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Abstract

Urinary retention is the inability to empty the bladder completely, and may result from bladder
hypocontractility, increases in outlet resistance, or both. Chronic urinary retention can lead to
several urological complications and is often refractory to pharmacologic, behavioral, and surgical
treatments. We sought to determine whether electrical stimulation of sensory fibers in the
pudendal nerve could engage an augmenting reflex and thereby improve bladder emptying in an
animal model of urinary retention. We measured the efficiency of bladder emptying with and
without concomitant electrical stimulation of pudendal nerve afferents in urethane anesthetized
rats. Voiding efficiency (VE=voided volume/initial volume) was reduced from 72+7% to 29+7%
following unilateral transection of the sensory branch of the pudendal nerve (UST) and from
70+5% to 18+4% following bilateral transection (BST). Unilateral electrical stimulation of the
proximal transected sensory pudendal nerve during distention-evoked voiding contractions
significantly improved VE. Low intensity stimulation at frequencies of 1-50 Hz increased VE to
40-51% following UST and to 39-49% following BST, while high intensity stimulation was
ineffective at increasing VE. The increase in VE was mediated by increases in the duration of
distention-evoked voiding bladder contractions, rather than increases in contraction amplitude.
These results are consistent with an essential role for pudendal sensory feedback in efficient
bladder emptying, and raise the possibility that electrical activation of pudendal nerve afferents
may provide a new approach to restore efficient bladder emptying in persons with urinary
retention.

1. Introduction

The urinary bladder accumulates and stores urine (continence) and evacuates urine at an
appropriately selected time and place (micturition or voiding). During voiding the bladder
contracts and the external urethral sphincter (EUS) relaxes to allow urine flow. Urinary
retention is the inability to empty the bladder completely, and can lead to significant
complications. Non-obstructive retention occurs when bladder pressure is insufficient to
overcome outlet resistance and may result from bladder muscle hypocontractility (Jonas et a/
2001), increases in the outlet resistance (Goodwin et a/ 1998), or both. Chronic urinary
retention can lead to several urological complications including reflux, upper urinary tract
damage, urinary tract infection, and overflow incontinence. Urinary retention is often
refractory to pharmacologic, behavioral, and surgical approaches (Aboseif et a/2002), and
many persons must resort to intermittent self-catheterization to empty their bladder which

"Corresponding author: Warren M. Grill, Ph.D., Department of Biomedical Engineering, Duke University, Hudson Hall 136, Box
90281, Durham, NC, 27708-0281, USA, Tel: (919) 660-5276, Fax: (919) 684-4488, warren.grill@duke.edu.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Peng et al.

Page 2

itself is associated with frequent urinary tract infections (Shaker and Hassouna 1998). The
purpose of this study was to investigate whether electrical stimulation of pudendal nerve
afferents improved bladder emptying in an animal model of urinary retention.

Sensory fibers in the pudendal nerve (afferents) innervating the urethra sense urine flow and
reflexly generate positive feedback to enhance bladder contraction strength and duration, to
inhibit the external urethral sphincter, and to augment emptying. Fluid flow in the urethra
evokes firing in pudendal afferents innervating the urethra in cats (Talaat 1937, Todd 1964)
and rats (Le Feber ef a/1998), and this sensory signal augments the amplitude of ongoing
bladder contractions in cats (Barrington 1931, 1941, Garry et a/ 1959) and increases the
frequency of isometric bladder contractions in rats (Jung et a/1999). Similarly, electrical
stimulation of the urethral sensory branch of the pudendal nerve in cats leads to excitation of
the bladder (Mazieres et a/ 1997, Jiang and Lindstrém 1999), inhibition of the external
urethral sphincter, and voiding (Shefchyk and Buss 1998). Similar studies in humans have
documented generation of bladder contractions by urethral fluid flow (Karlson 1953, Bump
2000, Shafik et a/2003a) or intraurethral electrical stimulation (Gustafson et a/2003, 2004).
Conversely, disruption of the sensory input from the urethra to the augmenting reflex
decreases voiding efficiency. Transection of the sensory branch(es) of the pudendal nerve
leads to a reduced in voiding efficiency in rats (Cruz and Downie 2005, Peng ef a/2008),
and silencing urethral afferents with intraurethral anesthesia reduces voiding efficiency in
rats (Peng et a/2008) and humans (Shafik et a/2003b).

In this study we sought to determine whether electrical stimulation of pudendal afferents
could engage the augmenting reflex and thereby improve bladder emptying in an animal
model of urinary retention. We measured the efficiency of bladder emptying with and
without concomitant electrical stimulation of pudendal nerve afferents following acute
unilateral or bilateral transection of the sensory branch of the pudendal nerve. Transection of
the sensory branch(es) of the pudendal nerve led to a significant reduction in voiding
efficiency, and voiding efficiency was significantly improved by electrical stimulation of
pudendal nerve afferents. These results are consistent with an important role for pudendal
sensory feedback in efficient bladder emptying, and raise the possibility that electrical
activation of pudendal nerve afferents may provide a new approach to restore efficient
bladder emptying in persons with non-obstructive urinary retention.

2. Materials and methods

2.1. Experimental preparation

All animal care and experimental protocols were reviewed and approved by the Institutional
Animal Care and Use Committee of Duke University. Female Sprague-Dawley rats (n=17)
weighing between 270 and 320 g were anesthetized with urethane (1.2 g/kg, s.c.). The tail
vein was catheterized for fluid and drug administration, and body temperature was
maintained between 36-38° C with a recirculating water blanket.

