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Abstract
Purpose—To investigate the effects of tibial nerve stimulation on bladder overactivity induced
by acetic acid (AA) irritation.

Material and Methods—Cystometry was performed in 10 α-chloralose anesthetized female cats
by infusing saline or AA through a urethral catheter that was secured by a ligature around the
urethra. Intravesical infusion of 0.25% AA was used to irritate the bladder and induce bladder
overactivity. Multiple cystometrograms (CMGs) were performed before, during, and after tibial
nerve stimulation to determine the inhibitory effect on the micturition reflex.

Results—Infusion of 0.25% AA irritated the bladder, induced bladder overactivity, and
significantly reduced the bladder capacity to about 20% of the control capacity measured during
saline infusion. Tibial nerve stimulation at either low (5 Hz) or high (30 Hz) frequency
significantly increased bladder capacity to about 40% of the saline control capacity when it was
applied during AA infusion CMG. The amplitude of bladder contractions was smaller during AA
irritation than during saline distention due to a significantly smaller bladder capacity. Tibial nerve
stimulation at 5 Hz not only increased bladder capacity but also increased the amplitude of bladder
contractions.

Conclusion—Activation of somatic afferents in the tibial nerve of cats can partially reverse the
bladder overactivity induced by intravesical administration of a chemical irritant that activates C-
fiber afferent nerves. These data are consistent with clinical studies showing that tibial nerve
neuromodulation is effective in treating overactive bladder symptoms.
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INTRODUCTION
Many clinical reports 1–17 have shown that percutaneous tibial nerve stimulation is effective
in treating patients with overactive bladder symptoms. However, only a few animal
studies 18,19 have investigated the inhibitory effect of tibial/peroneal nerve stimulation on
reflex bladder activity. These studies showed that stimulation frequencies of 0.5–10 Hz were
effective 18,19, while most clinical studies used 20 Hz 1–17. The animal studies used saline to
fill the bladder and induce normal reflex micturition mediated by Aδ afferent fibers 20.
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However, in pathological conditions C-fiber afferents contribute to overactive bladder
symptoms 21; and currently there is no animal study demonstrating that tibial nerve
stimulation can modulate bladder overactivity induced by C-fiber afferents. Due to the lack
of basic science evidence supporting the clinical treatment of bladder overactivity by tibial
nerve stimulation, the efficacy of this treatment is often questioned by many clinicians.

In this animal study using cats we aimed at answering the following two questions: 1) Is the
tibial nerve stimulation effective in suppressing pelvic C-fiber afferent mediated bladder
overactivity and 2) Which stimulation frequencies are effective? The results of our study
showed the effectiveness of low and high frequency tibial nerve stimulation in suppressing
chemically-induced bladder overactivity. These data provide support for the clinical use of
tibial nerve neuromodulation in the treatment of overactive bladder symptoms.

MATERIAL AND METHODS
All protocols involving the use of animals in this study were approved by the Animal Care
and Use Committee at the University of Pittsburgh.

Experimental setup
Experiments were conducted in 10 female cats (2.2 kg to 3.3 kg) under α-chloralose
anesthesia (65 mg/kg, I.V. supplemented as necessary) after induction with isoflurane (2–
3% in O2). Systemic blood pressure was monitored throughout the experiment via a catheter
inserted in the right carotid artery. A tracheotomy was performed and a tube was inserted to
keep the airway patent. A catheter for I.V. infusion was introduced into the right ulnar vein.
The ureters were cut and drained externally. A double lumen catheter was inserted through
the urethra into the bladder and secured by a ligature around the urethra. One lumen of the
catheter was connected to a pump to infuse the bladder with either saline or 0.25% acetic
acid (AA) at a rate of 0.5–2 ml/min, and the other lumen was connected to a pressure
transducer to measure the pressure change in the bladder. The tibial nerve was exposed on
the medial side of left hindlimb above the ankle. After a tripolar cuff electrode (NC223pt,
MicroProbe Inc., Gaithersburgh, MD) was implanted on the tibial nerve for stimulation, the
skin was closed by sutures.

Stimulation protocol
Uniphasic rectangular pulses (0.2 ms pulse width) at low (5 Hz) or high (30 Hz) frequency
were delivered to the tibial nerve via the cuff electrode. The intensity threshold (T) for
inducing toe movement was determined at 5 Hz by gradually increasing the stimulation
intensity. Since our preliminary test indicated that stimulation intensity of 2–4 T was
required to inhibit isovolumetric bladder contractions induced by saline distention, this
intensity range was used for tibial nerve stimulation to suppress bladder overactivity induced
by infusion of 0.25% AA.

