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Abstract

Aims—Clinical application of pudendal nerve (PN) afferent stimulation to restore bladder 

emptying in persons with neurological disorders requires increased stimulation-evoked voiding 

efficiencies (VEs). We tested the hypothesis that selective co-stimulation of multiple PN branches, 

either bilateral dorsal nerve of the penis (DNP) stimulation or selective stimulation of both the 

cranial sensory nerve (CSN) and DNP, will evoke larger reflex bladder contractions and result in 

higher VEs than stimulation of any single afferent pathway alone.

Methods—We measured the strength of bladder contractions, threshold volumes, and VEs 

produced by unilateral and bilateral stimulation of the DNP as well as singular and selective 

unilateral co-stimulation of the DNP and CSN in cats anesthetized with α-chloralose.

Results—Co-stimulation of afferent pathways generated significantly larger isovolumetric 

bladder contractions and evoked contractions at lower threshold volumes than individual 

stimulation. Co-stimulation of pudendal afferents also suppressed dyssynergic activity in the 

external anal sphincter produced by low frequency individual stimulation. VE was significantly 

improved with co-stimulation (172±6% of distention evoked volumes) over individual stimulation 

(141±6%).

Conclusions—Both types of co-stimulation evoked larger bladder contractions and increased 

VE over individual branch PN afferent stimulation and distention-evoked voiding. The decreased 

threshold volumes required for reflex bladder activation and increased VEs with co-stimulation 

support the use of stimulation of multiple individual stimulation-evoked reflexes to improve 

voiding efficiency.

INTRODUCTION

Spinal cord injury (SCI) causes lower urinary tract (LUT) dysfunction, including 

incontinence, retention, and detrusor-sphincter dyssynergia (DSD) (1), which leads to 

decreased quality of life (2). Intermittent catheterization and anticholinergic medications are 
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used to treat LUT dysfunction but are associated with frequent urinary tract infections, 

urinary tract damage and side-effects (3). Voiding can be initiated by bladder tapping, 

Valsalva maneuvers, and distention (reflex), but the prevalence of DSD and associated poor 

voiding limit the utility of these approaches (3). Restoring LUT function in persons with 

neurological disease or injury, including SCI, remains a significant unmet need. Electrical 

stimulation is an alternative approach to restore LUT function, but existing approaches are 

not widely employed (4). Electrical stimulation of pudendal nerve (PN) afferents to cause 

reflex activation or inhibition of the bladder is an alternative approach to restore control of 

bladder function.

Electrical stimulation of the PN is capable of producing both excitation of the bladder and 

voiding, and inhibition of the bladder and continence (5, 6). Stimulation frequency directly 

influences the bladder response: low frequencies, 2-15 Hz, produce inhibition and 

continence while higher frequencies, 20-50 Hz, evoke excitation and sustained contractions 

(5, 7). Importantly, comparable inhibitory and excitatory reflexes have been demonstrated in 

persons with SCI (8-10), although the frequency tuning characteristics of these reflexes have 

not been defined (11).

More recent work differentiated the effects of stimulation of individual distal PN branches 

on bladder function. Selective electrical stimulation of the cranial sensory nerve (CSN) and 

dorsal genital nerve (DGN) branches each evoked sustained bladder contractions and 

generated increases in voiding efficiency (VE) compared to distention-evoked voiding. 

Similarly, in humans with SCI, two excitatory pudendo-vesical reflexes were evoked by 

selective stimulation of the proximal and distal urethra (12), presumably corresponding to 

the CSN and DGN.

However, VEs produced by PN stimulation in cats were limited to ~ 60% (13), likely as a 

result of the bladder volume dependence of the evoked reflexes. Bladder activation by 

pudendal afferent stimulation requires volumes of 70-80% of the threshold volume to elicit 

distension-evoked reflex contractions (7). This volume dependence does not result from 

length-tension properties of the detrusor (14), but rather from a neural mechanism mediated 

by superposition of pelvic and pudendal afferent activity (15). Presumably, as the bladder 

empties during pudendal afferent stimulation-evoked contractions, pelvic afferent activity is 

reduced (16), the superposed afferent activity declines, and the evoked contraction subsides, 

thereby limiting VE.