In this study two types of preparations were used. A first series of experiments (n=7) was
conducted with isovolumetric bladder pressure measurements. Bladder volume was
maintained by catheterizing the bladder via the urethra with a polyethylene (PE) tube 50
(0.58 mm ID and 0.96 mm OD) tied in place with a ligature around the external urethral
orifice. The second series of experiments (n=10) was performed with continuous
transvesical infusion cystometry and an open urethra. The urinary bladder was exposed via a
midline abdominal incision and a PE tube 50 was inserted into the bladder lumen for bladder
pressure measurements. The bladder end of the PE tube was heated to form a collar, passed
through a small incision at the apex of the bladder dome, and secured with a purse-string
suture. The bladder was filled at 0.12 ml/min with physiological saline at room temperature,
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and each trial included at least three voiding contractions. Two insulated silver wire
electrodes (0.05 mm diameter) with exposed tips were inserted into the lateral aspects of the
mid-urethra to record the electromyogram (EMG) from the EUS. Finally, the abdominal
wall was closed with nylon suture.

The PE tube was connected via a 3-way stopcock to an infusion pump and to a pressure
transducer (Deltran DPT-100, Utah Medical Products, Midvale, UT, USA) to measure
intravesical pressure and control bladder volume. The intravesical pressure and EUS EMG
were amplified, filtered, and sampled at 5 kHz (Dash 8Xe, Astro-Med, Inc., Rl, USA).

Either unilateral (UST) or bilateral (BST) transection of the sensory branch of the pudendal
nerve was performed in each rat. The sensory branches of the pudendal nerves were exposed
and transected via a posterior approach by incising the distal portions of the gluteus major
muscles (McKenna and Nadelhaft 1986, Pacheco et a/1989). The ilium and sacrum bones
were separated and the sensory branches of pudendal nerves were isolated and transected. In
all rats the proximal end of the transected pudendal sensory branch on one side was mounted
in a bipolar cuff electrode for electrical stimulation. Regulated current cathodic, monophasic
stimulus pulses were applied with pulse duration of 0.1 ms, amplitude between 0.025 - 1.0
mA, and frequency between 1 — 50 Hz (Pulsar 9bp, FHC Inc., Bowdoinham, ME). The
current threshold to evoke the pudendal-pudendal reflex (i.e., an EUS EMG evoked by
stimulation of the proximal transected pudendal sensory branch) was measured (n=8) with
stimuli applied at 1 Hz.

2.2 Conditional electrical stimulation during isovolumetric bladder contractions

Electrical stimulation was applied during rhythmic isovolumetric bladder contractions
present in preparation 1 after bilateral transection of the sensory branch of the pudendal
nerves. Initially, the bladder was filled via the urethral catheter at a rate of 0.12 ml/min, and
the infusion was stopped when the first isovolumetric bladder contraction appeared (usually
with an amplitude larger than 20 cm-H,0). Conditional electrical stimulation was started at
the first peak of the rhythmic bladder contraction pressure and lasted 30 s (figure 2).
Stimulation was applied during approximately every other contraction, and the order of
presentation of the different stimulus frequencies and amplitudes was randomized. The
bladder was emptied every 30-40 minutes with 10 min of equilibration before filling again.
The area under the bladder pressure curve during a bladder contraction was measured to
quantify the effects of electrical stimulation. For the sample size of 7 and alpha=0.05, the
power (1-beta) to detect an effect size equal to one half of one standard deviation was
estimated to be 0.41 and to detect an effect size equal to one standard deviation was
estimated to be 0.98.

2.3 Conditional electrical stimulation during continuous infusion cystometry

Electrical stimulation was applied during voiding bladder contractions present in preparation
2 after either unilateral (n=4) or bilateral (n=4) transection of the pudendal sensory nerve.
Conditional electrical stimulation was triggered at the first peak of the intravesical pressure
during the micturition bladder contraction and stopped when the pressure returned to the
baseline present before the contraction (figure 4). With the sample size of 4 and alpha=0.05,
the power to detect an effect size equal to one half of one standard deviation was estimated
to be 0.16 and to detect an effect size equal to one standard deviation was estimated to be
0.53.
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2.4 Continuous electrical stimulation during continuous infusion cystometry

Electrical stimulation was applied continuously during bladder filling in preparation 2 after
unilateral (n=2) transection of the pudendal sensory nerve (figure 6A) and stopped after the
peak pressure during the first micturition contraction.

2.5 Data analysis

Cystometric parameters were measured to quantify the effects of electrical stimulation on
voiding: (1) micturition volume threshold (VT), defined as the infused volume of saline
sufficient to induce the first voiding contraction; (2) contraction amplitude (CA), the
maximal pressure during voiding; (3) bladder contraction duration (CD) during voiding; (4)
bladder contraction area, the area of bladder contraction under the bladder pressure curve;
(5) intercontraction interval (ICl), the interval between two consecutive voiding
contractions; and (6) voiding efficiency (VE), the ratio between voided volume (VV) and
the VT. The VV was obtained from the value of VT minus residual volume (RV) of saline
withdrawn through the intravesical catheter after the final voiding contraction.

All data are presented as mean + standard deviation. Analysis of variance (ANOVA)
followed by Tukey HSD post hoc paired comparisons (SigmaStat, SPSS, Chicago, IL, USA)
was used to compare voiding parameters across different conditions, and p< 0.05 was
considered significant for all analyses.

3. Results

3.1 Electrical stimulation threshold of the pudendal-pudendal reflex

The minimum current amplitude to elicit reflex activation of the EUS (figure 1) by
stimulation of the proximal transection pudendal sensory nerve ranged from 0.01 to 0.07 mA
(0.05£0.02 mA, n=8), and the latency of the EUS reflex response was 25+0.80 ms.

3.2 Effects of conditional electrical stimulation during isovolumetric bladder contractions

An example from one experiment of the effect of unilateral pudendal sensory nerve
stimulation on isovolumetric bladder contractions following bilateral transection of the
sensory branch of the pudendal nerves (BST) is shown in figure 2. The 30 s epochs of
stimulation at 1 Hz, which started at the first peak of the contraction, had either excitatory or
inhibitory effects depending on the stimulation intensity. Stimulation at lower amplitudes
(0.025-0.1 mA) appeared to increase the duration of the contractions, and thus the
contraction area, as compared to the contractions without stimulation, whereas higher
stimulation amplitudes (0.4-1.0 mA) appeared to decrease the bladder contraction duration.
The bladder pressure decreased sharply after the onset of higher amplitude stimulation, and
thus the bladder contraction duration was reduced.

