mM) significantly increased amplitude
in strips from both sham-operated and SCT groups.

Conclusions
• There is no evidence of contractile failure in a

highly-compliant bladder. The observations of reduced
passive bladder wall stiffness and an enhanced rate of
stress relaxation lead to the conclusion that increased
compliance is marked by altered matrix properties that
dissipate muscle force, thereby generating low pressures.

• Contractile agonists may be effective for improving
bladder function in detrusor underactivity.
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Introduction
Detrusor underactivity (DU) is a condition diagnosed
by pressure–flow studies and is defined as a bladder
contraction of either reduced strength and/or insufficient
duration to complete voiding within a normal time-span
[1]. Often, but not exclusively, it occurs in elderly patients
and may be associated with overactive bladder symptoms
[2]. DU is regarded primarily as failure of detrusor
contractility, although this may require re-evaluation: DU
is associated more with a reduced rate of contraction
development rather than contractile strength, at least
initially [3]; cholinergic agonists are not effective in
improving an underactive bladder [4,5] and there is no
evidence for age-related impairment of detrusor
contractility [6].

Urodynamic assessment of bladder contractility utilizes
procedures during voiding or when the bladder is
isovolumetric. Voiding measures include determination of
the Watts factor [7,8], a bladder contractility index [9] or
peak detrusor pressure measured at (or independent of)
peak flow. Isovolumetric indices include the projected
isovolumetric pressure from pressure–flow measurements
[10] and maximum pressure during outflow tract occlusion
[11]. Although informative, these methods are empirical
and their usefulness varies between different patient groups
[10,12]. Furthermore, urodynamics cannot yield
fundamental information about the basis of DU (i.e. if it is
a true decline of muscle contractility or whether some
other factor is involved), which is compounded by the fact
that detrusor pressure is not proportional to true detrusor
force.

The present study aimed to develop a rat model of spinal
cord transection (SCT) to generate a highly compliant
bladder that develops low intraluminal pressures, aiming to
characterize any changes in detrusor contractility (i.e.
isometric force per unit cross-section of tissue). In a
complementary study [13], we showed that such bladders
developed smooth muscle hypertrophy, a loss of nerve
endings and significant disruption of interstitial cell
number in both the detrusor and lamina propria layers.
The hypothesis that this was accompanied by reduced
muscle contractility was tested.

Materials and Methods
Experimental Groups

Adult female Sprague–Dawley rats were used 5 weeks
after SCT (animal weight 217–274 g) or a sham operation
(animal weight 252–292 g). In some experiments, an
unoperated group was also used (animal weight
260–300 g); all groups were age-matched. To produce
SCT, rats were anaesthetized with isoflurane (2% in O2,

0.6 L/min), a laminectomy was performed at T8 and the
spinal cord was sectioned with iris scissors. Complete
sectioning was confirmed visually by slight retraction of
the two spinal cord segments. To assist rats with their
bladder voiding, a gentle abdominal compression was
performed twice daily until restoration of the micturition
reflex (ª2 weeks) and they were injected daily, for the first
week after surgery, with gentamicin (2 mg/kg). Procedures
were carried out in accordance with the European
Community Council Directive 86/609/EEC. The sham
operation used the same procedure, although omitting the
laminectomy.

Some 5 weeks after the procedure, rats were weighed,
sacrificed by cervical dislocation and exsanguination, and
the urinary bladder was removed and weighed. Bladders
were transported in Ca-free Krebs solution (mM: NaCl
114, KCl 4.7, MgSO4 1.2, KH2PO4 1.2, NaHCO3 25,
glucose 11.7; 95% O2/5% CO2, pH 7.35) at 4 °C to the
laboratory.

Assessment of Wall Tension

Whole bladders were catheterized and ligated around the
urethra and bladder neck. Intravesical pressure and volume
were monitored at 10 Hz (Spike 2; Cambridge Electronic
Design, Cambridge, UK) and exported to Excel (Microsoft
Corp., Redmond, CA, USA) for analysis. Bladders were
filled (Minipuls3; Gilson, Middleton, WI, USA) at 12 mL/h
with Krebs until the pressure tended to a maximum or
where leakage around the catheter was observed.
Pressure–volume relationships were transformed into
tension-length (i.e. wall tension vs bladder circumference)
relationships, as described previously [14].

