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Combination of Foot Stimulation and Tolterodine
Treatment Eliminates Bladder Overactivity in Cats
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Aims: To determine whether transcutaneous foot stimulation combined with a lower dose tolterodine would inhibit
bladder overactivity more effectively than either treatment alone. Methods: Cystometrograms were performed on a-
chloralose anesthetized cats (N¼6) by infusing 0.25% acetic acid (AA) to induce bladder overactivity. Foot stimulation
(5Hz) was applied at 2 and 4 times the threshold (T) intensity in volts (i.e., 2T or 4T) for inducing toe movement to inhibit
bladder overactivity. Cumulative doses of tolterodine (0.003–0.3mg/kg, i.v.) were also administered to determine the
effect of combination treatment.Results: AA irritation of the bladder significantly (P<0.0001) reduced bladder capacity
to 23.6� 7.1% of saline control capacity. Foot stimulation alone at 2T and 4T inhibited bladder overactivity and
significantly (P<0.0001) increased bladder capacity to 50.7�6.8% and 79.0� 11.6% of saline control, respectively.
Tolterodine alone at 0.3mg/kg significantly (P<0.05) increased bladder capacity to 65.6�15.5% of saline control.
However, when tolterodine at a threshold dose (0.3mg/kg) was combined with foot stimulation, the bladder capacity was
significantly (P<0.05) increased to 86.2� 6.2% and 107.9� 10.6% by 2T and 4T stimulation, respectively. Complete
inhibition of bladder overactivity could be achieved at a lower tolterodine dose (0.1mg/kg) when combined with 4T
stimulation (97.0� 11.2% of saline control). The amplitude of micturition contraction was not changed by tolterodine
treatment. Conclusions: This study suggests a novel, efficacious, non-invasive therapy by combining foot stimulation
with a lower dose tolterodine to treat bladder overactivity. It also provides the first objective evidence supporting
an additive therapeutic benefit of neuromodulation and antimuscarinic combination treatment. Neurourol. Urodynam.
33:1266–1271, 2014. # 2013 Wiley Periodicals, Inc.
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INTRODUCTION

Overactive bladder (OAB) affects 16–17% of the general
population and over 50% of nursing home residents in the US
and Europe,1,2 and costs $12.6 billion per year in the US alone.3

Antimuscarinic drugs remain the first line of therapy, but
side effects and poor efficacy result in a patient dropout rate
of 41% after 4 months and 77% at 1 year.4 Meta-analyses
of antimuscarinic drugs revealed that 53.4% of patients
experience adverse effects including dry-mouth, pruritus,
constipation, and dyspepsia.5,6 Sacral and pudendal neuro-
modulation are effective second line therapies for refractory
OAB, however these treatments require invasive surgery for
implantation of the device and adverse effects can result in
reoperation.7–9 Tibial neuromodulation is also a second line
option for OAB, however its efficacy is similar to antimuscarinic
drugs and cannot completely eliminate OAB symptoms.10

While tibial neuromodulation may be less invasive, it is
inconvenient and costly because it requires frequent stimula-
tion sessions conducted by medically trained staff to maintain
its efficacy.11 Consequently, a more effective, non-invasive,
and convenient form of neuromodulation therapy is needed to
treat OAB.

Our previous studies in cats have revealed a novel, non-
invasive method to suppress bladder overactivity by stimulat-
ing somatic afferent nerves in the foot with skin surface
electrodes.12,13 Transcutaneous foot stimulation offers a more
convenient OAB treatment that can be performed by the
patient at home. However, like tibial neuromodulation, foot
stimulation in cats was unable to completely suppress bladder
overactivity.12–14 Recent clinical evidence has demonstrated a

significant improvement in OAB symptoms when patients
with incomplete responses to sacral or tibial neuromodulation
were also treated with antimuscarinic drugs, suggesting a
positive additive benefit of the combination therapies.15,16 The
novel therapy produced by combining neuromodulation with
an antimuscarinic drug raises the possibility of more effective
OAB treatment at a lower pharmacologic dose compared to
drug therapy alone. Reducing antimuscarinic dosage could
lower unwanted adverse effects thus improving patient
compliance. Therefore, we hypothesize that inhibition of
bladder overactivity induced by non-invasive foot stimulation
can be augmented with the addition of a low dose of
antimuscarinic drug.
In this preclinical study using anesthetized cats, dilute