The apparent excitatory and inhibitory effects of pudendal afferent stimulation on bladder
contraction area were similar at other stimulation frequencies and were observed
consistently in all experiments. Figure 3 summarizes the effects on the bladder contraction
area of unilateral electrical stimulation of the proximal end of the transected sensory branch
of the pudendal nerve at different stimulation frequencies and amplitudes (n=503 trials
across 7 rats). Two factor ANOVA indicated that the absolute contraction area was
dependent on the stimulation amplitude (p<0.001), but our results did not demonstrate a
significant effect of stimulus frequency (p=0.097). Further, post-hoc paired comparisons
(Tukey HSD) indicated that the contraction area was larger than control with low intensity
stimulation (1=0.025-0.02 mA, p<0.05) and smaller than control with higher intensity
stimulation (1=0.4-1.0mA, p<0.05). Following BST, unilateral pudendal sensory nerve
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stimulation at low amplitudes augmented isovolumetric bladder contractions, and
stimulation at high amplitudes inhibited isovolumetric bladder contractions.

3.3 Effects of conditional electrical stimulation following unilateral sensory nerve
transection during continuous infusion cystometry

Subsequently stimulation was applied during open urethra cystometry to determine the
effects on bladder emptying. Examples of the effects of conditional unilateral electrical
stimulation of the proximal transected pudendal sensory nerve branch following unilateral
transection of the sensory branch of the pudendal nerve (UST) are shown in figure 4A, and
the cystometric parameters are summarized in Table 1. Acute UST reduced the bladder
contraction amplitude, the bladder contraction duration, the bladder contraction area, and the
voiding efficiency as compared to prior to UST (Table 1). The lower voiding efficiency
appeared to decrease the intercontraction interval (figure 4A), since there was a larger
residual volume after the impaired contractions and at a constant filling rate the bladder
again reached threshold volume in less time, but the reductions in intercontraction interval
were not significant (Table 1).

Conditional low amplitude (0.05 mA) stimulation following UST increased the contraction
duration and the voiding efficiency, leading to an apparent increase in intercontraction
interval (figure 4A), but again the latter was not significant. The bladder contraction area
was reduced to 43 % of control following UST, but augmented significantly to 70-97 % of
control by low amplitude conditional electrical stimulation (Table 1). Conditional higher
amplitude (0.2 mA) stimulation appeared to cause immediate inhibition of the bladder, but
the reductions in contraction area and voiding efficiency were not significant (figure 4A,
Table 1).

A summary of the changes in voiding efficiency following UST and conditional unilateral
stimulation of the proximal transected sensory branch of the pudendal nerve is shown in
figure 5A. The voiding efficiency was reduced significantly from 72 + 6.9 % in control
conditions (Cgp) to 29 + 6.9% following UST. Conditional low amplitude stimulation
increased the absolute voiding efficiency to ~ 50 %, and considering the parameters that
caused significant changes in voiding efficiency, electrical stimulation increased the mean
voiding efficiency by 71 %. Two factor ANOVA revealed that the voiding efficiency was
dependent on the stimulation amplitude (p=0.038), but our results did not demonstrate a
significant effect of stimulus frequency (p=0.321). Post-hoc paired comparisons indicated
that the enhancement in bladder emptying was significant with both 1 Hz and 20 Hz stimuli
at 0.05 mA. Changes in voiding efficiency with other combinations of parameters did not
reach statistical significance. The lack of an effect of stimulation frequency may have
reflected the sample size, yet this was appropriate for an initial feasibility study designed to
detect robust effects of stimulation. In considering the effects of conditional stimulation
following UST, the average effect of stimulation as compared to no stimulation was 0.65
standard deviations, and our sample size enabled detection of this effect size with a power of
0.49. Similarly, the average difference in voiding efficiencies across stimulation conditions
was 0.75 standard deviations, and our sample size enabled detection of this effect with
power of 0.63. Thus, conditional electrical stimulation of the pudendal sensory nerve with
appropriate parameters augmented contraction area and bladder emptying following
unilateral sensory pudendal nerve transection.

3.4 Effects of conditional electrical stimulation following bilateral sensory nerve
transection during continuous infusion cystometry

Examples of the effects of conditional unilateral electrical stimulation of the proximal
transected pudendal sensory nerve branch following BST are shown in figure 4B, and the
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cystometric parameters are summarized in Table 2. Acute BST reduced the contraction
amplitude, the bladder contraction area, and the voiding efficiency, and the lower voiding
efficiency resulted in a significant reduction in the intercontraction interval.

Conditional low amplitude (0.05 mA) unilateral stimulation following BST increased the
contraction area and the voiding efficiency. The bladder contraction area was reduced to 38
% of control following BST, but augmented significantly to 45-88 % of control by low
amplitude conditional electrical stimulation (Table 2). Conditional stimulation at larger
amplitudes also appeared to increase contraction area following BST, except at the largest
amplitude and higher frequencies, but these changes were not significant.

A summary of changes in voiding efficiency following BST and conditional unilateral
stimulation of the proximal transected pudendal sensory nerve branch is shown in figure 5B.
Bilateral sensory branch transection led to an even larger reduction in voiding efficiency
than UST (from 70 % in control to 18 % following BST). Conditional low amplitude
stimulation again increased the absolute voiding efficiency to ~ 50 %, and considering the
parameters that caused significant changes in voiding efficiency, electrical stimulation
increased the mean voiding efficiency by 132%. As was the case following unilateral
transection, low amplitude stimulation across frequencies increased voiding efficiency, and
two-factor ANOVA revealed that low amplitude stimulation produced greater voiding
efficiency at all stimulus frequencies (p=0.013 for stimulation amplitude and p=0.058 for
stimulation frequency). Stimulation at 1 Hz at 0.05-0.2mA, at 20 Hz at 0.05-0.1 mA, or at
50 Hz at 0.05 mA all increased voiding efficiency (Table 2). Thus, unilateral conditional
electrical stimulation of the pudendal sensory nerve augmented bladder emptying following
bilateral sensory pudendal nerve transection and restored bladder emptying to levels similar
to those generated by stimulation following UST.

