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Electrical stimulation for bladder control is an alternative to traditional methods of treating neurogenic lower
urinary tract dysfunction (NLUTD) resulting from spinal cord injury (SCI). In this review, we systematically
discuss the neurophysiology of bladder dysfunction following SCI and the applications of electrical
stimulation for bladder control following SCI, spanning from historic clinical approaches to recent pre-clinical
studies that offer promising new strategies that may improve the feasibility and success of electrical
stimulation therapy in patients with SCI. Electrical stimulation provides a unique opportunity to control bladder
function by exploiting neural control mechanisms. Our understanding of the applications and limitations of
electrical stimulation for bladder control has improved due to many pre-clinical studies performed in animals
and translational clinical studies. Techniques that have emerged as possible opportunities to control bladder
function include pudendal nerve stimulation and novel methods of stimulation, such as high frequency nerve
block. Further development of novel applications of electrical stimulation will drive progress towards effective
therapy for SCI. The optimal solution for restoration of bladder control may encompass a combination of
efficient, targeted electrical stimulation, possibly at multiple locations, and pharmacological treatment to

enhance symptom control.
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Introduction

The lower urinary tract (LUT), including the urinary
bladder, urethra, and periurethral striated muscles,
serves two important roles: continence, the storage of
urine in the bladder, and micturition, efficient voiding
of urine from the bladder at an appropriate time.
These functions are controlled by neural circuits in the
spinal cord, brainstem, and higher centers, and engage
the sympathetic (hypogastric nerve), parasympathetic
(pelvic nerve), and somatic (pudendal nerve) nervous
systems.! The generalized neural and anatomical con-
nections important in regulation of the LUT, drawn
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from both human and animal studies, are shown in
Fig. 1. The bladder and urethral sphincter(s) are con-
trolled in a reciprocal manner to accomplish the two
primary functions of the LUT. During storage, urine is
retained in the bladder because the sympathetic
pathway is activated, producing bladder relaxation via
adrenergic signaling through the hypogastric nerve,
and activation of the somatic pudendal nerve output
from Onuf’s nucleus produces coordinated contraction
of the external urethral sphincter (EUS).? The initiation
of voiding occurs when the parasympathetic pathway is
activated, producing contraction of the detrusor muscle
in the bladder via cholinergic excitation through the
pelvic nerve and the urethral sphincters are relaxed,
allowing urine to leave the bladder and flow through
the urethra.**
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Figure 1 Neural and anatomical connections of normal lower
urinary tract control. Afferents from the bladder and pelvic floor
enter the spinal cord at the thoracic and sacral levels where
they send ascending projections or synapse with local neurons.
Descending modulation from the periaqueductal gray (PAG)
and pontine micturition center (PMC) coordinates bladder and
sphincter activity by controlling the output of the preganglionic
sympathetic nucleus (PSN), sacral parasympathetic nucleus
(SPN), and Onuf’s nucleus. Abbreviations: cranial sensory nerve
(CSN), dorsal nerve of the penis (DNP), external anal sphincter
(EAS).

During bladder filling, afferent fibers in the pelvic and
hypogastric nerves deliver information from mechanor-
eceptors sensitive to pressure and stretch, or increases in
tension of the bladder wall, signaling bladder distention
to the sacral and lumbar levels of the spinal cord,
respectively.”’ The pudendal nerve (PN) also contains
afferent nerves; the dorsal genital nerve (dorsal nerve
of the penis — DNP) is well documented in humans,
and other smaller sensory branches have been identified
in animals, such as the cranial sensory nerve (CSN) in
cats.® These somatic fibers provide sensory input from
the pelvic floor, urethra, and external genitalia to the
sacral spinal cord and play a role in mediating
pudendo-vesical reflexes’ that can impact continence
and micturition by providing negative (guarding
reflex)'® or positive feedback (augmenting reflex)
during urine flow in the urethra'"'? (Fig. 1). After enter-
ing the dorsal horn, the afferents diverge; some fibers
make projections in the dorsal horn to local inter-
neurons and some send long ascending projections to
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the periaqueductal gray (PAG) and pontine micturition
center (PMC)."?