Isometric Tension Recording

In Ca2+-containing (2.5 mM CaCl2) Krebs solution, the
urinary bladder was opened longitudinally from the
bladder neck (posterior) to the top of the dome (anterior)
and the trigone was removed. The mucosa was also
removed from the remaining tissue by careful dissection
using iris scissors; care was taken not to stretch or damage
the underlying detrusor muscle. A single longitudinal strip
(ª5 ¥ 1 mm) was mounted in a 5-mL vertical organ bath
under a tension of 10 mN, and isometric spontaneous
contractions were measured. Preparations were
continuously washed with fresh, gassed Krebs and allowed
to equilibrate for 90 min before each experiment, with
resting tension maintained at 10 mN. When the resting
tension was stable, three sets of data were recorded: (i) a
5-min period of spontaneous contractions; (ii) the tensile
response after a rapid (<0.5 s) stretch to achieve an
immediate further increase of resting tension by 10 mN;
and (iii) upon relaxation of this additional tension, a
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15-min recording of spontaneous contractions in the
presence of a contractile agonist GSK1016790A (0.1 mM)
[15] or its vehicle, dimethyl-sulphoxide (0.1 mM). Data
were acquired using an in-house manufactured
analogue–digital converter attached to a computer running
Notocord-hem software, version 4.2 (Notocord,
Croissy-sur-Seine, France). At the end of each experiment,
the wet weight (W) and length (l) of each strip were
recorded to estimate cross-sectional area (CSA) using the
formula: CSA = W/lr, where r is the density of tissue
(1.05 g/cm3).

Analysis of Isometric Contraction Traces

To analyze spontaneous contraction amplitude and basal
tone, data were imported into Chart, version 5.5
(ADInstruments, Chalgrove, UK) at 10 Hz and values were
derived using a custom-written macro. Spontaneous
contraction amplitude was the baseline-to-peak amplitude,
and the baseline was the minimum isometric tension value,
obtained as the mean over a 5-min period. The frequency
of spontaneous contractions was calculated using
custom-written software (R. J. Young, Department of
Physics, University of Lancaster, UK) by first performing a
fast-Fourier transform on the data and then identifying the
dominant frequency (f0) based on a Lorentzian fit to an
amplitude vs frequency plot. Frequency values were not
reported when the level of activity was so infrequent, or its
frequency so variable, that a frequency profile could not
accurately be described. Contraction data were integrated
using Kaleidagraph, version 3.5 (Synergy Software, Reading,
PA, USA) for 5-min period before and after intervention.
The baseline was taken as mean of the 100 lowest values for
each of these periods.

Statistical Analysis

Many data sets were not normally distributed and/or had
different variances, as tested by Kolmogorov–Smirnov and
Levene’s tests, respectively. Data are therefore presented as
median values with 25% (Q1) and 75% (Q3) interquartiles.
Values from the sham-operated group are provided first.
Differences between data sets were examined by a
Wilcoxon rank test for two data sets or a Kruskal–Wallis
test for multiple sets. P < 0.05 was considered statistically
significant. The variability of data within a given set was
quantified by calculation of the coefficient of quartile
deviation (Q3 - Q1)/(Q3 + Q1). N refers to the number of
rats. Rates of relaxation for detrusor strips were calculated
over a 2.5-min period after retensioning (to 10 mN) using a
single-order exponential decay fit with a non-zero
asymptote (GraphPad Prism, version 4; GraphPad Software
Inc., San Diego, CA, USA) and noting the decay constant,
k (s–1).

Results
Ex Vivo Bladder Stress-Strain Properties

The passive wall tension–length relationship obtained
from ex vivo filling pressure–volume curves showed that
bladders from SCT rats were less stiff than those from
sham-operated rats. Wall tension (T) vs bladder
circumference (l) curves (Fig. 1) were biphasic; the initial
phase, characterized by a shallow slope, corresponded to
filling of the bladder when the wall was under minimal
tension. Once the bladder had filled and was more or less
spherical, the T/l relationship was linear. The slope of this
linear phase was used to estimate passive bladder wall
stiffness, DT/Dl. The mean (range) stiffness of SCT
bladders was significantly less compared to that of the
sham-operated control group: 5.60 (2.81–7.70) vs 1.61
(0.92–2.04) mN/mm2 (N = 6 and 8, respectively). As a
result of the reduction in wall stiffness, SCT animal
bladders were classified as highly-compliant.

