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Summary
A spinal cord injury can turn your life upside down in a blink of an eye. Individuals suffering a
lesion to the spinal cord will initially worry for their inability to ever walk again. Over time, most
of spinal cord injured patients will accept their new reality and get accustomed to the use of
moving aids, these being either crutches or wheelchairs. Nonetheless, they soon realize that
there are a multitude of other consequences that arise following spinal cord injury that they
initially did not consider, and one of these are the massive functional changes in the lower
urinary tract. Normal lower urinary tract function requires the coordinated, antagonistic activity
of the bladder detrusor muscle and the external urethral sphincter. During urine storage, the
bladder is relaxed and the sphincter is contracted, while during voiding the bladder needs to
contract and the sphincter to ease. After spinal cord injury, this coordinated action is disrupted,
causing over time the development of detrusor overactivity while the sustained sphincter
activity does not allow the urine to be voided. Detrusor overactivity is the main responsible
factor for urinary incontinence, which greatly affects the daily life of affected patients.
Additionally, the external urethral sphincter, instead of stopping its activity, starts to contract
during voiding, causing excessive post-void residual and dangerous high intravesical
pressures that can lead to vesicoureteral reflux. In this way, neurogenic lower urinary tract
dysfunction greatly affects patients’ quality of life. The current treatment options are very
restricted and merely aim at ameliorating urinary symptoms, i.e. no causative therapies are
available. These limited treatment options can be attributed to the fact that the neural system
involved in bladder control is only partially understood. This is true for the normal physiology
and even more so for the changes induced by spinal cord injury. Chapter 1 of this thesis
focuses on reviewing the current knowledge on the neural control of lower urinary tract
function. Although certain supraspinal nuclei such as the pontine micturition center and the
periaqueductal gray are essential for the initiation of voiding, numerous regions and nuclei in
the spinal cord are crucial for maintaining continence as well as coordinating the action of the
bladder and external urethral sphincter. Subsequently, we provide an overview of the new
experimental treatments that affect the spinal cord and are currently being tested for the
improvements of neurogenic lower urinary tract dysfunction (Chapter 2). One of these is the
application of anti-Nogo-A antibodies acutely after injury (Chapter 3). Nogo-A, a neurite-growth
inhibitory protein, greatly affects the regenerative and plastic capability of the central nervous
system, and preliminary experimental data suggested that the blockade of Nogo-A activity
might result in beneficial effects on the lower urinary tract function. Chapter 4 additionally
reviews the available methods to assess lower urinary tract function in animal models.
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Although non-invasive approaches can give a broad overview on the function of the bladder,
performing urodynamic investigations is still the only way to objectively assess lower urinary
tract function.
In Chapter 5 of this thesis, we describe a study investigating the effect of anti-Nogo-A
antibodies on lower urinary tract dysfunction following a large but incomplete thoracic spinal
cord injury in rats. The data suggest that anti-Nogo-A therapy might be the first causative
treatment option for an incomplete spinal cord injury that can hinder the development of
detrusor-sphincter-dyssynergia. The therapy requires some spared bulbo-spinal descending
fibers, however; we have not observed any beneficial effects of anti-Nogo-A antibodies on
lower urinary tract function in animals with a complete spinal cord injury, highlighting the crucial
role of the spared descending fibers across the lesion and their sprouting in the lumbosacral
cord and to rescue urinary function.
In a study presented in Chapter 6, we investigated in an animal model the effects of another
experimental

treatment

option,

namely

transcutaneous

tibial

nerve

stimulation.