The purpose of this study was to test the hypothesis that stimulation of multiple PN 

afferents, either bilateral DGN stimulation or selective co-stimulation of both CSN and 

DGN, will evoke larger reflex bladder contractions and result in higher VEs than stimulation 

of any single afferent pathway alone. Producing efficient voiding with sustained bladder 

contractions, decreased outlet resistance, and lower residual volumes is imperative for 

eventual clinical application, as large residuals are linked to risk of bacteriuria (17).
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MATERIALS AND METHODS

Animal care and experimental procedures were approved by the Duke University 

Institutional Animal Care and Use Committee. Sexually intact, adult male cats (3.5-4.5 kg) 

were anesthetized with ketamine-HCl (35 mg·kg−1 im) and anesthesia was maintained with 

α-chloralose (65 mg·kg−1 iv, supplemented at 15 mg·kg−1). End-tidal CO2 was maintained 

between 3-4% with artificial respiration. Blood pressure was monitored with a catheter 

placed in the carotid artery and a solid-state pressure transducer. Body temperature was 

maintained at 38°C using a heating pad and intravenous fluids, 0.9% NaCl with 5% dextrose 

and 8.4 mg·L−1 NaHCO3, were administered (15 ml·kg−1·h−1).

A midline abdominal incision was made to expose the bladder, and a 3.5 Fr suprapubic 

catheter was inserted into the dome and secured with a purse string suture. Bladder pressure 

was measured with a solid-state pressure transducer (Deltran, Utah Medical) in series with 

the catheter and recorded. The urethra was occluded with a 3.5-5 Fr catheter during 

isovolumetric experiments and filling of the bladder. The threshold volume at which 

distension-evoked reflex contractions (DECs) occurred was found by filling the bladder with 

saline at 1-2 ml/min. External anal sphincter (EAS) electromyographic activity was recorded 

from two wire electrodes, amplified (1,000), filtered (10 Hz - 10 kHz), and recorded.

The PN was exposed through an incision between the base of the tail and the ischial 

tuberosity, transection of the gluteofemoralis, and dissection of the ischiorectal fossa. The 

sensory (SN) and rectal perineal (RP) branches of the PN were visible and further dissection 

of the distal portion of the SN branch revealed the CSN and dorsal nerve of the penis (DNP) 

branches (13).

In co-stimulation experiments, the CSN and DNP were stimulated by unilateral implantation 

of cuff electrodes around each branch, and in bilateral stimulation experiments, cuff 

electrodes were placed around both right and left DNP branches (Figure 1). Monopolar 

electrodes were composed of platinum contacts embedded within silicone cuffs, and two 

asynchronous pulse generators (Pulsar 6bp, FHC Inc.) were used to deliver stimulation (0.1 

ms cathodic stimulus pulses, for 30 s) between each cuff and subcutaneous 20-gauge 

needles. The optimal frequencies identified in previous studies (13) were used for unilateral 

stimulation of CSN (2 Hz) and DNP (33 Hz) or bilateral stimulation of DNP (33 Hz). 

Stimulation amplitude was 3 times the threshold (T) to produce a reflex EMG response in 

the EAS with 1 Hz stimulation.

The effects of co-stimulation on isovolumetric bladder contractions, threshold volume, and 

VE were quantified (Figure 1A). Isovolumetric bladder contraction trials were conducted 

across 30 cats at approximately 80% of the threshold volume for DECs. Threshold volume 

experiments were conducted in 16 cats in which pudendal afferent stimulation generated 

reflex bladder contractions. The threshold volume to evoke bladder contractions with each 

stimulation type was determined by filling the bladder at 0.333 ml/min and delivering 

stimulation in randomized order every 30 seconds. Contractions were defined as increases in 

pressure greater than 25 cmH2O or 10 cmH2O above baseline. Voiding experiments were 

conducted in 16 cats in which pudendal afferent stimulation generated reflex bladder 
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contractions. For each stimulation condition, the bladder was filled at 1-2 ml/min to 125% of 

the threshold volume for DECs. DNP stimulation at 10 Hz was used to inhibit bladder 

contractions and prevent voiding during the fill, if necessary (7). After reaching 125% of the 

threshold volume, the urethral catheter was removed and continuous stimulation was 

delivered. Measurements of volume voided and residual volume were used to determine VE:

Bladder pressures during isovolumetric trials were quantified by mean and maximum 

pressure during stimulation minus the average of the baseline pressure during the 3 s before 

stimulation, as well as the pressure-time integral with respect to baseline (Figure 2A). The 

mean, maximum, and pressure-time integral were averaged across repeated trials within 

experiments and compared in an ANOVA with post hoc comparisons using Fisher’s 

Protected Least Significant Difference (PLSD) test. EAS recordings were stimulus-triggered 

averaged, rectified and integrated over the 20 ms following the stimulus artifact, and 

compared in an ANOVA with post hoc PLSD. Volume thresholds to evoke contractions 

with stimulation were normalized to the threshold volumes for DECs in each cat and 

analyzed by repeated measures ANOVA and post hoc PLSD. Stimulation-evoked VEs were 

normalized to distention evoked VEs for each experiment and analyzed with repeated 

measures ANOVA and post hoc PLSD.