(0.25%) acetic acid (AA) was used to irritate the bladder,
activate nociceptive afferent C-fibers, and induce bladder
overactivity. The first-line antimuscarinic drug, tolterodine,
was administered with non-invasive foot stimulation to
determine whether this combination treatment is more
effective in inhibiting bladder overactivity than either tolter-
odine or foot stimulation alone.
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MATERIALS AND METHODS

All protocols involving the use of animals in the present
studywere approved by the Animal Care andUse Committee at
the University of Pittsburgh.

Experimental Setup

Experiments were conducted in a total of 6 adult cats
(4 female and 2 male cats between 2.8–3.8 kg) under a-
chloralose anesthesia (65mg/kg, supplemented as necessary)
after induction with isoflurane (2–3% in O2). Heart rate and
blood oxygen level were monitored with a pulse oximeter
(9847V, Nonin Medical Inc., Plymouth, MN, USA) that was
attached to the tongue. Systemic blood pressurewasmonitored
via a catheter in the right carotid artery. These physiological
parameters were monitored to ensure that the animal’s vital
functions remained relatively stable during the entire experi-
ment. Drugs or fluids were administered through a catheter in
the right cephalic vein and airway access was secured with a
tracheostomy tube. Ureters were accessed through a midline
abdominal incision and drained externally. The bladder was
cannulated through the urethra with a double lumen catheter
to infuse (1–2ml/min) saline or 0.25% acetic acid (AA) via one
lumen and measure bladder pressure via another lumen. A
ligature was tied around the proximal urethra to prevent
leakage. Fur was removed from the foot and two self-adhesive
pad electrode (Grass FE10ND, Astro-Medical Inc., Mentor, OH,
USA; diameter 1 cm) were attached to the skin at the bottom of
the left hind foot. One electrode was at the front of the foot and
the other was at the heel.

Stimulation Protocol and Drug Administration

Uniphasic rectangular pulses (5Hz frequency, 0.2ms pulse-
width) were delivered to the skin electrodes on the foot.
Threshold (T) stimulation intensity (3–16V), whichwas defined
as the minimal intensity to induce an observable toe twitch,
was determined by slowly increasing the stimulation intensity
at the beginning of the experiment. Our previous studies
indicated that foot stimulation at 2T is required to inhibit reflex
bladder contractions.13 Therefore, we chose to use intensities of
2T and 4T to suppress bladder overactivity induced by AA
irritation.
The initial bladder capacity was determined during a

cystometrogram (CMG) by slowly infusing the bladder with
saline. Bladder capacity was defined as the bladder volume
threshold to induce a bladder reflex contraction of large
amplitude (>30 cm H2O) and long duration (>20 seconds).
Multiple CMGs were performed to determine reproducibility of
the saline control capacity. Then, repeated CMGs were
performed with AA infusion to irritate the bladder, activate
nociceptive bladder C-fiber afferents, and induce bladder
overactivity.17 Once the irritated bladder capacity was stabi-
lized, four CMGs were performed prior to drug administration:
1. control CMG without stimulation, 2. CMG during 2T
stimulation, 3. CMG during 4T stimulation, 4. control CMG
without stimulation to determine any post-stimulation effect.
Increasing cumulative doses of tolterodine (tolterodine L-
tartrate, Tocris Bioscience, Bristol, UK) were then administered
(0.003, 0.01, 0.03, 0.1, and 0.3mg/kg, i.v.). Ten minutes after
administering each dose of tolterodine, the CMGs were
performed again under the four different conditions (control,
2T stimulation, 4T stimulation, and post-stimulation control) to
determine the drug effect on bladder capacity. The bladder was

emptied after each CMG followed by a 3–5min rest period to
allow the distended detrusor to recover.