Transcutaneous tibial nerve stimulation is a non-invasive approach that would not interfere
with the patient’s management. Data obtained in this study showed that daily 30 min.
subthreshold transcutaneous stimulation of the tibial nerve can improve lower urinary tract
dysfunction in spinal cord injured rats, as long as the therapy is continuously applied.
Disappointingly, the beneficial effects observed after 2 weeks of stimulation were not longlasting; longer stimulation periods may be required. A similar study is currently on-going in
spinal cord injured patients
Chapter 7 presents a study that aimed at elucidating the anatomical changes that could
contribute to or be responsible for the emergence of detrusor overactivity and detrusorsphincter-dyssynergia after spinal cord injury. Spinal cord tissue analysis showed that the Ctype afferents sprouted in the dorsal horn 3-4 weeks following the injury, which may trigger
detrusor overactivity. Additionally, descending reticulospinal projections were severely
affected by the lesion, decreasing their terminal-coverage of neurons in the lumbosacral cord.
This lack of supraspinal inputs might also be involved in the observed reduction in the number
of inhibitory neurons expressing GABA in spinal layers relevant for the control of bladder
preganglionic and sphincter motoneurons.
In order to increase the chances to find a therapy that might improve lower urinary tract
dysfunction in spinal cord injured patients, assessments in animal models should be as close
as possible to the clinical procedures. In Chapter 8, we describe the development of a
procedure to measure the post-void urine residual with an ultrasound machine in rats the way
that is routinely used in humans. Generally, in animal research the post-void residual is
assessed by manual expulsion of the urine. We showed that ultrasound is a quick and valuable
method to assess post-void residual that closely resemble clinical examinations.
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In Chapter 9, we report a study investigating the effects of deep brain stimulation on lower
urinary tract function in neurological patients. Although deep brain stimulation is clinical routine
for treating severe, pharmacotherapy-resistant motor symptoms in movement disorders, its
effect on non-motor symptoms are less clear. We present data that demonstrate the safety of
deep brain stimulation of the subthalamic nucleus for urinary tract function. One out of five
patients showed improvements of urinary tract function under this therapy. On the other side,
particular attentions should be given to patients undergoing deep brain stimulation of the
globus pallidus internus, since almost 25% of these patients showed a deterioration of the
lower urinary tract function. Finally, in Chapter 10 we conclude with some final remarks and
suggestions for potential new experiments for the fine-tuning of current treatment options as
well as for elucidation of the mechanisms underlying lower urinary tract dysfunctions.
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Riassunto
Una lesione al midollo spinale può sconvolgere la vostra vita in un batter d'occhio. Le persone
che subiscono una lesione al midollo spinale si preoccupano inizialmente della loro incapacità
di camminare di nuovo. Col tempo, la maggior parte dei pazienti con una lesioni al midollo
spinale accetteranno la loro nuova realtà e si abitueranno all'uso di ausili per il movimento,
come stampelle o sedie a rotelle. Tuttavia, si rendono presto conto che ci sono una moltitudine
di altre conseguenze che sorgono a seguito di una lesione del midollo spinale che inizialmente
non avevano considerato, e una di queste sono i massicci cambiamenti nella funzione
vescicale. La normale funzione della vescica richiede un'attività coordinata e antagonista del
muscolo detrusore della vescica e dello sfintere uretrale esterno. Durante il raccoglimento
dell'urina, la vescica è rilassata e lo sfintere si contrae, mentre durante la minzione la vescica
ha bisogno di contrarsi e lo sfintere di rilassarsi. Dopo una lesione del midollo spinale, questa
azione coordinata viene interrotta, causando nel tempo lo sviluppo di una iperattività del
detrusore, mentre la contrazione sostenuta dello sfintere non permette di espellere l'urina.
L'iperattività del detrusore è il principale fattore responsabile dell'incontinenza urinaria, che
influisce notevolmente sulla vita quotidiana dei pazienti. Inoltre, lo sfintere uretrale esterno,
invece di interrompere la sua attività, inizia a contrarsi durante la minzione, causando un
eccessivo volume residuo e pericolose pressioni intravescicali elevate che possono portare a
reflusso vescico-ureterale. In questo modo, la disfunzione neurogenica della vescica influisce
notevolmente sulla qualità di vita dei pazienti. Le attuali opzioni terapeutiche sono molto
limitate e mirano unicamente a migliorare i sintomi urinari, ovvero non sono disponibili terapie
causali. Queste limitate opzioni terapeutiche possono essere attribuite al fatto che il sistema
neurale coinvolto nel controllo della vescica è solo parzialmente compreso. Questo vale sia
per la condizione fisiologica e ancor più per i cambiamenti indotti dalla lesione del midollo