The PMC plays a critical role in the regulation of con-
tinence and micturition, and switching circuitry located
between the PAG and PMC integrates the ascending
afferent signals and descending commands from
higher brain centers to direct the transition from conti-
nence to micturition that is executed by the PMC.!*13
Chemical or electrical stimulation of the PMC produces
voiding that is very similar to reflex micturition,'® indi-
cating that the PMC is a critical center for micturition.
Descending signals from the PMC produce excitation of
the sacral parasympathetic nucleus (SPN), causing
bladder excitation and an increase in bladder pressure,
and inhibition of Onuf’s nucleus (the pudendal motor
nucleus) to produce relaxation of the external urethral
sphincter (EUS), allowing urine to flow.’

Spinal cord injury (SCI) interrupts normal control
of bladder function by blocking both the transmission
of afferent information to the PAG and PMC and
efferent commands to lower spinal levels which modu-
late the output nuclei of the LUT.!” Without these
pathways intact, aberrant reflexes can develop below
the spinal cord lesion to produce uncoordinated LUT
activity, leading to incontinence and/or urinary
retention.

In normal bladder function, spinal reflexes that do
not involve the PMC or PAG are well established. For
example, the guarding reflex can be initiated by
sensory activation of the pudendal nerve following
EUS contraction or unexpected urine flow, which inhi-
bits preganglionic sympathetic bladder neurons directly
through spinal interneurons and produces continence.'®
Normal pelvic-to-pudendal reflexes can be elicited by a
rapid increase in bladder pressure and pelvic afferent
activity, leading to increase in pudendal motor output
which further contracts the EUS in order to maintain
continence.'” In cases of LUT dysfunction following
SCI, these reflexes may be disrupted, producing unde-
sired contraction of the sphincters, i.e., detrusor-sphinc-
ter dyssynergia (DSD). However, lumbosacral spinal
mechanisms that remain intact following SCI provide
an opportunity for intervention for the restoration of
LUT function.

In this review we discuss neurogenic lower urinary
tract dysfunction (NLUTD) following spinal cord
injury and the development of electrical stimulation as
an approach to restore bladder function, including
both continence and micturition. Applications of electri-
cal stimulation for control of bladder function following
SCI are discussed, spanning from historic clinical
approaches to recent pre-clinical studies that may
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improve the success of electrical stimulation therapy in
SCI patients.

Bladder dysfunction after SCI

Neurological disease and injury can cause significant
disruption of both the storage and emptying functions
of the LUT. SCI, specifically, causes LUT dysfunction
characterized by neurogenic detrusor overactivity,
urinary incontinence, chronic urinary retention
(impaired micturition), and DSD.?® The location and
severity of the SCI affect the degree of bladder dysfunc-
tion, from interrupting the communication between
sacral and pontine micturition centers, to directly dama-
ging the lumbosacral circuits that control the detrusor
and pudendal nerve output.”’ Spinal cord injuries are
classified on a scale by the American Spinal Injury
Association (ASIA), where A describes complete
spinal transection where no sensory or motor function
is preserved and E describes normal spinal cord func-
tion.”” Bladder dysfunction leads to substantial
decreases in quality of life*® and can cause urinary
tract infections, skin breakdown, bladder and kidney
damage, and re-hospitalization.>**> Further, bladder
dysfunction caused by SCI may change over the
course of the injury,?' for example changing from an
areflexic to an overactive bladder with time following
injury,?® making bladder management difficult.

Injury to the spinal cord above the lumbosacral level
removes the voluntary control of micturition, leading
initially to an areflexive bladder and complete urinary
retention. However, this is followed by slow develop-
ment of a sacral spinal reflex mediated by unmyelinated
C fibers. This reflex responds to low volume filling and
leads to neurogenic detrusor overactivity (NDO). In
addition to NDO, high-level spinal cord injuries
(upper motor neuron lesions above T12) are more
likely to produce DSD although any cord injury above
S2 can result in DSD. Concurrent contraction of the
bladder and wurethral sphincter (DSD) can limit
urinary flow and cause urinary retention; as well,
DSD can lead to elevated detrusor pressures, which
can put the upper urinary tract at risk of degeneration.?’
Autonomic dysreflexia can occur in SCI above T5 but
has been reported in patients with lesions as low as
T8. This occurs due to a splanchnic outflow from the
sympathetic system emanating from TS5 to L2 and the
absence of inhibition as a result of SCI. Autonomic dys-
reflexia leads to an exaggerated reaction to any stimuli
below the level of SCI such as rectal impaction or
rapid bladder filling during a urodynamic test.
Symptoms of autonomic dysreflexia include an increase
in blood pressure, bradycardia, sweating and headache.

