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Abstract

Purpose of Review: The present review highlights regenerative electrical stimulation (RES) as
a potential future treatment options for patients with nerve injuries leading to urological
dysfunction, such as urinary incontinence, voiding dysfunction or erectile dysfunction.
Additionally, it will highlight highlights the mechanism of nerve injury and regeneration as well as
similarities and differences between RES and current electrical stimulation treatments in urology,
functional electrical stimulation (FES) and neuromodulation.

Recent Findings: It has been demonstrated that RES upregulates brain derived neurotrophic
factor (BDNF) and its receptor to facilitate neuroregeneration, facilitating accurate reinnervation
of muscles by motoneurons. Further, RES upregulates growth factors in glial cells. Within the past
two years, RES of the pudendal nerve upregulated BDNF in Onuf’s nucleus, the cell bodies of
motoneurons that course through the pudendal nerve and accelerated functional recovery in an
animal model of stress urinary incontinence. Additionally, ES of the vaginal tissue in an animal
model of stress urinary incontinence accelerated functional recovery.
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Summary: RES has great potential but future research is needed to expand the potential
beneficial effects of RES in the field of urology.
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Introduction

Control of the lower urinary and reproductive tract is maintained by a complex network of
sympathetic, parasympathetic and somatic nervous systems. Quality of life is greatly
diminished when a nerve is damaged in any one of these three systems resulting in
incontinence, voiding dysfunction or erectile dysfunction [1-3]. Nerve injury can be from
trauma, such as that occurs in automobile accidents, gunshot wounds, chronic exposure to
nerve compression, during childbirth, or from iatrogenic causes, such as surgery [4,5].
Electrical stimulation (ES) can be used to restore function, as in functional ES (FES),
modulate nervous system responses to stimuli, as by neuromodulation, or accelerate
regeneration of injured peripheral or central nerves by regenerative ES (RES).

FES uses electrical stimuli of nerves to contract muscles for neurogenic lower urinary tract
dysfunction, while neuromodulation uses electrical stimuli to alter neurotransmission to treat
both neurogenic and non-neurogenic (i.e. myogenic) conditions [6,7]. Both have profoundly
improved the understanding of neuromuscular physiology of the lower urinary tract [7,8].

RES, in contrast, promotes nerve sprouting, neuroregeneration, reinnervation of target
organs, and functional recovery after nerve injury [9-14]. RES upregulates brain derived
neurotrophic factor (BDNF) in motoneurons, which in turn upregulates regeneration
associated genes, providing possibilities for therapy of neurogenic lower urinary tract
dysfunction due to peripheral or central nerve injury, as well as other urological conditions
that can result from nerve injury, such as erectile dysfunction, neurogenic bladder, and
underactive bladder [15]. In this review we highlight the mechanism of nerve injury and
regeneration as well as that of RES as it relates to treatment of nerve injuries in urology and
highlight similarities between RES, FES and neuromodulation.

Nerve Injury

After Sunderland type Il - V nerve injuries, in which the nerve is crushed or transected, the
proximal nerve stump will degrade back to the first node of Ranvier while the distal nerve
undergoes Wallerian degeneration (Figure 1) [16]. Within a few hours of injury, calcium ions
enter the axon, activating proteases to degraded the nerve stump [17]. Myelin, myelin-
associated glycoproteins (MAGS) and cellular debris are taken up by Schwann cells and
macrophages; clearance of these proteins is essential for neuroregeneration [18]. MAGs
inhibit proximal axon growth cones from crossing the injury site, causing delayed or
staggered axon regeneration. In the central nervous system after nerve injury, MAGs and
other inhibitor signals create an inhibitory environment at the injury site, preventing
regeneration [19]. Peripherally, Schwann cells switch to a regenerative phenotype and start
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to produce pro-inflammatory cytokines and chemokines within 5 hours of injury, stimulating
circulating macrophages to enter the nerve [20]. Additionally, Schwann cells will re-enter
the cell cycle, dedifferentiate and line the inner surface of the endoneurium to form the band
of Buingner to aid in regeneration and guide regenerating axons through the distal nerve
stump [18]. Neuroregeneration requires the growth cone to follow a gradient of neurotrophic
factors down the endoneurium provided by the Schwann cells of the bands of Biingner.