The inhibitory effect of tibial nerve stimulation was tested by performing repeated
cystometrograms (CMGs) which consisted of a slow infusion of saline or AA starting with
an empty bladder to determine the bladder capacity. Bladder infusion was stopped
immediately after the initiation of the first large amplitude bladder contraction. First, two or
three saline CMGs were performed without stimulation to obtain the control bladder
capacity and evaluate reproducibility. Then, another 3–5 CMGs were performed during a
30–50 minute period with infusion of 0.25% AA to irritate the bladder and induce bladder
overactivity that markedly reduced bladder capacity. After the capacity of the irritated
bladder stabilized, tibial nerve stimulation (frequency: 5 or 30 Hz; intensity: 2–4 times
threshold for inducing toe movement) was applied during two sequential CMGs. The order
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of application of the two stimulation frequencies (5 or 30 Hz) was randomized in different
animals. At the end of the experiment, another CMG with AA infusion was performed
without stimulation. The bladder was emptied after each CMG and a 5–10 min rest period
was inserted between CMGs to allow the micturition reflex to recover. Repeated CMGs
during 0.25% AA infusion were performed over a period of 1.5–2 hours.

Data analysis
For the repeated CMG recordings, the bladder capacities were measured and normalized to
the measurement of the first control CMG during saline infusion. Repeated measurements in
the same animal under the same conditions were averaged. The normalized data from
different animals are presented as means ± SE. Student’s t-test was used to detect statistical
significance (P<0.05).

RESULTS
During saline infusion, large amplitude (>30 cmH2O) long duration (>30 seconds) bladder
contractions were induced when the bladder volume reached the micturition threshold
volume (i.e. bladder capacity, 10.7±1.8 ml) (see the first trace in Fig. 1). Irritation of the
bladder by infusion with 0.25% AA markedly reduced (P<0.05) bladder capacity to about
20% of the capacity during saline infusion (see Figs.1 and 2). The amplitude of bladder
contractions was also reduced (Figs.1 and 3) presumably due to the smaller bladder volume
at the time of reflex micturition. Tibial nerve stimulation at either 5 or 30 Hz applied during
the CMGs following the AA induced irritation significantly (P<0.05) increased bladder
capacity to about 40–50% of the saline control (see the third and fourth traces in Fig. 1), but
did not completely reverse the effect of AA irritation and return bladder capacity to control
levels (Fig. 2). There was no significant difference between 5 Hz and 30 Hz in increasing
bladder capacity (Fig. 2). However 5 Hz but not 30 Hz stimulation also significantly
(P<0.05) increased the amplitude of bladder contractions (Fig. 3). Bladder capacity during
control CMGs at the end of the experiments following recovery from tibial nerve stimulation
were not significantly different from the bladder capacities measured during AA irritation
prior to tibial nerve stimulation indicating that the CMGs were stable over the course of the
experiment.

DISCUSSION
This study revealed that tibial nerve stimulation in cats at both low (5 Hz) and high (30 Hz)
frequencies is effective in suppressing bladder overactivity induced by intravesical
administration of 0.25% AA (Figs.1 and 2). The results provide basic science support for the
clinical use of tibial nerve stimulation in treating overactive bladder symptoms.

Previous studies in non-human primates 18 and cats 19 showed that tibial/peroneal nerve
stimulation is effective in inhibiting reflex bladder activity induced by saline infusion into
the bladder. Under these conditions reflex bladder activity is induced primarily by activation
of bladder Aδ-fiber afferents. However following AA irritation bladder C-fiber afferents are
sensitized and induce bladder overactivity including a marked reduction in bladder
capacity 20,21 (Figs.1 and 2). This is the first animal study showing that the bladder
overactivity can be suppressed by activating the somatic afferent fibers in the tibial nerve.
Because reflex micturition after bladder irritation very likely depends on a normal reflex
pathway activated by Aδ-fiber afferents that is in turn facilitated by C-fiber afferent input, it
is not possible to determine if tibial nerve stimulation specifically reverses the C-fiber
afferent induced facilitation or acts by suppressing the Aδ-fiber activated pathway.
Nevertheless the present data show that irritated bladders are still sensitive to the inhibitory
effects of tibial nerve stimulation.
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However tibial nerve stimulation only partially reversed (about 40%, Fig. 2) the effect of
AA irritation on bladder capacity. This could be due to the intense afferent activation in this
AA irritation model. The magnitude of the bladder irritation induced by 0.25% AA was very
large (average 80% reduction in bladder capacity) and therefore represents a very robust
pathological condition that probably produces extreme changes in voiding function that
exceed those in OAB patients being treated with tibial neuromodulation. Thus a more
moderate level of irritation using a lower AA concentration such as 0.1% instead of 0.25%
might yield a more appropriate and sensitive model for future exploration of the mechanisms
underlying the effects of tibial nerve stimulation. The study of different pathological models
is important because it could provide insight into how the therapeutic effect of tibial nerve
stimulation might vary according to the severity of overactive bladder symptoms.