Treatment includes removal of the stimulant, i.e., drain
the bladder or evacuate the rectum and possibly
medical management of the blood pressure. High level
SCI was found to increase the risk of autonomic dysre-
flexia in one study,”® while another found that 48% of
patients with complete SCI (ASIA A) above T6 had
documented episodes of autonomic dysreflexia.?’

Lower level spinal cord injuries (at S2 and below)
produce very different effects on bladder function.
Injury to the lower motor neurons classically results in
bladder areflexia and low bladder compliance due to
damage to the spinal micturition circuits?’ and poor ure-
thral function due to loss of somatic innervation. This
type of injury can result in a variety of symptoms,
including urinary retention, urinary incontinence, and
if low bladder compliance is present, deterioration of
kidney function.

The goals of management of NLUTD, including
NDO, are protection of the upper urinary tract,
improvement of urinary incontinence, restoration of
LUT function, and improvement in quality of life.**

Typically, the first line of treatment for NDO includes
a combination of anticholinergic drugs. Anticholinergic
therapy is frequently prescribed at higher doses for
NDO than in overactive bladder (OAB) and this can
lead to increased incidence of side effects including dry
mouth, blurred vision, constipation, and cognitive
changes.”® Although beta-3 adrenoceptor agonists are
used in OAB, there is no evidence of effect in patients
with NLUTD.

If DSD is present, alpha-blockers, e.g. tamsulosin,
may be used to reduce outlet resistance. Baclofen, a skel-
etal muscle relaxant often used to treat lower extremity
spasticity, can decrease spasticity in the pelvic floor
muscles but is not typically used for urethral outlet
obstruction.?’! Intermittent catheterization (IC), on
average 4-6 times per day, is the gold standard for
patients who are unable to empty their bladder.®
Aseptic or clean IC are feasible alternatives to sterile
IC and decrease the risk for urinary tract infection as
well as decrease the risk of significant complications
seen with indwelling transurethral or suprapubic cystost-
omy.>® Other methods may be used to initiate voiding,
such as bladder compression to expel urine (Cred¢),
voiding by abdominal straining (Valsalva), and trig-
gered reflex voiding. These maneuvers should be
avoided in those with DSD as they create high pressures
and are potentially hazardous to the upper tracts.?!*>

If anticholinergic medications prove to be ineffective
or poorly tolerated, botulinum toxin type-A injections
in the bladder wall are the most effective minimally
invasive treatment at this time to reduce NDO.** The
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vanilloids, capsaicin and resiniferatoxin, are intravesical
treatments that desensitize C-fibers but have limited
clinical efficacy compared to botulinum toxin type-A
injections into the detrusor.** For patients with DSD,
minimally invasive procedures such as sphincterotomy>*
or chemical deefferentiation of the sphincter using botu-
linum toxin type-A®> can be used to reduce bladder
outlet resistance. When these less invasive procedures
have failed, surgical procedures such as bladder aug-
mentation, posterior rhizotomy with or without sacral
anterior root stimulation (SARS) (complete lesions)
and neuromodulation (incomplete lesions) are tried.
Continent or incontinent diversion is indicated for
small, contracted, noncompliant bladders.

Clinical applications of electrical stimulation for
bladder control

Different locations have been investigated for appli-
cation of electrical stimulation to restore functional
bladder control, each with varying degrees of success.
In the past, electrodes for stimulation to modulate
bladder function have been placed on the bladder,
skin, peripheral nerves, sacral roots, or spinal cord.*®
Fig. 2 depicts the neural innervation of the lower
urinary tract and common electrode locations for restor-
ation of bladder control. The effectiveness of recently
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developed applications of electrical stimulation for
bladder control has been evaluated in clinical studies
in persons with SCL,3740 although not in randomized,
controlled clinical trials. The associated morbidities in
patients with SCI adds complexity to the understanding
of how each approach might be used to treat NLUTD,
and the optimal, or even suitable, therapy is likely to
vary across individuals.