3.5 Effects of continuous electrical stimulation following unilateral sensory nerve
transection during continuous infusion cystometry

The results of the isovolumetric and conditional stimulation experiments demonstrated that
the bladder response was determined primarily by the current intensity, with low current
intensities most likely to augment bladder contractions and voiding and high current
intensities most likely to inhibit bladder contractions. Therefore, stimulation amplitudes of
0.025 mA and 0.5 mA were selected to determine whether the same excitatory and
inhibitory effects were also evoked by continuous electrical stimulation of pudendal
afferents during continuous infusion cystometry. Examples of the changes in the
cystometrogram following UST with and without continuous 20 Hz stimulation at either
0.025 mA or 0.5 mA are shown in figure 6. The volume threshold for evoking the bladder
contraction was reduced to 80-87 % of the volume threshold following UST by continuous
electrical stimulation at 0.025 mA, while the volume threshold was increased to 120-125%
of those following UST by continuous electrical stimulation at 0.5 mA (figure 6B). Two-
factor ANOVA indicated that the absolute volume threshold was dependent on the
stimulation amplitude (p<0.001), but our results did not demonstrate a significant effect of
stimulus frequency (p=0.411). Further, post-hoc paired comparisons indicated that the
volume threshold was larger than control with higher intensity stimulation (I=0.5mA,
p=0.022), but there was no apparent effect of low amplitude stimulation at any frequency
(1=0.025 mA, p=0.19).

Bladder contraction areas were increased by low amplitude stimulation at 20 Hz to 112—
138% of those following UST, while higher amplitude stimulation reduced the bladder
contraction areas to 59-72 % of those following UST across all stimulation frequencies
(figure 6C). As with conditional stimulation, the absolute contraction area was dependent on
the stimulation amplitude (p<0.001), but not the stimulation frequency (p=0.68). Further,
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post-hoc comparisons indicated that the contraction area was larger than control (i.e.,
augmented) with low intensity stimulation (1=0.025mA, p=0.046) and smaller than control
(i.e., inhibited) with higher intensity stimulation (I1=0.5mA, £=0.032).

Similarly, the voiding efficiency was significantly increased from ~ 30 % following UST to
40-45 % by continuous low amplitude stimulation, while higher intensity stimulation
reduced the average VESs to 19-24 %, but these changes were not significant (figure 6D).
The voiding efficiency was dependent on the amplitude (p<0.001) of continuous electrical
stimulation, but our results did not demonstrate a significant effect of frequency (=0.605).
Voiding efficiency with stimulation at 0.025 mA was larger than following UST (p=0.005),
but the reductions in voiding efficiency with stimulation at 0.5 mA were not significant

(p=0.225).

4. Discussion

The objective of this study was to determine whether electrical stimulation of pudendal
nerve afferents improved voiding efficiency in rats following acute transection of the
sensory branch of the pudendal nerve(s). Either unilateral or bilateral transection of the
sensory branch of the pudendal nerve reduced voiding efficiency (Cruz and Downie 2005,
Peng et a/ 2008), and subsequent unilateral stimulation of the proximal transected pudendal
sensory nerve either excited or inhibited the bladder depending on the stimulation current
amplitude. Smaller current amplitudes increased the area (pressure-time integral) of
isovolumetric bladder contractions, whereas larger current amplitudes reduced the area of
isovolumetric contractions. The amplitude-dependent excitation or inhibition of the bladder
was also observed during voiding contractions with an open urethra, and conditional low
amplitude stimulation significantly enhanced voiding efficiency by 71 % and 132 %
following UST or BST, respectively. Further, these effects were observed both when
stimulation was delivered conditionally during the contraction and when stimulation was
delivered continuously during bladder filling.

The minimum stimulation current amplitude to elicit the pudendal-EUS reflex (0.05+0.02
mAwith 0.1 ms duration pulses) was similar to thresholds (0.003-0.025 mA with 0.2 ms
duration pulses) reported previously (McKenna and Nadelhaft 1989), and the latency
(25+0.80 ms) was also consistent with previously reported latencies of 25-30 ms (McKenna
and Nadelhaft 1989). We did not detect an early latency EMG response observed previously
(12£2.4 ms), presumably because transection of the sensory branch of the pudendal nerve
eliminated any direct motor response (McKenna and Nadelhaft 1989). We transected the
anatomically defined sensory branch(es) of the pudendal nerve (McKenna and Nadelhaft
1986, Pacheco et a/1989, 1997), and although there may be motor axons within the
“sensory” branch of the nerve, EUS activity was still present during bladder filling and
voiding (Peng et a/2008).

The use of monophasic stimulation can result in shifts in the electrode potential that enable
potentially damaging electrochemical reactions (Merrill et a/2005) including changes in pH
(Swiontek et a/ 1980). Since the present study employed monophasic stimulation, the
products of these reactions could have impacted neuronal excitability, and increased the
variance of the results. We randomized the delivery of different stimulation parameters, and
apparently the differences in responses to different stimulus parameters were large enough
to overcome any changes in nerve excitability due to monophasic stimulation.