Data Analysis

For the repeated CMG recordings, bladder capacity was
normalized to the initial saline control capacity in the same
animal to allow comparisons between animals. Capacity
measurements under the same conditions were averaged and
reported as mean� standard error of the mean. The mean
amplitude of the bladder reflex contraction was also measured
during each CMG and normalized to the AA control CMG to
determine the effect of tolterodine on detrusor contractility.
Statistical significance (P< 0.05) was detected by ANOVA
followed by Dunnett or Bonferroni post-tests.

RESULTS

Suppression of Bladder Overactivity by Foot Stimulation

AA-induced irritation of the bladder significantly (P< 0.0001)
reduced bladder capacity to amean of 23.6�7.1% (2.0� 0.6mL)
of saline control capacity (8.0�1.1mL) (Fig. 1). Prior to
tolterodine administration, foot stimulation significantly
(P<0.0001) increased bladder capacity to 50.7�6.8% at 2T
and 79.0�11.6% at 4T of saline control. After stimulation,
bladder capacity returned to the pre-stimulation level (Fig. 1),
indicating that there was no post-stimulation inhibition.

Dose Dependent Effect of Tolterodine alone on Bladder
Overactivity

During AA infusion CMGs, cumulative doses of tolterodine
(0.003–0.3mg/kg) increased bladder capacity dose dependently
in the absence of foot stimulation (Fig. 2A). However, only the
largest dose of tolterodine (0.3mg/kg) significantly (P<0.05)
increased the capacity (to 65.6�15.5% of the saline control
capacity) (Fig. 3A).

Combined Effect of Tolterodine and
Foot Stimulation on Bladder Overactivity

When tolterodine was combined with foot stimulation, the
total inhibitory effect was additive. Bladder capacity was
significantly (P< 0.05) increased by both 2T and 4T foot
stimulation when compared to AA control at every dosage
(Fig. 2 and Fig. 3A). After the 0.3mg/kg dose of tolterodine
which restored the small irritated bladder to a capacity of
65.6� 15.5% of saline control, 2T or 4T foot stimulation
significantly increased bladder capacity to 86.2� 6.2% or
107.9�10.6%, respectively, of the saline control (Fig. 3A). A
lower dose of tolterodine (0.1mg/kg), which was not effective
in significantly increasing control bladder capacity in the
absence of stimulation, significantly (P< 0.05) increased
bladder capacity to 97.0� 11.2% of saline control when
combined with 4T foot stimulation. Thus, combination therapy
completely restored the irritated bladder to the capacity
equivalent to the saline control (see the dashed line in
Fig. 3A). After 2T and 4T stimulation, the bladder capacity
returned to the pre-stimulation level at every dose of
tolterodine, i.e. no post-stimulation effect was observed.
Tolterodine (0.003–0.3mg/kg) did not alter the amplitude of

bladder reflex contractions during control, 2T or 4T foot
stimulation CMGs (Fig. 2 and Fig. 3B). Foot stimulation at 4T
significantly (P<0.05) increased the contraction amplitude
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only at 0mg/kg and 0.01mg/kg tolterodine (Fig. 3B). The
threshold pressure (5.0� 1.3 cmH2O) for inducing amicturition
reflex was significantly (P<0.05) increased by foot stimulation
(7.1�0.9 cm H2O at 2T; 8.5� 1.0 cm H2O at 4T) and by
tolterodine treatment (8.1� 1.4 cm H2O at 0.3mg/kg).

DISCUSSION

Our study shows that the combination of tolterodine and foot
stimulation elicits a greater inhibition of bladder overactivity
induced by AA irritation when compared to tolterodine or foot
stimulation alone (Fig. 2 and Fig. 3A). Tolterodine alone dose
dependently increased bladder capacity but only restored the
small irritated bladder to a capacity about 60–70% of saline
control at the maximal 0.3mg/kg dose (Fig. 3A). Meanwhile,
foot stimulation without tolterodine could only restore the
capacity to 50–80% of saline control (Fig. 1B). However, by
combining foot stimulation with a sub-threshold dose of
tolterodine (0.1mg/kg) a complete inhibition of bladder
overactivity (return to 100% of saline control capacity) was
achieved (Fig. 3A). Thus, the combined treatment offers the
possibility of a non-invasive and effective treatment for OAB
while limiting antimuscarinic adverse effects.