Nerve Regeneration

After a nerve injury, neurons change their gene expression from an excitatory to a
regenerative phenotype, decreasing production of neurofilaments and neurotransmitters and
increasing tubulin and growth factors, including BDNF [18]. Several transcription factors are
activated: signal transducer and activator of transcription 3 (STAT3) and transcription factors
2 and 3. Both of these in turn upregulate regeneration associated genes: neurotrophin factors,
their receptors, tubulin, actin, growth associated protein 43 (GAP43), CAP23 and SCG10
[18,21]. Central nervous system neurons have a reduced regenerative capability which, when
combined with the inhibitory environment at the injury site, prevents regeneration,
explaining the difference in neuroregeneration between the peripheral and central nervous
systems [19].

While all Schwann cells produce nerve growth factor (NGF), BDNF, neurotrophin 4/5
(NT4), glial derived neurotrophic factor (GDNF), insulin-like growth factor I and Il,
vascular endothelial growth factor (VEGF), hepatocyte growth factor (HGF) and
pleiotrophin are produced upregulated during regeneration; some of these proteins are highly
expressed only in Schwann cells associated with either sensory or motor neurons allowing
for accurate reinnervation of distal targets [18,22—24]. Upregulation of neurotrophins in
neurons and Schwann cells is temporary and declines to baseline within 30 days, indicating
a short window for regeneration and suggesting that any therapy to increase regeneration
must be given as soon as possible after injury [18,25].

To that end, several groups are investigating enhancing nerve regeneration via stem cells,
BDNF, and gene therapy[26-34]. Since cavernous nerve injury during pelvic surgery results
in erectile dysfunction in 50% of male patients, this is an active area of neuroregeneration
research [35]. While not currently being investigated, these approaches could also be used to
prevent underactive bladder symptoms, which can be caused by SCI, pelvic fractures, or
nerve injury during pelvic surgery [36]. Any therapy that could increase regeneration
associated genes would also help neuroregeneration after injuries or trauma when normal
upregulation is either blunted or non-existent, such as occurs in childbirth which results in
impaired regeneration of the pudendal nerve and reinnervation of the external urethral
sphincter [37,38]. Until these therapies become available to patients, urologists have FES
and neuromodulation to alleviate symptoms and treat current patients.

Functional Electrical Stimulation and Neuromodulation in Urology

Spinal cord injury (SCI) eliminates voluntary and supraspinal control of voiding, resulting in
neurogenic bladder and urinary retention [39]. FES methods can be used for rehabilitation
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and management of complications after SCI [6]. Sacral anterior root nerve stimulation

(SNS) is performed by placing unilateral percutaneous leads in the S3 foramen, stimulating
the anterior roots which activate the parasympathetic efferent pathway and empty the
bladder [40]. Other approaches including pudendal nerve stimulation (PNS) which activates
afferent nerves and blocks efferent motor nerves to induce voiding by increasing intravesical
pressure and sphincter relaxation, with different studies using frequencies ranging from 5-50
Hz, a similar frequency range to RES and neuromodulation studies [7,41].

In the 1970s, researchers experimented with sacral root stimulation in paraplegic patients
with urinary incontinence (20Hz, 0.1mS, amplitude not indicated) [8]. These early
experiments created the concept of neuromodulation and while the exact mechanism of
neuromodulation is not completely understood, two reflexes play key roles in modulating
bladder function, the guarding reflex and the bladder afferent loop reflex [42]. The guarding
reflex prevents urine leakage from increased abdominal pressure during coughing or
laughing. Bladder pain and fullness signals are sent via bladder afferent nerves to the brain
through the sacral root, which in turn initiates the micturition reflex [43]. In neurologic or
inflammatory bladder disorders, the previously silent C fibers may dominate and trigger the
micturition reflex. Hence, treatment with neuromodulation by blockade of this pathway will
suppress detrusor overactivity (DO) [44].

Neuromodulation is based on the theory that selective activation of afferent fibers to cause
inhibition at the spinal or supraspinal levels [42,45]. Experimental neuromodulation methods
include ES of the bladder, pudendal nerve, transcutaneous posterior tibial nerve, dorsal
genital nerve, urethral or SNS which use low frequencies (5-30Hz), according to their site of
stimulation [45-53]. Interestingly, early sacral neuromodulation after a complete spinal cord
injury prevented lower urinary tract dysfunction [53]. A recent rodent study demonstrated
similar results with sacral neuromodulation within 7 days of an incomplete SCI could
improve bladder function [54]. The stimulation parameters (30 minutes/day, 20 Hz, pulse
width of 0.1msec) used in the rodent study are similar to those used in RES studies,
suggesting a dual mechanism of both neuromodulation and RES could be working to
improve function. Clinical neuromodulation has been approved for both bladder storage
dysfunctions, including urgency/frequency and urgency urinary incontinence, and bladder
empty dysfunctions, including nonobstructive urinary retention [55,56].