Previous studies in rats have reported exclusively bladder inhibition by pudendal afferent
stimulation, but this difference can be explained by the strong dependence of the polarity of
the bladder response on the stimulation intensity. Excitation of the bladder was evoked at
stimulus strengths of 0.5-4 times the threshold of the pudendal-EUS reflex, whereas
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previous reports of inhibition in rat used stimuli (0.8 mA) that were sixteen times our
measured threshold (Jiang and Lindstrom 1998). Similarly, large amplitude stimulation of
pudendal afferents produced bladder inhibition in both cat (Lindstrom et a/ 1983, Mazieres
et al1998, Tai et a/ 2006) and human (Vodusek ef a/ 1986, Ohlsson et a/ 1989), although
both frequency and stimulus train duration also play an important role in determining the
response polarity in cat (Boggs et a/ 2006).

The differential responses evoked at low and high stimulation intensities may arise from
activation of different classes of pudendal afferents according to their diameters. Pudendal
afferents comprise a wide range of fiber types, including myelinated A and AS fibers,
unmyelinated c-fibers, and possibly Aa fibers (Bradley ef a/1973, Perl 1992, Yoshimura et
al 2003). Larger diameter nerve fibers generally have lower thresholds for extracellular
stimulation (Fang and Mortimer 1991), and the myelinated Aa or AB fibers should have
lowest threshold while the unmyelinated c-fibers have the highest stimulation threshold (Li
and Bak 1976). These results are consistent with bladder excitation resulting from activation
of the larger myelinated A-type fibers at low stimulation amplitudes and inhibition resulting
from the inhibitory urethro-vesical reflex mediated by urethral c-fibers (Thor and
Muhlhauser 1999) activated by higher stimulation amplitudes.

The voiding efficiency in intact anesthetized rats before any nerve transections or electrical
stimulation was only ~ 70%, which is lower than the ~98-99% voiding efficiency measured
in conscious animals (Yaksh et a/ 1986, Walter et a/ 2005). Similar low voiding efficiencies
were reported in other studies (Cheng and de Groat 2004, Cruz and Downie 2005, Peng et a/
2006), and presumably resulted from the urethrane anesthesia inhibiting reflex bladder
contractions and reducing the contraction pressure during micturition (Yaksh et a/ 1986).
The physiology of the bladder and the EUS appear to be preserved under urethane, and
urethane is “the most suitable anesthetic for physiological experiments that require
demonstration of reflex micturition”” (Matsuura and Downie 2000). Although anesthetic
effects are a limitation of the present studies, decreases in voiding efficiency due to nerve
transection and subsequent changes in voiding efficiency during sensory nerve stimulation
were still readily detected.

The effects of pudendal sensory nerve stimulation are primarily transient, but short-term
carryover effects do exist. Continuous stimulation of inhibitory genital afferents for 5
minutes produced protracted inhibition of bladder-to-bladder reflexes for 5-25 min in the cat
(Jiang and Lindstrdm 1999), and increased distention evoked reflex contraction volume
thresholds for at up to 40 minutes in rats (Jiang and Lindstrém 1998). Bladder-to-bladder
reflexes were enhanced for at least 60 min following 5 minutes of stimulation of either
bladder afferents or urethral afferents in cats (Jiang and Lindstrom 1999), and similar effects
were also observed in rats (Jiang and Lindstrdm 1996). However, these effects are not likely
to have influenced the present results as the order of stimulation was randomized across
stimulation frequency and amplitude both within and across animals, and, except for the
continuous stimulation experiments (figure 6), the duration of stimulation was limited to 30
s epochs. The mean difference in the area of control contractions ranged from 7% to 12% of
the mean control contraction area across the 7 isometric experiments, and significant
excitatory and inhibitory effects of stimulation on contraction area were readily detected
with this level of variance.

There are important limitations of the acute nature of our model of retention. We used acute
unilateral or bilateral transection of the sensory branch of the pudendal nerve to create a
model of urinary retention. Nerve transection did indeed reduce voiding efficiency, and
similar reductions in voiding efficiency were observed following urethral anesthesia (Peng
et al 2008), thereby illustrating the importance of urethral sensory feedback in voiding
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efficiency. However, this model does not include the long-term changes that may
accompany chronic damage to the pudendal nerves or chronic urinary retention. Bilateral
transection or crush of the pudendal nerve in rats produced changes in voiding behavior,
short-term reductions in voided volume that recovered by two weeks after crush, and no
changes in urinary frequency (Heidkamp et a/1998, Kerns et a/ 2000, Sakamoto et a/ 2000).
Chronic transection of the pudendal nerves produced reductions in detrusor contraction
amplitude accompanied by reductions in voiding efficiency that were attributed to the loss of
pudendal sensory feedback as well as changes in the EMG burst pattern (Peng et a/2006).
Further, plastic changes in reflexes may occur following chronic retention (Steers and de
Groat 1988, Steers et a/ 1991, Vizzard 2006) and these changes were not reflected in our
animal model. Finally, degeneration of transected sensory fibers in the chronic model may
leave them unavailable for stimulation, and although studies show robust reinnervation of
the external urethral sphincter by pudendal motor axons (Heidkamp et a/ 1998, Kerns et a/
2000, Sakamoto ef a/ 2000, Peng et a/2006), the fate of damaged or transected sensory
neurons is not clear.

Another limitation is the use of the rat as our model of urinary retention. Although rats are
widely used for physiological and pharmacological studies of the lower urinary tract (de
Groat et a/ 1993), the rat (and dog) exhibits phasic patterns of EUS activity during voiding,
in contrast to the (complete) relaxation of the sphincter observed in humans (and cats). The
phasic EUS activation is essential to efficient voiding in the rat (Streng ef a/2004) and is
disrupted following transection of the sensory branch of the pudendal nerve or urethral
anesthesia (Peng et a/2008). Therefore, it is not clear whether the present results will
translate to human, where the neural control of EUS activity differs from that in the rat.