The concept of neuromodulation therapy combined with
antimuscarinic treatment is a novel idea that initial studies
have shown to reduce OAB symptoms in patients refractory to
either sacral or tibial neuromodulation.15,16 A study in women
demonstrated that tolterodine combined with tibial neuro-
modulation significantly decreased frequency, urgency, and
incontinence episodes and increased the quality of life when
compared to tolterodine alone.16 Given that tibial neuro-
modulation alone has been shown clinically to be equally
effective to tolterodine,10 the additive benefit of dual therapy
was significant. Additionally, a retrospective review of 88
patients who had a suboptimal response to sacral neuro-

modulation revealed that 84% of those patients had a
subjective improved therapeutic response when started on
antimuscarinic therapy.15 Our results provide more objective
data and urodynamic evidence to support these clinical
observations of combination therapy.
Our results also demonstrate that combination therapy

allows the possibility of achieving higher treatment efficacy at
a lower dose of tolterodine. While it may be difficult to directly
compare tolterodine dosages between cats and humans,
our results in cats show that the tolterodine dosage when
combined with foot stimulation can be decreased (0.1mg/kg)
while producing greater inhibition than the minimum effec-
tive dose of tolterodine alone (0.3mg/kg). While antimuscar-
inic drugs are the first line of therapy, discontinuation rates
among patients are high due to a poor efficacy and significant
adverse effects.4,5 Tolterodine is a first line antimuscarinic drug
with a slightly better adverse effect profile due to an eightfold
lower affinity for parotid gland tissue when compared to
oxybutynin, thus significantly reducing the incidence of
mouth dryness while maintaining its efficacy.18,19 Patient
compliance, however, remains a major issue as the median
time to discontinuation of tolterodine was determined to be
only 3 months.20 If a lower dose of antimuscarinic drug can
be used, the adverse effects and thus patient compliancewould
be greatly improved.
Utilizing foot stimulation for combination therapy also has

its advantages over sacral and tibial neuromodulation. Sacral
neuromodulation requires invasive surgery procedures to
implant the electrode and stimulator.9 Patients also frequently
experience adverse events such as loss of efficacy, pain at
implant site, infection, hematoma/seroma, migration, and
device malfunction which result in re-operation for 16.1–39.5%
of patients.9,21 Tibial neuromodulation, a less invasive but less
effective form of therapy, still requires a percutaneous needle
electrode to be inserted by medically trained staff and

Fig. 1. Foot inhibition of bladder overactivity caused by 0.25% acetic acid (AA). A. Cystometrogram (CMG) pressure trace during saline or AA infusion at rate of

1ml/min with or without foot stimulation prior to tolterodine administration. Stimulation denoted by solid black bar under the pressure trace. Foot

stimulation threshold (T) is defined asminimal intensity to induce observable toe twitch. T¼ 3V. B. Summarized results (N¼ 6 cats) showing average bladder

capacity normalized to saline control. Foot stimulation: 5Hz, 0.2ms, T¼ 3–16V. � indicates significant difference compared to AA control prior to stimulation.
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stimulated on a weekly schedule for initial 12 weeks followed
by maintenance stimulation once a month, which is very
inconvenient for patients.10 Unlike tibial neuromodulation,
foot stimulation uses skin surface electrodes to stimulate the
nerves that innervate the foot.13 Because foot stimulation is
non-invasive and tolterodine is a first-line FDA approved
antimuscarinic drug, a clinical trial to test this combination
treatment for OAB at a low dose of tolterodine would be safe
and feasible.
Originally, it was believed that antimuscarinic drugs treat

OAB through competitive inhibition of the muscarinic recep-
tors in the detrusor, which reduce the contractility of the
bladder. This belief has largely been dismissed.22 Evidence now
points to antimuscarinic drugs targeting muscarinic receptors
in the bladder urothelium23 and suburothelium,24 which leads
to a suppression of C-fiber and Ad-fiber afferent activity during
bladder filling.25–27 Neuromodulation, however, involves elec-
trical stimulation of somatic afferent nerves, which inhibits
bladder overactivity through central interactionwith the spinal
and supraspinal micturition reflex.13,14 Therefore, the additive
benefit of foot stimulation and tolterodine combination
treatment is probably derived from simultaneous inhibition
of both central and peripheral bladder afferent pathways.