RESULTS

The effects of bilateral DNP stimulation or selective unilateral co-stimulation of CSN and 

DNP on isovolumetric bladder contractions, threshold volumes, and VE were measured in 

anesthetized cats and compared to single nerve branch stimulation and distention-evoked 

reflexes.

Stimulation-Evoked Bladder Contractions

Robust bladder contractions were evoked in all cats by stimulation of the DNP (T= 

0.43±0.04 mA, mean ± s.e.m.) or CSN (T= 0.44±0.05 mA) under isovolumetric conditions. 

Bilateral DNP stimulation evoked larger mean bladder pressures, maximum bladder 

pressures, and pressure-time integrals than either right or left unilateral stimulation (Figure 

2A-B). There was no consistent laterality across animals, although laterality within animals 

was seen. In 12 cats where there were substantial differences between bladder contractions 

evoked by right or left unilateral stimulation, stimulation of the dominant side produced 

significantly larger mean bladder contractions (20±1.5 cmH2O) than the non-dominant side 

(14.9±1.4 cmH2O) (p=0.0229). Co-stimulation of CSN and DNP evoked larger mean 

pressures, maximum pressures and pressure-time integrals than individual stimulation of 

either CSN or DNP alone (Figure 2C-D).

EAS Activation Varies with Stimulation Frequency and Spatial Pattern

Reflex activation of the EAS varied with stimulation frequency and pattern of co-stimulation 

(Figure 3). EAS responses (latency: 10-15 ms) were elicited in all cats with stimulation at 1 

Hz of either DNP or CSN. Unilateral 33 Hz DNP stimulation evoked EAS responses that 
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rapidly diminished after the first 1-2 pulses of the stimulation train (5, 7); while unilateral 2 

Hz CSN stimulation evoked a consistent reflex response following each pulse. Similar to 

unilateral 33 Hz DNP stimulation, bilateral DNP stimulation and CSN and DNP co-

stimulation evoked a reflex that diminished after the first 1-2 pulses. Rectified and 

integrated EAS responses during 2 Hz CSN stimulation were significantly larger than either 

33 Hz DNP stimulation alone (19.5 times larger) or CSN and DNP co-stimulation (15.7 

times larger) (p < 0.0006, n=10 CSN and DNP co-stimulation experiments).

Effects of Stimulation on Threshold Volumes

Repeated randomized stimulation during slow bladder filling was used to determine volume 

thresholds to evoke sustained bladder contractions with each stimulation condition and for 

DECs (Figure 4A). Both unilateral and bilateral DNP stimulation evoked contractions at 

smaller bladder volumes than DECs, and bilateral DNP stimulation evoked contractions at 

smaller volumes than either right or left unilateral DNP stimulation alone (Figure 4B). 

Individual or selective co-stimulation of CSN and DNP evoked contractions at lower 

volumes than DECs, and co-stimulation evoked contractions at smaller bladder volumes 

than stimulation of either CSN or DNP alone, although the latter difference was not 

significant (Figure 4C). In two of seven cats, the threshold volume for selective co-

stimulation of CSN and DNP was the same as the threshold volume for DNP stimulation 

alone, while it was lower in the remaining five.

Effects of Stimulation on Voiding Efficiency

An example of bladder emptying with bilateral DNP stimulation is shown in Figure 5A. 

Voided volumes and VEs for both stimulation-evoked voiding and distention-evoked 

voiding varied across cats (Figure 5B), and VEs with stimulation were normalized by 

distension-evoked VEs to combine data across experiments. VE was significantly higher 

than distension-evoked voiding with either unilateral or bilateral DNP stimulation (159±7%, 

mean ± s.e.m.). Further, bilateral DNP stimulation increased VE over either right or left 

unilateral DNP stimulation alone in seven of eight cats, and produced significantly higher 

VEs (Figure 5C). Both individual and co-stimulation of CSN and DNP increased VE by 

142±5% over distension-evoked voiding. Selective co-stimulation produced significantly 

larger VEs than individual stimulation of CSN or DNP alone (Figure 5E).