Unilateral electrical stimulation of pudendal nerve afferents improved voiding efficiency in
the rat following acute pudendal sensory nerve transection. This is consistent with an
important role for pudendal urethral afferents activating the augmenting reflex to produce
efficient voiding in cats (Barrington 1931, 1941) and rats (Peng et a/ 2008). There is also
evidence suggesting that the augmenting reflex operates in humans. Silencing urethral
afferents with anesthesia reduces voiding efficiency (Shafik et a/2003b); conversely,
activation of urethral afferents by urethral fluid flow (Karlson 1953, Bump 2000, Shafik et
al 2003a) or intraurethral electrical stimulation (Gustafson et a/ 2003, 2004) generates
bladder contractions in humans. Our concept is to use electrical stimulation to amplify the
sensory feedback from pudendal urethral afferents to increase bladder contraction amplitude
and/or duration — and this may provide a means to enhance bladder emptying in persons
with retention.

Acknowledgments

This study was supported by the U.S. National Institutes of Health Grant R0O1 NS050514 to W.M. Grill and the
National Science Council (095-2917-1-006-002), Taiwan, R.O.C. to C.W. Peng. The authors thank Gilda Mills for
her outstanding technical assistance.

References

Aboseif S, Tamaddon K, Chalfin S, Freedman S, Mourad MS, Chang JH, Kaptein JS. Sacral
neuromodulation in functional urinary retention: an effective way to restore voiding. BJU Int. 2002;
90:662-5. [PubMed: 12410743]

Barrington FJF. The component reflexes of micturition in the cat, Parts | and Il. Brain. 1931; 54:177—
88.

Barrington FJF. The component reflexes of micturition in the cat 1. Brain. 1941; 64:239-43.

Boggs JW, Wenzel BJ, Gustafson KJ, Grill WM. Frequency-dependent selection of reflexes by
pudendal afferents in the cat. J Physiol. 2006; 577(Pt 1):115-26. [PubMed: 16945977]

J Neural Eng. Author manuscript; available in PMC 2013 May 17.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Peng et al.

Page 10

Bump RC. The urethrodetrusor facilitative reflex in women: results of urethral perfusion studies. Am J
Obstet Gynecol. 2000; 182:794-802. [PubMed: 10764455]

Bradley W, Griffin D, Teague C, Timm G. Sensory innervation of the mammalian urethra. Invest Urol.
1973; 10:287-9. [PubMed: 4683378]

Cheng CL, de Groat WC. The role of capsaicin-sensitive afferent fibers in the lower urinary tract
dysfunction induced by chronic spinal cord injury in rats. Exp Neurol. 2004; 187:445-54. [PubMed:
15144870]

Cruz Y, Downie JW. Sexually dimorphic micturition in rats: relationship of perineal muscle activity to
voiding pattern. Am J Physiol. 2005; 289:R1307-18.

de Groat, WC.; Booth, AM.; Yoshimura, N. Neurophysiology of micturition and its modification in
animal models of human disease. In: Maggi, CA., editor. The Autonomic Nervous System. Vol. 3.
Harwood Academic Publishers; London: 1993. p. 227-90.

Fang ZP, Mortimer JT. Selective activation of small motor axons by quasi-trapezoidal current pulses.

IEEE Trans Biomed Eng. 1991; 38:168-74. [PubMed: 2066126]

Garry RC, Roberts TD, Todd JK. Reflexes involving the external urethral sphincter in the cat. J
Physiol. 1959; 149:653-65. [PubMed: 13826682]

Goodwin RJ, Swinn MJ, Fowler CJ. The neurophysiology of urinary retention in young women and its
treatment by neuromodulation. World J Urol. 1998; 16:305-7. [PubMed: 9833308]

Gustafson KJ, Creasey GH, Grill WM. A catheter based method to activate urethral sensory nerve
fibers. J Urol. 2003; 170:126-9. [PubMed: 12796663]

Gustafson KJ, Creasey GH, Grill WM. A urethral afferent mediated excitatory bladder reflex exists in
humans. Neurosci Lett. 2004; 360:9-12. [PubMed: 15082166]

Heidkamp MC, Leong FC, Brubaker L, Russell B. Pudendal denervation affects the structure and
function of the striated, urethral sphincter in female rats. Int Urogynecol J Pelvic Floor Dysfunct.
1998; 9:88-93. [PubMed: 9694137]

Jiang CH, Lindstrom S. Intravesical electrical stimulation induces a prolonged decrease in micturition
threshold volume in the rat. J Urol. 1996; 155:1477-81. [PubMed: 8632614]

Jiang CH, Lindstrom S. Prolonged increase in micturition threshold volume by anogenital afferent
stimulation in the rat. Br J Urol. 1998; 82:398-403. [PubMed: 9772878]

Jiang CH, Lindstrom S. Prolonged enhancement of the micturition reflex in the cat by repetitive
stimulation of bladder afferents. J Physiol. 1999; 517:599-605. [PubMed: 10332105]

Jonas U, et al. Efficacy of sacral nerve stimulation for urinary retention: results 18 months after
implantation. J Urol. 2001; 165:15-19. [PubMed: 11125353]

Jung SY, Fraser MO, Ozawa H, Yokoyama O, Yoshiyama M, de Groat WC, Chancellor MB. Urethral
afferent nerve activity affects the micturition reflex; implication for the relationship between stress
incontinence and detrusor instability. J Urol. 1999; 162:204-12. [PubMed: 10379788]

Karlson S. Experimental studies on the functioning of the female urinary bladder and urethra. Acta
Obstet Gynecol Scand. 1953; 32:285-307. [PubMed: 13123846]

Kerns JM, Damaser MS, Kane JM, Sakamoto K, Benson JT, Shott S, Brubaker L. Effects of pudendal
nerve injury in the female rat. Neurourol Urodyn. 2000; 19:53-69. [PubMed: 10602248]

Le Feber J, van Asselt E, Van Mastrigt R. Neurophysiological modeling of voiding in rats: urethral
nerve response to urethral pressure and flow. Am J Physiol. 1998; 274:R1473-81. [PubMed:
9612416]

Li CL, Bak A. Excitability characteristics of the A- and C-fibers in a peripheral nerve. Exp Neurol.
1976; 50:67-79. [PubMed: 1248547]

Lindstrom S, Fall M, Carlsson CA, Erlandson BE. The neurophysiological basis of bladder inhibition
in response to intravaginal electrical stimulation. J Urol. 1983; 129:405-10. [PubMed: 6834523]

Matsuura S, Downie JW. Effects of anesthetics on reflex micturition in the chronic cannula implanted
rat. Neurourol Urodyn. 2000; 19:87-99. [PubMed: 10602250]

Mazieres L, Jiang C, Lindstrom S. Bladder parasympathetic response to electrical stimulation of
urethral afferents in the cat. Neurol Urodynam. 1997; 16:471-2.