Spontaneous Contractile Activity

Bladder strips from sham-operated and SCT rats generated
spontaneous contractions (Fig. 2A). These were
characterized to determine whether tissue from
highly-compliant bladders had a phenotype of
long-duration, fused contractions as a result of SCT [16]. A
Fast-Fourier transform of tension-time data identified the
dominant frequency (f0) of spontaneous contractions based

Fig. 1 Ex vivo wall tension (T) vs bladder circumference (l) curves from

sham-operated or spinal-cord transected (SCT) rats.
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on a Lorentzian fit (Fig. 2B). The mean (range) frequency
was significantly reduced in detrusor strips from SCT
compared to sham-operated rats: 0.113 (0.084–0.142) vs
0.051 (0.038–0.068) Hz (N = 18 and 18, respectively) (P <
0.001). The mean (range) amplitude of spontaneous
contractions was not different between those from SCT and
sham-operated rats: 4.8 (2.3–6.5) vs 2.1 (1.7–3.4) mN/mm2
(N = 18 and 18, respectively) (Fig. 3A). Although the SCT
median value was less than for the sham-operated group, it
did not reach statistical significance. In addition, the
variability of amplitudes was not different between the two
groups, as indicated by the mean (range) coefficient of
quartile deviation: 0.96 (0.53–1.37) vs 0.47 (0.27–0.65).

The reduced passive stiffness of SCT bladder strips will
reduce the magnitude of a recorded isometric contraction
for the same contractile effort made by detrusor muscle.
This is because the force developed by the muscle would be
dissipated by the less stiff passive mechanical properties of

the tissue. To correct for this effect, the amplitudes of
spontaneous contractions (mN/mm2) were expressed as a
ratio of bladder wall stiffness (mN/mm2) from which the
strip was dissected, yielding a dimensionless value of
tension independent of wall stiffness (Fig. 3B). With this
transformation, the mean (range) amplitude of spontaneous
contractions was significantly greater in SCT rats compared
to sham-operated rats: 1.31 (0.97–2.85) vs 0.86 (0.38–1.05)
mN/mm2 (P < 0.001).

Passive Stress–Relaxation Properties

Detrusor strips were rapidly stretched to increase resting
tension by a further 10 mN and then allowed to relax.
Figure 4A shows the decay of resting tension with
superimposed spontaneous contractions. Strips from SCT
rats relaxed significantly more quickly than those from
sham-operated rats; the mean (range) decay constants, k,
were 0.0034 (0.0031–0.0061) vs 0.010 (0.0081–0.020)/s (N =
17 and 18, respectively); the asymptotic values were not
different in the two groups (median of 47% and 43%,
respectively).

Control Experiments

Data from detrusor strips of an unoperated animal group
were also collected to determine whether surgery itself
altered the contractile phenotype and, accordingly, were
compared with those from the sham-operated group. The

Fig. 2 Spontaneous contractions in detrusor strips from

sham-operated and spinal-cord transected (SCT) rats. A, Spontaneous

contraction recordings. B, Fourier transforms of the data showing the

occurrence (power) of contractions at different frequencies, with

dominant frequency (f0) indicated by arrows.
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spontaneous contraction dominant frequency,
f0 (0.085 [0.077–0.103] Hz, N = 24), amplitude (3.2
[2.2–5.9] mN/mg) and decay constant, k (0.40
[0.34–0.055] min–1, N = 18) were not significantly different
from sham-operated values and, in the case of f0 and k
values, they were different from the SCT group.

Response to a Detrusor-Selective
Contractile Agonist

GSK1016790A (0.1 mM), a potent detrusor-selective
contractile agonist [15], was tested on baseline tension and
the amplitude of spontaneous contractile activity in
sham-operated (Fig. 5A) and SCT detrusor strips (Fig. 5B).
The effect of vehicle alone is also shown. Figure 5C
summarizes the effect of GSK1016790A on contraction
amplitude and shows that vehicle had no effect, although
the drug significantly increased the amplitude in strips
from both sham-operated and SCT groups. The percentage
increase in the two groups was not significantly different.

Discussion
Detrusor underactivity is a prevalent condition that is
estimated to occur in almost two-thirds of elderly
incontinent nursing home patients [17]. Existing
pharmacotherapy is ineffective, with symptoms being
reported to worsen after anti-cholinergic therapy [4,5]. The
condition is often misdiagnosed in men as bladder outlet
obstruction [4,18], such that a-adrenoceptor antagonists
may also worsen symptoms. To direct the development of
effective therapies, it is important to determine whether
detrusor underactivity is primarily a problem of contractile
failure or an alternative aetiology.