DISCUSSION

Electrical stimulation of PN afferents is a promising approach to restore control of bladder 

function. Although pudendal afferent stimulation generates robust reflex bladder 

contractions, residual bladder volumes following PN stimulation evoked voiding are too 

large for successful clinical translation. The results of this study indicate that selective co-

stimulation of multiple PN afferents evokes larger bladder contractions, generates bladder 

contractions at smaller bladder volumes, and increases VE compared to stimulation of any 

single afferent pathway alone. Although statistically significant, the effect size of co-

stimulation on voiding efficiency was limited from a functional perspective. The results may 

have been affected by the use of a spinal intact, anesthetized animal model, and additional 
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experiments should be performed in persons with impaired voiding to determine the clinical 

promise of this approach.

Evoked Isovolumetric Bladder Contractions

Bilateral DNP stimulation and co-stimulation of CSN and DNP produced larger 

isovolumetric mean pressures, maximum pressures, and pressure-time integrals than isolated 

stimulation of individual PN branches. Co-stimulation did not result in superposition of 

responses from individual stimulation, suggesting a ceiling effect on bladder activation 

where co-stimulation cannot increase bladder contraction size beyond some maximum. 

Stimulation type during isovolumetric blocks was randomized, and the interaction between 

stimulation type and order was not significant for either bilateral or co-stimulation 

experiments. Thus, the larger bladder contractions evoked by co-stimulation were not 

dependent on the previous type of stimulation and did not result in carry-over effects to the 

next type of stimulation. All co-stimulation was interleaved in time, preventing simultaneous 

electrical stimulation of different branches. Therefore, the larger bladder contractions 

produced by co-stimulation are the consequence of a neural process resulting from PN 

afferent signals, facilitated by converging spinal cord inputs (18), rather than an increase in 

effective stimulation amplitude.

Suppression of Dyssynergic Activity

Neither 33 Hz bilateral DNP stimulation nor co-stimulation of CSN at 2 Hz and DNP at 33 

Hz produced reflex activation of the EAS. Pudendal afferent stimulation has been shown to 

suppress activity in the skeletal muscles of the pelvic floor, and was also seen with co-

stimulation. Electroneurogram (ENG) activity from the deep perineal branch of the pudendal 

nerve (innervates the EUS) was suppressed (19, 5) and intraurethral EMG recordings were 

similarly suppressed (7) during bladder contractions evoked by pudendal afferent 

stimulation in intact and spinal transected cats. Further, EMG from perineal muscles in 

persons with chronic SCI was suppressed during bladder contractions evoked by pudendal 

afferent stimulation (12).

We used the EAS electromyogram as a proxy for PN efferent reflex activity produced by 

stimulation, as previous studies showed strong congruence between EAS and EUS 

electromyograms in response to pudendal afferent stimulation (7, 13). However, differential 

activity in the EUS and EAS is well documented, and EAS activity may not reflect EUS 

activity or outlet pressure. The sphincters are capable of operating independently (20) and 

changes in activity seen in the EUS may not be seen in the EAS (21).

While 2 Hz CSN produced dyssynergic activation of the EAS, stimulation-evoked EAS 

activation was suppressed with co-stimulation of CSN and DNP, and PN afferent 

stimulation can be used reflexively to activate the bladder without activating PN efferents. 

This is an improvement over previous methods, such as sacral anterior root stimulation, 

which produce concomitant activation of bladder and sphincter (22). It remains to be 

determined whether DSD during bladder activation following chronic SCI is also suppressed 

by DGN stimulation.
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Lower Threshold Volumes

Electrical stimulation of PN afferents evokes bladder contractions at approximately 80% of 

the threshold volume for DECs. The threshold volume dependence of the reflex is mediated 

by the convergence of pudendal and pelvic afferents in the sacral spinal cord (14, 15). 

Voiding efficiency produced by PN afferent stimulation appears to be limited by the volume 

threshold because as voiding occurs and the volume drops below the threshold volume, 

contractions cease. All types of pudendal afferent stimulation, including bilateral and co-

stimulation, evoked bladder contractions at lower volumes than distension (23). The reduced 

volume threshold for stimulation-evoked contractions provides a potential mechanism for 

the increased VE with stimulation.