There has been limited clinical success with direct
bladder wall stimulation due to problems with concomi-
tant sphincter activation (DSD) caused by reflex activity
evoked by activation of pelvic afferents in the bladder,
pain, or device failure.*'™ Pelvic nerve stimulation,
i.e. stimulation of the nerve supply to the bladder, was
shown to produce bladder contractions in dogs, but
also resulted in co-activation of urethral sphincters.**
Pelvic nerve stimulation requires lower amplitudes of
stimulation than direct bladder wall stimulation but
application in humans is limited due to the difficulty
of electrode placement.*

Spinal cord stimulation, particularly intraspinal stimu-
lation for bladder control, has shown promising results in
animals.***® However, this technique has not advanced
because it is highly invasive, has high complication
rates, and it is not clear that it provides benefit over
sacral root stimulation.*” Transcutaneous electrical

Bladder

Exterﬁal Urethral
Sphincter

Figure 2 Locations targeted for restoration of bladder control using electrical stimulation. Anatomical locations of electrodes used
for electrical stimulation for bladder function are shown: sacral anterior root stimulation (SARS), sacral nerve stimulation (SNS),
pudendal nerve stimulation (PNS), percutaneous tibial nerve stimulation (PTNS), transcutaneous electrical nerve stimulation (TENS),
and high frequency nerve block (HFNB). PNS, TENS, and PTNS can be performed with minimally invasive techniques. SARS typically
requires a posterior rhizotomy. HFNB combined with PNS or SNS can eliminate unwanted contractions of the external urethral
sphincter and produce efficient voiding. Following spinal cord injury (SCI), connections to the brain and higher order spinal circuits
are lost. Abbreviations: cranial sensory neuron (CSN), dorsal nerve of the penis (DNP), Onuf’s nucleus (ON), and sacral

parasympathetic nucleus (SPN).
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stimulation for bladder control, e.g. surface stimulation of
the dorsal nerve of the penis to inhibit bladder activity,
targets peripheral nerves through a less invasive
approach. But there are challenges of chronic clinical
deployment at this location. The technology for electrical
stimulation of the sacral roots and various peripheral
nerves continues to evolve with promise for an effective
neural prosthetic to restore NLUTD.

Finetech-Brindley bladder control system

Brindley and colleagues developed a system to allow
bladder emptying with sacral anterior root stimulation
(SARS) that showed positive results in SCI patients.
The Finetech-Brindley Bladder Control System
(branded as VOCARE in the US) was granted a
Humanitarian Device Exemption by the FDA in 1998
for bladder dysfunction in spinal cord injured patients.
This system was the most successful electrical stimu-
lation devices implanted for bladder control in SCI,
increasing bladder capacity and allowing patients to
void efficiently.**->' However, the company that distrib-
uted VOCARE in the US, NeuroControl Corporation
(Valley View, OH), went out of business in 2007.

The SARS system targets efferent nerve fibers emer-
ging from the sacral spinal cord to produce bladder con-
traction’® and provide efficient, on-demand voiding and
a significant reduction in residual volumes and urinary
tract infections, as well as bowel emptying.**>
However, treatment of NDO and DSD required a con-
comitant posterior rhizotomy. Transection of the
sacral dorsal roots (posterior rhizothomy) performed
in combination with SARS to increase bladder capacity
and compliance and improve voiding efficiency is effec-
tive,> but irreversibly eliminates reflex erection, reflex
micturition and any remaining pelvic sensation.*®>*
Brindley reported that out of 12 of the early patients
with reflex incontinence, all became fully continent fol-
lowing sacral posterior rhizotomies, and this is now
standard practice with SARS implantation.>