Mazieres L, Jiang C, Lindstrom S. The C fibre reflex of the cat urinary bladder. J Physiol. 1998;
513(Pt 2):531-41. [PubMed: 9807001]

J Neural Eng. Author manuscript; available in PMC 2013 May 17.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Peng et al.

Page 11

McKenna KE, Nadelhaft I. The organization of the pudendal nerve in the male and female rat. J Comp
Neurol. 1986; 248:532-49. [PubMed: 3722467]

McKenna KE, Nadelhaft I. The pudendo-pudendal reflex in male and female rats. J Auton Nerv Syst.
1989; 27:67-77. [PubMed: 2794345]

Merrill DR, Bikson M, Jefferys JG. Electrical stimulation of excitable tissue: design of efficacious and
safe protocols. J Neurosci Meth. 2005; 141:171-98.

Ohlsson B, Fall M, Frankenberg-Sommar S. Effects of external and direct pudendal nerve maximal
electrical stimulation in the treatment of the uninhibited overactive bladder. Br J Urol. 1989;
64:374-80. [PubMed: 2819388]

Pacheco P, Camacho MA, Garcia LI, Hernandez ME, Carrillo P, Manzo J. Electrophysiological
evidence for the nomenclature of the pudendal nerve and sacral plexus in the male rat. Brain Res.
1997; 763:202-8. [PubMed: 9296560]

Pacheco P, Martinez-Gomez M, Whipple B, Beyer C, Komisaruk BR. Somato-motor components of
the pelvic and pudendal nerves of the female rat. Brain Res. 1989; 490:85-94. [PubMed: 2758331]

Peng CW, Chen JJ, Chang HY, de Groat WC, Cheng CL. External urethral sphincter activity in a rat
model of pudendal nerve injury. Neurourol Urodyn. 2006; 25:388-96. [PubMed: 16637068]

Peng CW, Chen JJ, Cheng CL, Grill WM. Role of pudendal afferents in voiding efficiency in the rat.
Am J Physiol Regul Integr Comp Physiol. 2008; 294:660-72.

Perl, ER. Function of dorsal root ganglion neurons: an overview. In: Scott, SA., editor. sensory
neurons. New York: Oxford UP; 1992. p. 3-23.

Sakamoto K, Smith GM, Storer PD, Jones KJ, Damaser MS. Neuroregeneration and voiding behavior
patterns after pudendal nerve crush in female rats. Neurourol Urodyn. 2000; 19:311-21. [PubMed:
10797587]

Shafik A, Shafik AA, El-Sibai O, Ahmed I. Role of positive urethrovesical feedback in vesical
evacuation. The concept of a second micturition reflex: the urethrovesical reflex. World J Urol.
2003a; 21:167-70. [PubMed: 12898170]

Shafik A, El-Sibai O, Ahmed I. Effect of urethral dilation on vesical motor activity: identification of
the urethrovesical reflex and its role in voiding. J Urol. 2003b; 169:1017-9. [PubMed: 12576835]

Shaker HS, Hassouna M. Sacral root neuromodulation in idiopathic nonobstructive chronic urinary
retention. J Urol. 1998; 159:1476-8. [PubMed: 9554336]

Shefchyk SJ, Buss RR. Urethral pudendal afferent-evoked bladder and sphincter reflexes in
decerebrate and acute spinal cats. Neurosci Lett. 1998; 244:137-40. [PubMed: 9593508]

Steers WD, de Groat WC. Effect of bladder outlet obstruction on micturition reflex pathways in the
rat. J Urol. 1988; 140:864—71. [PubMed: 3418824]

Steers WD, Ciambotti J, Etzel B, Erdman S, de Groat WC. Alterations in afferent pathways from the
urinary bladder of the rat in response to partial urethral obstruction. J Comp Neurol. 1991;
310:401-10. [PubMed: 1723990]

Streng T, Santti R, Andersson KE, Talo A. The role of the rhabdosphincter in female rat voiding. BJU
Int. 2004; 94:138-42. [PubMed: 15217449]

Swiontek T, Maiman D, Sances A Jr, Myklebust J, Larson S, Hemmy D. Effect of electrical current on
temperature and pH in cerebellum and spinal cord. Surg Neurol. 1980; 14:365-69. [PubMed:
7444745]

Tai C, Smerin SE, de Groat WC, Roppolo JR. Pudendal-to-bladder reflex in chronic spinal-cord-
injured cats. Exp Neurol. 2006; 197:225-34. [PubMed: 16271266]

Talaat M. Afferent impulses in the nerves supplying the urinary bladder. J Physiol. 1937; 89:1-13.
[PubMed: 16994840]

Thor KB, Muhlhauser MA. Visoanal, urethroanal, and urethrovesical reflexes initiated by lower
urinary tract irritation in the rat. Am J Physiol. 1999; 277:R1002-12. [PubMed: 10516238]

Todd JK. Afferent impulses in the pudendal nerves of the cat. Q J Exp Physiol Cogn Med Sci. 1964;
49:258-67. [PubMed: 14195114]

Vizzard MA. Neurochemical plasticity and the role of neurotrophic factors in bladder reflex pathways
after spinal cord injury. Prog Brain Res. 2006; 152:97-115. [PubMed: 16198696]

J Neural Eng. Author manuscript; available in PMC 2013 May 17.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Peng et al.