Regenerative Electrical Stimulation (RES)

While it has been known since the 1950s that ES can facilitate increased axonal sprouting, it
has only been shown within the last 20 years that ES upregulates BDNF and its receptor
tyrosine kinase B (TrkB) in both sensory and motoneurons (Figure 2) [57-59]. BDNF
expression via ES is significantly increased compared to injury alone, while transgenic mice
experiments have shown that BDNF, NT4 and TrkB expression are vital to ES-induced
regeneration [60-62]. BDNF secreted at the growth cone binds to TrkB receptors on the
growth cones of either the neuron or neighboring neurons working in a paracrine or
autocrine fashion, to facilitate regeneration [63]. While BDNF, TrkB and NT4 involvement
in vivo are known, the involvement of other neurotrophins is unclear and warrants further
investigation, since in vitro studies of ES on cultured neuronal cell lines has shown an
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increase in NGF, NT3, VEGF and platelet-derived growth factor (PDGF) expression,
suggesting their involvement in RES [64]. RES also upregulates other growth associated
genes in neurons: tubulin, actin, myelin protein zero (P0), and Gap-43, which are vital to the
nerve regeneration process [58,65,66].

ES causes calcium ions to enter the neuron, increasing cAMP, which overcomes inhibitory
signals (MAGS) in the distal nerve stump, to promote regeneration [60]. RES upregulation
and nerve regeneration are dependent on retrograde conduction of action potentials to the
perikaryon as tetrodotoxin administered proximal to the stimulation site inhibits effects of
ES [58].

ES of cultured Schwann cells leads to a significant increase in NGF, BDNF, GDNF, and
peripheral myelin protein 22 [67]. A study of oscillating RES in SCI rats showed increased
number of oligodendrocyte precursor cells compared to non-stimulated animals, indicating
that RES has beneficial effects after SCI [68]. Miiller cells, glial cells of the retina, have
been shown to increase production of ciliary derived neurotrophic factor and Bcl-2, an anti-
apoptotic factor, after stimulation, indicating that RES aids in regeneration of glial cells [69].
These results show that RES not only has an effect on neurons but also has a pro-
regenerative effect on glial cells of the peripheral and central nervous systems, suggesting
that stimulation of these glial cells, has an additive effect on ES recovery.

Electrical Stimulation Parameters

Both direct current and alternating current stimulation have been shown to upregulate
regeneration associated factors in cell culture and improve functional recovery in SCI animal
models, while pulsed current is used in peripheral nerve regeneration studies with a standard
pulse width of 0.1ms, and amplitude either ~3 volts (V) or 0.3 mAmps [9,57,60,61,67,70—
72]. Excess current can damage the nerve and surrounding tissue, but this can be mediated
by altering the frequency of stimulation [73]. Frequencies ranging from 5 — 200 Hz have
been used for RES, similar to those reported for neuromodulation and FES, suggesting that
FES and neuromodulation could be having the unintended effect of upregulating
neuroregenerative genes [9,11,60,65,74]. Twenty Hz, which is most widely used in RES
experiments, was first selected because it is the mean spontaneous frequency of motoneuron
firing, but other frequencies can have therapeutic benefits [60]. A recent study investigated
the difference between 0 (control), 2, 20, and 200 Hz in a nerve transected repair diabetic rat
model and found that 20 and 200 Hz had a beneficial effect on regeneration, suggesting that
future investigation is needed with other frequencies to determine which frequency is most
beneficial; however, this could be nerve and injury specific [74].

The parameters that vary most widely between RES studies are duration of stimulation, the
number of stimulation sessions, and the delay until ES treatment, all of which can have
dramatic effects on regeneration outcome. Duration and interval of stimulation differ greatly
between studies, with intervals ranging from once to repeatedly for weeks after the injury
with lengths as short at 20 minutes to continuous [9,10,60,65]. Sensory neurons need short
stimulation durations (< 1 hour); whereas increased durations are more beneficial for
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motoneurons [60,65]. While 1 hour of stimulation is the most common, investigations to
optimize duration of RES will allow for better clinical translation [9,60,65].