In persons with supra-sacral SCI, SARS coupled with
posterior rhizotomy produced voiding volumes greater
than 200 mL in 18/21 patients and decreased post-
void residual volumes below 50 mL in 15/21 patients.39
SARS also substantially reduced the prevalence of
urinary tract infections, reflex incontinence, autonomic
dysreflexia, and decreased the frequency of catheteriza-
tion and anticholinergic drug use in persons with
SCI.* Other studies report that SARS is safe and effec-
tive: 28 patients with SCI who were incontinent were
completely dry after SARS with posterior rhizotomy.>®
Further, this approach increased the quality of life of
persons with SCL>” and the cost of managing the

neurogenic bladder and bowel after SCI was greatly
reduced with SARS and posterior rhizotomy, compared
to standard treatments.>®

Although SARS is a very effective approach to restor-
ing bladder control following SCI, through the year
2004 it was implanted in only approximately 2,500
people.®® The limited penetration may be due to the
requirement of the irreversible posterior rhizotomy, the
complexity of the implant surgery, as well as limited
access at selected centers. In addition, the use of Botox
and clean intermittent catheterization to manage LUT
dysfunction after SCI may have decreased the demand
for SARS. For those that are implanted and receive a
posterior rhizotomy, bladder control with the device
persists for many years.”'>*¢°

Medtronic Interstim®

Sacral nerve stimulation (SNS) with the InterStim®
(Medtronic Inc., Minneapolis, MN, USA) was
approved by the FDA in 1997 for urge urinary inconti-
nence and in 1999 for urinary retention.”® SNS targets
somatic afferent fibers entering the spinal cord and is
thought to modulate the micturition reflex®' for treat-
ment of urge urinary incontinence and urinary reten-
tion.”” Electrode implantation does not require
laminectomy and is performed after a period of test
stimulation with either a temporary percutaneous elec-
trode or chronic lead placed in the S3 sacral foramen.
Following this test period, device implantation occurs
only in those patients who have > 50% improvement in
the LUTD symptoms.®? Long-term improvement of
overactive bladder symptoms and urinary retention are
achieved with SNS with Interstim®, but these studies
were all in non-SCI populations.®>*” Even in the non-
neurogenic populations, success with InterStim® is
highly etiology-dependent,®’-®® patients with urinary
retention arising from specific electromyographic
abnormalities of the EUS (i.e. Fowler’s syndrome)
were more likely to benefit from InterStim® than those
from various etiologies.®’

There has been limited study of Interstim® in SCI;
however, in general, SNS has not been as effective in
resolving symptoms of chronic urinary retention or
incontinence in those with complete spinal cord
lesions.”®”! In subjects with neurogenic bladder from
complete SCI there was no significant difference in
maximal bladder capacity, maximal detrusor pressure,
or bladder volume at first uninhibited contraction with
acute SNS.”! Additionally, one study reported that
none of the 5 patients with complete SCI showed any
improvement of their incontinence during the SNS test
phase.”” SNS may be more effective in incomplete
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SCI, and some studies show that the device improved
continence by increasing cystometric capacity; persons
with urinary retention from incomplete SCI saw a sig-
nificant increase in urinary frequency and voided
volume with SNS, while persons with urgency from
incomplete SCI saw a significant decrease in the
number of incontinent episodes and a significant
increase in voided volume up to 5 years post-
implant.*® In addition, the time before implant after
SCI may influence the effectiveness of treatment, as
early SNS in individuals with SCI prevented detrusor
overactivity and urinary incontinence.”?

Percutaneous tibial nerve stimulation

Peripheral nerves are an alternative stimulation target
for bladder control following SCI. Stimulation of the
tibial nerve, which originates from the L4-S3 lumbosa-
cral plexus as part of the sciatic nerve, has been
studied for treatment of OAB. Tibial nerve stimulation
with the Urgent® PC Neuromodulation System
(Uroplasty, Inc., Minnetonka, MN, USA) received
FDA 510(k) clearance in 2007 for the treatment of
urinary urgency, urinary frequency, and urge urinary
incontinence. Percutaneous tibial nerve stimulation
(PTNS) offers a less invasive treatment alternative to
SNS, as surgical implantation is not required. PTNS is
typically performed via a needle electrode inserted
above the ankle. The procedure is office based and
stimulation is delivered for 30 minutes once a week for
12 weeks. Randomized controlled studies report signifi-
cant improvement with OAB symptoms’*’®; however,
only prospective non-randomized trials exist to
support use in non-obstructive urinary retention’’ and
few studies have documented the effects of PTNS on
NLUTD.