The threshold volume with bilateral DNP stimulation was lower than with unilateral DNP 

stimulation, presumably as a result of reinforced pudendal afferent signaling to the sacral 

spinal cord. CSN and DNP co-stimulation reduced the threshold volume to evoke robust 

bladder contractions compared to CSN stimulation alone, apparently due to DNP 

stimulation, as DNP stimulation evoked contractions at a lower volume than CSN 

stimulation. Therefore, any improvement in VE produced by co-stimulation over DNP 

stimulation alone is not solely attributable to a change in threshold volume. Rather, 

stimulation of CSN and DNP activates two separate reflex pathways (13, 23), which may 

explain why co-stimulation did not reduce threshold volume compared to DNP stimulation 

alone, but did improve VE. In contrast, bilateral DNP stimulation likely reinforced the 

pudendal afferent input in one of the reflexes in the spinal cord, producing lower threshold 

volumes and increased VE.

Enhanced Voiding Efficiency

Stimulation of either DNP or CSN increased VEs over distension-evoked voiding (13), and 

selective co-stimulation of either bilateral DNP or CSN and DNP further increased VE. 

Voiding efficiencies may have been adversely affected by anesthesia with α-chloralose, 

which is known to affect spinal reflexes and bladder activity (24), and the use of another 

anesthetic may lead to different results. Pelvic and pudendal afferents converge in the dorsal 

horn (18) and modulate the sacral spinal network that controls the pelvic efferent output of 

the sacral parasympathetic nucleus (25). Specifically, pudendal afferent fibers terminate in 

portions of the ipsilateral dorsal horn, intermediate zone, the dorsal gray commissure and 

contralateral dorsal horn (18). Bilateral stimulation may result in superposition of 

converging right and left pudendal afferent activity to produce reflex bladder contractions 

with lower levels of pelvic afferent signaling and thereby produce larger VEs than unilateral 

stimulation.

In contrast, the improved VE generated by co-stimulation of CSN and DNP over individual 

CSN or DNP stimulation is likely due to the activation of two separate reflex pathways (13, 

23). The limited reduction in threshold volume with co-stimulation compared to DNP 

stimulation alone supports this mechanism.

Although not directly investigated, we can compare the VEs produced by bilateral 

stimulation and co-stimulation. Bilateral DNP stimulation improved VE more than co-

McGee and Grill Page 7

Neurourol Urodyn. Author manuscript; available in PMC 2015 November 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



stimulation of CSN and DNP. Additionally, in one cat where bilateral stimulation and co-

stimulation evoked voiding was measured, bilateral DNP stimulation generated larger 

voided volumes than co-stimulation of DNP and CSN. This finding is supported by the 

significant decrease in threshold volume seen with bilateral stimulation, whereas co-

stimulation did not reduce volume threshold compared to DNP stimulation.

Clinical Relevance

In a clinical setting, with a variety of causes of bladder dysfunction, ranging from 

neurological disease to traumatic injury, co-stimulation of multiple nerve branches may be 

more effective at controlling LUT symptoms, especially in the case of inadequate benefit 

from individual stimulation. In cases of complete SCI, spinal circuitry and reflexes below 

the injury are likely still intact. Studies evaluating stimulation of pudendal sensory pathways 

suggest that PN afferent stimulation is effective after transection of the spinal cord (6, 15), 

although efficient voiding may be limited due to DSD, and the impact of co-stimulation in 

persons with SCI remains to be determined in clinical studies. In cases such as these, 

bilateral DNP stimulation is more likely to be successful for evoking on-demand bladder 

contractions and increasing VE. Both branches of the dorsal genital nerve (DGN) travel 

close together near the distal urethra (26), and bilateral DNP stimulation could be 

implemented with a single, midline electrode. Percutaneous stimulation of the DGN 

produced a 50% or greater reduction in overactive bladder symptoms with DGN stimulation 

in 81% of subjects (27). Additionally, two independent pudendal-bladder reflex pathways 

are present in persons with SCI (12) and co-stimulation of these pathways may improve 

bladder activation and voiding. However, this will require surgical access (28) and 

implantation of a cuff electrode (29).

CONCLUSION

We quantified the effects of selective co-stimulation of multiple pudendal afferent pathways 

on bladder contractions and voiding in α-chloralose anesthetized cats. Both bilateral DNP 

stimulation and co-stimulation of CSN and DNP evoked larger bladder contractions and 

increased VE over single branch PN afferent stimulation and distention evoked voiding. 

Future development of neural prosthetics for restoration of bladder function should include 

these techniques of spatial patterning of pudendal afferent stimulation, particularly bilateral 

DNP stimulation which produced large on-demand bladder contractions coupled with 

suppression of pelvic floor reflex activity, to improve bladder control in persons with 

bladder dysfunction from neurological disease or injury.
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Figure 1. 
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Figure 2. 
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Figure 3. 
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Figure 4. 
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Figure 5. 
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