Our results also support the conclusion that antimuscarinic
drugs do not significantly affect the efferent pathway of the
micturition reflex at the therapeutic dosages 22 because the
amplitude of micturition contractions was not changed by
the cumulative doses (0.003–0.3mg/kg) of tolterodine (Fig. 3B).
The increase in contraction amplitude caused by 4T foot
stimulation (Fig. 3B) was probably due to a relatively large
bladder volume when compared to the AA control. A larger
bladder volume could generate a stronger afferent input and
thereby a stronger micturition reflex because the bladder
contracts against the closed urethral outlet in this study.28–31

Other studies also suggest that central muscarinic receptors
may be involved in micturition.32,33 However, these receptors
are primarily inhibitory to the bladder and are not tonically
active.32,33 Furthermore, our results also indicate that musca-
rinic receptors are not involved in the mechanism of foot
inhibition of bladder overactivity because the inhibition
induced by foot stimulation remained across all doses of
tolterodine (Fig. 3).
Our current study shows foot stimulation alone, or

when combined with tolterodine, does not produce a post-
stimulation inhibition of bladder overactivity induced by AA
irritation. Tibial neuromodulation is clinically effective in

Fig. 2. Dose dependent effect of tolterodine and foot inhibition on bladder overactivity caused by acetic acid (AA) irritation. The CMGs were performed in

sequence from left to right in figures A-C and from top to bottom in each figure. Duration of foot stimulation is indicated by the black bar under the bladder

pressure trace. Foot stimulation threshold (T) is defined as theminimal intensity to induce an observable toe twitch. A. Control CMGswithout foot stimulation

after increasing doses of tolterodine. B. CMGs during 2T foot stimulation. C. CMGs during 4T foot stimulation. Stimulation: 5Hz, 0.2ms, T¼ 12V. Infusion

rate¼ 1ml/min.
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treating OAB because prolonged stimulation induces a lasting
inhibitory effect on the micturition reflex allowing intermit-
tent stimulation to maintain efficacy.10 Without a lasting post-
stimulation effect, foot stimulation would need to be applied
continuously or more frequently to be efficacious. While
continuous foot stimulation might interfere with patient daily
activity, a small portable stimulator could be turned on/off by
the patient as often as possible at convenient times during the
day. Our previous studies in cats have also shown that opioid
receptors are involved in foot inhibition of bladder
overactivity 34 and a long-lasting (>2hours) post-stimulation
inhibition of bladder overactivity can be induced when foot
stimulation is combined with tramadol 14 whose metabolite is
a strong opioid agonist. Therefore, a further study of the
tramadol effect on the combination treatment of foot stimula-
tion and tolterodine is warranted.

In this preclinical study using anesthetized cats, dilute
(0.25%) AAwas used to irritate the bladder, activate nociceptive
afferent C-fibers, and induce bladder overactivity. Although
this animal model might not fully replicate the human OAB
conditions, it produced bladder overactivity by activation of the
bladder nociceptive afferent C-fibers that are known to play an

important role in OAB symptoms. Since the pathology of
human OAB is currently unknown, it is not possible to produce
an animal model that can fully replicate the human OAB
conditions. We believe that the bladder overactivity induced by
activation of nociceptive afferent C-fibers in anesthetized cats is
very useful for preclinical studies aimed at development of new
therapeutic strategies for human OAB. Certainly, results of any
preclinical studies will ultimately have to be verified by clinical
trials using OAB patients.
This study proposes a novel and efficacious treatment

strategy for OAB by combining non-invasive foot stimulation
with low-dose tolterodine. Combination therapy would poten-
tially limit adverse effects of antimuscarinic drugs and increase
patient compliance. Additionally, this study provides the first
urodynamic evidence to support the additive benefit observed
clinically by the combination of neuromodulation and anti-
muscarinic drug.15,16 If shown to be clinically efficacious, foot
stimulation combined with low dose tolterodine could signifi-
cantly improve the treatment for OAB.
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