A study of PTNS for bladder dysfunction in 29
patients with various neurological lesions (including 15
patients with SCI) showed that 50% of the population
had improvement in either maximum cystometric
capacity or volume at first involuntary detrusor contrac-
tion.”® In a study of 70 multiple sclerosis patients, PTNS
was well tolerated and produced clinical improvement of
OAB symptoms in more than 82% of patients,”
suggesting that this therapy may be effective in SCI
with incomplete lesions. In acute urodynamic tests,
PTNS significantly increased maximum cystometric
bladder capacity in patients with multiple sclerosis, indi-
cating that PTNS may be an effective approach for clini-
cal treatment of NDO.®* In two persons with SCI,
PTNS was used to treat successfully fecal incontinence
up to 3 months follow up, pointing to the potential in
other applications in SCI population. However, a
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recent study in animals found that bladder inhibition
with PTNS was abolished following acute spinal cord
transection,®’ suggesting that PTNS employs suprasp-
inal pathways and may not be suitable in persons with
complete SCI.

Pudendal nerve stimulation

Stimulation of the pudendal nerve is another promising
technique for the treatment of NLUTD following SCI.
Mechanical activation of pudendal afferents, elicited
by penile squeeze, inhibits the bladder and quiets exist-
ing bladder contractions.®” Recent clinical studies
demonstrate that pudendal nerve stimulation (PNS)
can produce both inhibition of bladder contractions,
or at different stimulation parameters, bladder acti-
vation in persons with SCL.378387

The pudendal nerve is a somatic nerve in the pelvic
region that originates from the sacral spinal cord at
levels S2-S4 in humans.”® Access to the pudendal
nerve for electrical stimulation can be made via a
trans-gluteal incision’! or less-invasive percutaneous or
transcutaneous approaches.® PNS refers to electrical
stimulation of the pudendal nerve, containing both
sensory and motor fibers, or electrical stimulation
applied to distal branches; for example, the dorsal
genital nerve (DGN), a purely afferent branch that
transmits sensory information from the urethra and
external genitalia.

In one study comparing the effectiveness of SNS with
Interstim® to PNS in patients with OAB symptoms, the
PN lead produced greater overall reduction in symptoms
of urinary frequency and urgency and was chosen as the
preferred lead by the majority of participants.””> PNS
may be an alternative neuromodulation therapy for
refractory OAB, particularly in patients who do not
respond well to SNS.”>*> However, although a CE
mark has been granted in Europe, PNS remains for
investigational use only in the United States. Studies
are ongoing to evaluate the effectiveness of PNS for
bladder control following SCI and to study novel stimu-
lation paradigms for more effective treatment of
NLUTD.

Pre-clinical studies and future translational
opportunities

There is a need for development of methods that
improve voiding efficiency and continence control for
those with SCI without requiring a dorsal rhizotomy,
and a better understanding of the underlying mechan-
isms of SNS and PNS to improve these therapies, and
devise new approaches. Pre-clinical studies in animals
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provide the opportunity to investigate the potential
impact of new techniques of stimulation.

Pudendal nerve stimulation in SCI as an
alternative to sacral nerve stimulation
Peripheral nerve stimulation is an alternative approach
to target similar reflexes as sacral nerve stimulation,
potentially with more specificity. In contrast to PNS,
which targets a particular nerve or nerve branch, SNS
with Interstim® targets the entire sacral nerve. The use
of this non-selective location results in non-specific
stimulation of both afferent and efferent fibers. This
ambiguity contributes to the lack of understanding of
the mechanisms by which sacral nerve stimulation
works and why it remains ineffective for treatment of
NLUTD after complete SCI. Because SNS is effective
for the treatment of non-neurogenic bladder dysfunction
and less successful for patients with complete SCI, there
is speculation that preserved supraspinal connections
are necessary for the positive effects of SNS.”> Many
studies have identified that the primary effects of PNS
occur through activation of spinal reflexes,®’*® which
remain intact following supra-sacral SCI. This mechan-
istic difference is further corroborated by studies where
patients with SCI experienced better symptom improve-
ment with PNS than SNS.%>