While starting RES immediately after injury is ideal when treating nerve injuries, it is not
always possible clinically, so investigating the effects of delayed RES treatment is required
for most clinical situations. Rodent studies have investigated delayed RES treatments, but
because of conflicting results, it is unclear if a delayed treatment of greater than one month
would be beneficial; however, delaying treatment decreased regeneration potential compared
to immediate treatment [75,76].

Regenerative Electrical Stimulation in Urology

While FES and neuromodulation are beneficial for patients after SCI, and RES in SCI
models has shown accelerated regeneration and recovery of function, none of these studies
investigated urinary or sexual function [7,77]. RES increases the number of precursor glial
cells after SCI, which could aid regeneration, potentially preventing underactive bladder
which can occur after SCI, pelvic fractures, or nerve injury during pelvic surgery [5,74].
During surgery, injured nerves could be stimulated to accelerate regeneration and functional
recovery, improving patient quality of life, with only a small increase in surgery time. In
situations where nerve injury in surgery is inevitable, RES of the nerves before surgery
would enhance regeneration after the injury since RES before an injury creates a
conditioning lesion, enhancing nerve regeneration [78].

Pelvic surgery and treatments for prostate cancer can injure the cavernous nerve, resulting in
erectile dysfunction [35]. While many groups are researching methods to enhance nerve
regeneration, none are currently available for patients [35]. RES is a possible treatment for
cavernous nerve injury since it enhances the intrinsic regeneration process without
administering exogenous growth factors, a preferable approach in cancer patients in whom
recurrence is a concern [35].

In preclinical animal studies, RES upregulated BDNF in Onuf’s nucleus, the cell body of the
pudendal nerve, and accelerated functional recovery in a stress urinary incontinence model
[9,10]. While RES is not currently used clinically for regeneration in urology, FES of the
pudendal nerve has been used in post-menopausal women, suggesting implantation of
electrodes for RES to treat stress urinary incontinence is a possibility. Nonetheless, other
routes of stimulation could be beneficial and should be investigated [79,80]. Min et al.
demonstrated that vaginal ES accelerates recovery from stress incontinence in a mouse
model, which resulted from upregulation of transforming growth factor p1 [81]. While they
showed both 20 and 50 Hz had beneficial effects, 50 Hz had a greater effect than 20 Hz [81].

Conclusion

Nerve injuries that result in voiding dysfunction, incontinence and erectile dysfunction can
be treated with FES and neuromodulation to improve quality of life. However, ES can also
be used to enhance the intrinsic neuroregenerative process through RES, which promotes
nerve sprouting, neuroregeneration, reinnervation of target organs, and functional recovery
after nerve injury [9,10]. RES upregulates BDNF in the nerve cell body, which in turn
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upregulates regeneration associated genes, providing possibilities for therapy of neurogenic
lower urinary tract dysfunction due to peripheral nerve injury as well as other urological
conditions that can result from nerve injury, such as erectile dysfunction, neurogenic
bladder, and underactive bladder [15].
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1 FES and Neuromodulation are used to treat urologic conditions, but electrical

2. RES upregulates BDNF and TrkB in the neurons as well as regenerative

3. RES has been shown to upregulate BDNF and Beta Il tubulin in Onuf’s

Key Points

stimulation can also be used to accelerated nerve regeneration after injury.

associated proteins in Schwann cells, aiding in regeneration.

nucleus in the motoneuron cell bodies of the pudendal nerve in a stress
urinary incontinence maodel.
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Figure 1. Mechanism of Nerve Injury and Neuroregener ation.
An uninjured peripheral nerve has motoneurons innervating muscle cells surrounded by

Schwann cells in an intact epineurium (A). After a crush injury that does not damage the
epineurium (B). After a transection injury that damages in which the epineurium is damaged
(C). Regardless of the type of injury, Schwann cells switch to a regenerative phenotype and
macrophages migrate into the nerve to clear cellular debris, while growth cones start to grow
through the injury site (D & E). Later in the process of neuroregeneration, Schwann cells
have formed bands of Biingner, while marcophages leave the nerve, and growth cones travel
towards the target muscle (F & G).
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Figure 2. Mechanism of Facilitated Regeneration via Regenerative Electrical Stimulation.
Electrical stimulation of a neuron at the right frequency increases CAMP, which increases

expression of brain derived neurotrophic factor (BDNF) and other neurotrophic factors and
their receptors, including tyrosine kinase B (Trk B), which in turn increase expression of
regeneration associated proteins: growth associated protein 43 (Gap 43), tubulin, actin, and
myelin protein zero (PO).
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