Tibial nerve stimulation did not decrease the amplitude of the bladder contractions as might
be expected to occur during an inhibitory response but rather increased contraction
amplitude (Figs.1 and 3). This is attributable to an indirect effect resulting from the reversal
of the effect of AA on bladder capacity. After administering AA bladder capacity was
markedly reduced and micturition contractions occurred at a very small volume that
decreased the amplitude of the contractions (Figs.1 and 3). During tibial nerve stimulation
the contractions occurred at a larger bladder volume and this in turn presumably enhanced
the amplitude of the contractions.

The magnitude of the effect of tibial nerve stimulation on bladder capacity in the AA
irritation model was comparable to the effect of pudendal nerve stimulation on bladder
capacity in a model of neurogenic bladder dysfunction induced by chronic spinal cord injury
in the cat 22. However the frequency dependence of the effects of tibial and pudendal nerve
stimulation are different. Both 5 Hz and 30 Hz tibial nerve stimulation inhibits bladder
activity, in contrast to the effect of pudendal nerve stimulation 22,23 that induces an
inhibitory effect at a low (5 Hz) frequency but an excitatory effect at a high (20–30 Hz)
frequency. This difference indicates that the underlying mechanisms for pudendal nerve and
tibial nerve neuromodulation might be significantly different. The current study also
indicated that the 20 Hz frequency currently used in clinical applications of tibial nerve
stimulation might not be a critical parameter and that lower frequencies such as 5 Hz might
be able to achieve the same therapeutic effect as the 20 Hz. Our recent study in cats 24

showed that electrical stimulation applied to the surface of the foot could also significantly
suppress bladder overactivity. Similar to the results in the present study, foot stimulation at
both low (5 Hz) and high (20 Hz) frequencies was effective. However, the foot stimulation
is not specific to the tibial nerve since the peroneal nerve which innervates the foot 25 could
also be activated.

The neural pathways involved in tibial nerve inhibition of the bladder have only been
partially elucidated. Stimulation at intensities 2–4 times threshold for inducing toe
movement were used in the present experiments to suppress bladder overactivity (Figs.1 and
2) and are used clinically to control overactive bladder symptoms. At this intensity the
stimulation probably only activates large afferent nerve fibers rather than the small Aδ- and
C-fiber afferents that induce painful sensations. Tibial afferent nerves project to the
segments of the lumbosacral spinal cord that also receive inputs from bladder afferents
travelling in the pelvic nerves 25. Because somatic afferents are known to synapse on
populations of spinal interneurons that also receive visceral inputs from the pelvic
organs 26,27, it is possible that synaptic interactions between the tibial and bladder sensory
pathways occur at the spinal level and mediate the inhibitory effect of tibial nerve
stimulation. However a previous study in cats 28 showed that the inhibitory effect on bladder
activity elicited by electrical stimulation of the nerves from hindlimb muscles was lost after
chronic spinal cord transection at the thoracic level. This indicates that supraspinal rather
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than spinal mechanisms are essential for somato-vesical inhibition. In this regard it is well
known that extensive viscerosomatic convergence occurs at thalamic synapses 29, raising the
possibility that circuitry in the thalamus is important for tibial nerve inhibition of bladder
activity.

In summary our current study focused on the inhibitory effect of tibial nerve stimulation in a
model of bladder overactivity induced by irritation of chemosensitive C-fiber afferent nerves
in the bladder. Although many questions about tibial nerve neuromodulation still need to be
answered, this animal study and a recent multicenter, double-blind, randomized, controlled
clinical trial 1 indicate that tibial nerve neuromodulation could be a very promising clinical
treatment for overactive bladder symptoms.
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Fig. 1.
Tibial nerve stimulation suppresses bladder overactivity induced by infusion of 0.25% acetic
acid (AA) and significantly increases bladder capacity. Stimulation: pulse width 0.2 ms,
intensity 6 V (4 T). T- intensity threshold for inducing toe movement. Infusion rate: 1 ml/
min.
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Fig. 2.
Tibial nerve stimulation at both 5 Hz and 30 Hz significantly suppressed bladder
overactivity induced by infusion of 0.25% acetic acid (AA). Stimulation: pulse width 0.2
ms, intensity 2–4 T. T - intensity threshold for inducing toe movement. * indicate a
statistical significance. N = 10.
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Fig. 3.
The amplitude of bladder contractions was significantly reduced by infusion of 0.25% acetic
acid (AA). Tibial nerve stimulation significantly increased the contractionamplitude.
Stimulation parameters were same as Fig. 2. * indicate a statistical significance. N = 10.
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