Reflex bladder inhibition has been demonstrated by
mechanical or transcutaneous electrical stimulation of
the perigenital skin in rats,”” " cats,'®1% and
humans®® and is produced by activation of pudendal
afferents. Electrical stimulation of the PN or DGN
with low frequencies (5-10 Hz) produces reflex bladder
inhibition, promoting continence.'*®'%® Critical for
application in SCI, this inhibition persists following
spinal cord transection.'’*!'> Additional work estab-
lished the feasibility of closed-loop continence
control.'® Conditional PNS, triggered by pudendal
nerve activity recorded by electroneurogram, was more
effective at inhibiting the onset of bladder contractions
than continuous stimulation.'®® In patients with SCI,
increased bladder capacity and decreased storage press-
ures were produced by event-driven electrical stimu-
lation of the dorsal penile or clitoral nerve triggered
by increases in either EMG'!® or bladder pressure.'!!

While low frequency stimulation of pudendal affer-
ents produces reflex bladder inhibition, high frequency
stimulation (20-50 Hz) produces bladder excitation in
cats'>1% and rats.''*!"* High frequency stimulation
can be used to augment existing bladder contractions
or produce robust bladder contractions and voiding
when desired''*; in many cases contraction can be
evoked at lower bladder volumes than distension-

evoked activity.'!> Voiding with intermittent PN stimu-
lation was more effective than distension-evoked voiding
or voiding produced by intermittent sacral root stimu-
lation in anesthetized cats and was not limited by
stimulation induced bladder-sphincter dyssynergia.''®
Reflex bladder activation with high frequency stimu-
lation of the pudendal nerve has also been demonstrated
in humans with SCL.*’ The use of pudendal afferent
stimulation to produce both bladder inhibition, for
continence control, and bladder activation, necessary
for efficient voiding, in humans following
SCL, 03105107 fyrther demonstrates the potential of
this approach for the treatment of bladder dysfunction
following SCI.

More recent studies differentiated the distal PN
branches and evaluated the effects of stimulation of indi-
vidual nerve branches on activation and inhibition of
the bladder.®'"* Selective stimulation of afferent
branches of the PN reduced or eliminated activation
of efferent pathways to the EUS,"'*!"” which would
otherwise be undesirable for efficient voiding. Selective
co-stimulation of PN afferents in multiple sensory
branches or bilateral stimulation of DNP evoked signifi-
cantly larger bladder contractions and improved voiding
over individual branch stimulation in cats.'!®
Intraurethral electrical stimulation to target the distal
branches of the PN produced similar frequency tuning
responses to low and high frequency stimulation in
cats®>? and evoked bladder contractions in humans
with SCL.'"

A study of the fascicular anatomy and surgical access
of the pudendal nerve in humans found that placement
of a nerve cuff on the PN is both anatomically and sur-
gically feasible.”! This approach could be employed for
use with multi-electrode nerve cuffs for selective stimu-
lation of specific fascicles within the pudendal
nerve,'?® to eliminate dyssynergia produced by direct
stimulation or reflex activation of motor fibers innervat-
ing the EUS.

Experiments performed in cats further investigated
the effects of temporal pattern of stimulation on reflex
bladder activation. Variable patterned stimulation
resulted in larger evoked reflex bladder contractions
and demonstrated an increase in the range of parameters
that caused bladder contraction.'?' Specifically, bursting
patterns of stimulation delivered to the pudendal
nerve'?! or in the proximal urethra via intraurethral
stimulation'**!** improved bladder excitation and
voiding in cats. These animal experiments illustrate the
importance of further identification the mechanisms of
PNS to produce efficient and effective bladder control
following SCI.
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Nerve blocking with electrical signals
Application of high frequency (in the kHz range) signals
to the PN can block the motor axons to the urethral
sphincter and thereby mitigate the effects of
DSD.'?*1?6 Blockade of neural signals with kilohertz fre-
quency stimulation could be used to improve voiding by
blocking dyssynergic activity in the PN or efferent
activity produced by stimulation of the sacral roots or
PN.'"?” This method was inspired by earlier experiments
with high frequency stimulation of the PN that produced
bladder emptying similar to posterior rhizotomy in
chronic SCI dogs, due to EUS fatigue from depletion
of the neuromuscular junction following stimulation.'*®
High frequency block of the PN coupled with stimu-
lation of sacral nerve or proximal PN in animals pro-
duced significant improvements in voiding efficiency
compared to sacral nerve stimulation alone.'*”'®
High frequency block of the PN can also be used to
reduce EUS spasticity, avoiding the need for a posterior
rhizotomy, or be used to reversibly block EUS contrac-
tions during bladder contractions to improve voiding'?’
High frequency block was well tolerated in chronically
implanted animals without anesthesia,'*® demonstrating
the possible clinical potential of this approach.
However, although kilohertz frequency nerve block
does not produce acute nerve damage,'>*!* the safety
and durability of chronic high frequency nerve block
remain to be determined.'*!