Highly-compliant bladders were generated by leaving
rats for 5 weeks after lower thoracic (T8) SCT. At earlier
times before surgery (ª2 weeks), the bladder is already
hypertrophied but has not developed a hypercompliant
phenotype observed after the longer interval in these
experiments [16,19]. The principal objective was to
determine whether the reduced intravesical pressures were
accompanied by reduced detrusor contractility or were the
result of another cause. A parallel study [13] recording the
morphological features of these bladders showed significant
denervation, which is characteristic of detrusor
underactivity [4,20,21], as well as a loss of interstitial
cells between muscle bundles. An ex vivo preparation
circumvented the possible impact of altered sensory
function [22]; how this contributes to detrusor
underactivity in vivo warrants further investigation.

Contractile Performance of SCT Detrusor Muscle

Detrusor strips exhibited spontaneous contractions of
greater duration and lower frequency in SCT rats and were
characteristic of those recorded in overactive bladder
models [18]. However, their amplitude was not significantly
different from those recorded in control strips. When the
magnitude of the contraction was normalized to unit
passive ex vivo stiffness, the magnitude of contractions
was greater in the SCT group. The rationale for this
normalization is that the tension generated by detrusor
smooth muscle cells is transmitted through the extracellular
matrix before being recorded by the force transducer. Thus,

Fig. 4 Stress–relaxation of detrusor strips from sham-operated or

spinal-cord transected (SCT) rats. A, Traces of spontaneous

contractions and relaxation of baseline tension. B, Values of rate

constants of baseline relaxation. Median values (25%, 75%

interquartiles). *P < 0.05 Wilcoxon rank test vs sham-operated values.
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dissipation of muscular energy through a more compliant
extracellular matrix will reduce the measured tension.

A significant rate of passive stress relaxation will also
reduce the measured peak contractile force by acting as a
viscous damper. An increased rate was measured in
detrusor strips from SCT rats and would be expected to
have a greater influence on these strips. A quantitative
relationship has been described previously [23] and, using
the above rate constants, would reduce the peak force of
spontaneous contractions by ª2% in the control strips and
by 10% in the SCT strips: thus, the active contractile force
would be underestimated to a greater extent in SCT strips.

One test of contractility comprised the use of an inotropic
agent targeted to detrusor muscle, namely the TRPV4
agonist GSK1016790A; however, similar observations were
made with the muscarinic agonist carbachol. GSK1016790A
evoked muscle contracture and a similar increase in the
amplitude of spontaneous contractions in detrusor from
both control and SCT bladders without altering their
frequency. Given a significant reduction in interstitial
cells in the SCT bladder wall [13], these data imply
that spontaneous activity is not entirely interstitial
cell-generated.

Overall, there is no evidence of contractile failure in the
highly-compliant bladder and it is proposed that increased
compliance is marked by altered matrix properties that
dissipate muscle force to produce a compliant bladder that
generates low pressures.

Alterations to Extracellular Matrix in
Bladder Hypertrophy

Hypertrophy is associated with increased collagen
deposition, at least in the early stages, as well as a decrease
in the type I to type III ratio [24,25]. Collagen subtype
changes may lead to changes in the passive mechanical
properties described above because a decrease in the type
I/III ratio is associated with reduced bladder compliance
[25]. Conversely, the tendency of collagen III to form large
coils may allow the bladder to hold large volumes more
readily [26]. Altered collagen deposition and subtype
composition are controlled by growth factors [27,28],
whose own release is up-regulated in the hypertrophic
bladder [29]. Further studies are required to measure the
changes in collagen distribution and subtype composition
in the underactive bladder.

In conclusion, a model of detrusor underactivity associated
with low bladder compliance was generated using spinal
cord-transected rats. There was no evidence of impaired
detrusor contractility and an overactive phenotype.
However, reduced passive bladder wall stiffness and an
enhanced rate of stress relaxation lead to the conclusion

that changes to the tissue matrix will result in a
low-pressure bladder. This implies that contractile agonists
may be effective for improving bladder function and that
long-term correction may be achieved by reversing the
changes to passive bladder wall mechanical function.
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