Page 12

Vodusek DB, Light JK, Libby JM. Detrusor inhibition induced by stimulation of pudendal nerve
afferents. Neurourol Urodyn. 1986; 5:2381-9.

Walter J, Fitzgerald M, Wheeler J, Orris B, McDonnell A, Wurster R. Bladder-wall and pelvic-plexus
stimulation with model microstimulators: preliminary observations. J Rehabil Res Dev. 2005;
42:251-60. [PubMed: 15944889]

Yaksh T, Durant P, Brent CR. Micturition in rats: a chronic model for study of bladder function and
effect of anesthetics. Am J Physiol. 1986; 251(Pt 2):R1177-85. [PubMed: 3789199]

Yoshimura N, Seki S, Erickson KA, Erickson VL, Chancellor MB, de Groat WC. Histological and
electrical properties of rat dorsal root ganglion neurons innervating the lower urinary tract. J
Neurosci. 2003; 23:4355-61. [PubMed: 12764124]

J Neural Eng. Author manuscript; available in PMC 2013 May 17.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Peng et al. Page 13

25+ 0.80 ms

EUS EMG AN eIV

L

5ms

Electrical stimulation EUS reflex
1Hz, 0.05 £ 0.02 mA

0.1 mV

Figure 1.
Reflex electromyographic response in the external urethral sphincter evoked by electrical
stimulation of the proximal end of the transected sensory branch of the pudendal nerve.
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Figure 2.

Effects of unilateral electrical stimulation of the proximal end of the transected sensory
branch of the pudendal nerve on isometric reflex bladder contractions. The horizontal bars
indicate the duration of stimulation, which started from the peak of bladder contraction
pressure and lasted for 30 s. The stimulus trains were all at 1 Hz with 0.1ms pulse widths.
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Changes in the absolute area of isometric reflex bladder contractions (meanzs.d) generated
by unilateral electrical stimulation of the proximal end of the transected sensory branch of
the pudendal nerve (n=503 trials across 7 rats, all with bilateral transection of the sensory
branch of the pudendal nerves). The absolute contraction area was dependent on the
stimulation amplitude (p<0.001), but not the stimulation frequency (£=0.097, ANOVA). The
contraction area was larger than control with low intensity stimulation (1=0.025-0.02 mA,
p<0.05) and smaller than control with higher intensity stimulation (1=0.4-1.0mA, p<0.05,
Tukey HSD).
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Figure4.

Effects of conditional unilateral electrical stimulation of the proximal end of the transected
sensory branch of the pudendal nerve on the cystometrogram (CMG) during continuous
bladder infusion. (A) Effects of stimulation following unilateral transection of the sensory
branch of the pudendal nerve. Control CMG before any nerve transection, CMG after
unilateral transection of the sensory branch of the pudendal nerve (UST), CMG after UST
with conditional electrical stimulation (20 Hz, 0.05 mA) applied during the reflex bladder
contractions, intervening control CMG, and CMG with conditional electrical stimulation (20
Hz, 0.2 mA) applied during the reflex bladder contractions. (B) Effects of stimulation
following bilateral transection of the sensory branch of the pudendal nerves. Control CMG
before any nerve transection, CMG after bilateral transection of the sensory branch of the
pudendal nerves (BST), CMG after BST with conditional electrical stimulation (20 Hz, 0.05
mA) applied during the reflex bladder contractions, intervening control CMG, and CMG
with conditional electrical stimulation (20 Hz, 0.2 mA) applied during the reflex bladder
contractions. The horizontal bars indicate the duration of stimulation, and all traces are from
the same rat.
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Figureb5.

The changes in voiding efficiency following (A) unilateral (UST) or (B) bilateral (BST)
transection of the sensory branch of the pudendal nerve(s) and unilateral electrical
stimulation of the proximal end of the transected sensory branch of the pudendal nerve with
different amplitudes and frequencies. Each bar represents the mean + standard deviation
(n=4 rats in A, and 4 rats in B). # indicates a significant difference (p< 0.05) between before
(C0) and after UST or BST, and * indicates a significant difference (p< 0.05) in after either
UST or BST and trials on which stimulation was applied.
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Figure6.

Effects of continuous unilateral electrical stimulation of the proximal end of the transected
sensory branch of the pudendal nerve on the cystometrogram (CMG) during continuous
bladder infusion following unilateral sensory branch transection (UST). (A) Examples of
CMGs following UST, during excitatory stimulation (20Hz, 0.025 mA), and during
inhibitory stimulation (20Hz, 0.5 mA). (B) Changes in the volume threshold with continuous
electrical stimulation at different frequencies and amplitudes. The volume threshold was
dependent on the stimulation amplitude (p<0.001), but not the stimulation frequency
(0=0.411, ANOVA). The volume threshold with 0.5 mA stimulation was larger than control
(0=0.022) and larger than with 0.025 mA stimulation (p<0.001), but the volume threshold
with 0.025 mA stimulation was not different than control (p=0.19, Tukey HSD), (C)
Changes in the absolute bladder contraction area with continuous electrical stimulation at
different frequencies and amplitudes. The contraction area was dependent on the stimulation
amplitude (p<0.001), but not the stimulation frequency (p=0.68, ANOVA). The contraction
area was larger than control with 0.025 mA stimulation (p=0.046) and smaller than control
with 0.5 mA stimulation (p=0.032, Tukey HSD) (D) Changes in voiding efficiency with
continuous electrical stimulation at different frequencies and amplitudes. The voiding
efficiency was dependent on stimulation amplitude (p<0.001) but not frequency (p=0.605).
Voiding efficiency was larger than control with 0.025 mA stimulation (p=0.005), but not
different than control with 0.5 mA stimulation (p=0.225, Tukey HSD). Each bar represents
the mean + standard deviation (/=6 trials across two rats).
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