Coupling neuromodulation and pharmacological
therapy for improved treatment

Given that a large number of neurochemicals mediate
bladder control by electrical stimulation, it is possible
that pharmacological interventions could augment the
effects of electrical stimulation. However, successful
development and optimization of new therapeutic
approaches requires understanding the underlying
mechanisms of action of electrical stimulation.

Bladder inhibition with low frequency PNS was pre-
served following hypogastric nerve transection and
administration of a- and [-adrenergic antagonists,' !>
and recent work demonstrates that this inhibition is
mediated by GABAergic activity in the lumbosacral
spinal cord."*? Opioids were also found to contribute to
the inhibitory pudendal-to-bladder reflex in cats."*® In
similar experiments, opioids were found to play a differ-
ential role in inhibition of nociceptive and non-nocicep-
tive bladder contractions by tibial nerve stimulation.'**
Other experiments have demonstrated that metabotropic
glutamate 5 receptors,135’136 and serotoninergic recep-
tors,"*” which may interact with opioid mechanisms, are
involved in bladder inhibition by PNS and that the
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effects are primarily mediated by spinal, not supraspinal,
processes.®! Convergence of pudendal and pelvic affer-
ents to increase pelvic efferent activity at the sacral level
is likely responsible for bladder excitation with PNS.'!?
A combination of electrical stimulation and pharmaco-
logical treatment may improve treatment of bladder dys-
function in persons with SCI; for example, coupling
electrical stimulation for bladder inhibition and a-adre-
noreceptor antagonists may improve continence by
increasing bladder capacity.'*® Intrathecal baclofen, a
GABAG agonist, has been used to treat urethral sphincter
spasticity'*® and could be coupled with electrical stimu-
lation to reduce NDO and wurinary incontinence.
Intrathecal administration of opioid agonists inhibited
contractions and reduced DSD in spinal cord injured
animal studies and could be used to boost the effects of
bladder inhibition with PNS.'* Lastly, benzodiazepines,
acting as an agonist of the effects of GABA,, could
enhance the effects of GABAs-mediated PNS bladder
inhibition.'#*'4!

Conclusion

Understanding the specific neural circuits and neuro-
transmitters involved will drive the development of
new stimulation paradigms for NLUTD in SCI and
reveal additional opportunities for pharmacological
intervention. Stimulation of the pudendal nerve is a
promising approach to restore control of both conti-
nence and micturition in SCI, and continued work in
this area will reveal how the effects of PNS compare
to other stimulation modalities.

The selective stimulation of peripheral afferents may
allow more precise control of bladder function, particu-
larly with the selective stimulation of reflex pathways.
Novel stimulation techniques, such as peripheral opto-
genetics,**!*? or the use of light to stimulate selectively
genetically-targeted neurons, may enable improved
control of bladder activity. Further development of
novel applications of temporal patterns of stimulation,
including high frequency conduction block, will drive
progress towards additional therapies for bladder
control following SCI. Additionally, peripheral nerves
allow for electrode implantation via minimally invasive
surgical approaches. The optimal solution for restor-
ation of bladder control after SCI may encompass a
combination of efficient, targeted electrical stimulation,
possibly at multiple locations, and pharmacological
treatment to enhance symptom control.
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