spinale. Il Capitolo 1 di questa tesi si riassume le attuali conoscenze sul controllo neurale della
funzione della vescica. Sebbene alcuni nuclei sopraspinali come il “Pontine micturition center”
e il “Periaqueductal gray” siano essenziali per indurre la minzione, numerose regioni e nuclei
del midollo spinale sono cruciali per mantenere la continenza e coordinare l'azione della
vescica e dello sfintere uretrale esterno. Il Capitolo 2 propone una panoramica deigli attuali
trattamenti sperimentali che interessano il midollo spinale e che sono attualmente in fase di
test per il miglioramento delle disfunzioni neurogeniche del tratto urinario. Uno di questi è
l'applicazione di anticorpi anti-Nogo-A immediatamente dopo la lesione (Capitolo 3). Nogo-A,
una proteina inibitoria della crescita dei neuroni, influisce notevolmente sulla capacità
rigenerativa e plastica del sistema nervoso centrale, e i dati sperimentali preliminari hanno
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suggerito che il blocco dell'attività di Nogo-A potrebbe infatti risultare in effetti benefici per la
funzione del tratto urinario. Il Capitolo 4 esamina inoltre i metodi disponibili per valutare la
funzione delle vie urinarie inferiori nei modelli animali. Anche se gli approci non invasivi
possono fornire un'ampia panoramica sulla funzione della vescica, l'esecuzione di indagini
urodinamiche è ancora l'unico modo per valutare oggettivamente la funzione delle vie urinarie.
Nel Capitolo 5 di questa tesi, descriviamo uno studio che indaga l'effetto degli anticorpi antiNogo-A sulla disfunzione del tratto urinario a seguito di una grande ma incompleta lesione del
midollo spinale spinale al livello toracico nei ratti. I dati suggeriscono che la terapia anti-NogoA potrebbe essere la prima opzione di trattamento causale per una lesione incompleta del
midollo spinale che può ostacolare lo sviluppo della contrazione simultanea della vescica e
dello sfintere. La terapia richiede tuttavia che alcune fibre provenienti dal cervello siano
risparmiate dalla lesione; infatti, non abbiamo osservato alcun effetto benefico degli anticorpi
anti-Nogo-A sulla funzione del tratto urinario negli animali soggetti a una lesione completa del
midollo spinale, evidenziando il ruolo cruciale delle fibre discendenti risparmiate attraverso la
lesione.
In uno studio presentato nel Capitolo 6, abbiamo studiato in un modello animale gli effetti di
un altro trattamento sperimentale, vale a dire la stimolazione transcutanea del nervo tibiale.
La stimolazione transcutanea del nervo tibiale è un approccio non invasivo che non
interferirebbe con la gestione del paziente. I dati ottenuti in questo studio hanno dimostrato
che la stimolazione transcutanea del nervo tibiale può migliorare la disfunzione della vescica
nei ratti con lesioni al midollo spinale, a condizione che la terapia sia applicata in modo
continuo. Purtroppo, gli effetti benefici osservati dopo due settimane di stimolazione non sono
durati nel tempo. Uno studio clinico è attualmente in corso in pazienti con lesioni del midollo
spinale.
Il Capitolo 7 presenta uno studio che mira a chiarire i cambiamenti anatomici che potrebbero
contribuire o essere responsabili dell'insorgenza dell'iperattività del detrusore e della
contrazione simultanea del muscolo detrusore e dello sfintere dopo una lesione del midollo
spinale. L'analisi del tessuto del midollo spinale ha mostrato che le fibre afferenti di tipo C sono
aumentate nelle lamine I-III della midollo spinale in 3-4 settimane dopo la lesione. Questo
potrebbe innescare l'iperattività del detrusore. Inoltre, le proiezioni reticolospinali provenienti
dal cervello sono state gravemente colpite dalla lesione, diminuendo la loro copertura
terminale sui neuroni del midollo spinale. Questa mancanza di segnali sopraspinali potrebbe
anche essere coinvolta nella riduzione osservata del numero di neuroni inibitori che esprimono
GABA negli regioni spinali rilevanti per il controllo dei motoneuroni preganglionici della vescica
o dello sfintere.
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Al fine di aumentare le possibilità di trovare una terapia che possa migliorare le i sintomi urinari
nei pazienti con lesioni del midollo spinale, gli esperimenti in modelli animali dovrebbero
essere il più possibile simile alle procedure ospedaliere. Nel Capitolo 8, descriviamo lo
sviluppo di una procedura per misurare il volume di urine residuo con una macchina ad
ultrasuoni nei ratti, come viene normalmente fatto negli esseri umani. Generalmente, nella
ricerca animale il volume residuo viene calcolato con l'espulsione manuale dell'urina. Abbiamo
dimostrato che l’uso di una macchina ad ultrasuoni è un metodo rapido e valido per valutare il
volume residuo,
Nel Capitolo 9, riportiamo uno studio che indaga gli effetti della stimolazione elettrica cerebrale
sulla funzione della vescica nei pazienti neurologici. Sebbene la stimolazione cerebrale sia
una routine clinica per il trattamento di sintomi motori gravi e resistenti alla farmacoterapia nei
pazienti soggetti a disturbi del movimento, il suo effetto sui sintomi non motori è meno chiaro.
Presentiamo dati che dimostrano la sicurezza della stimolazione cerebrale del nucleo
subtalamico per la funzione della vescica. Un paziente su cinque ha mostrato miglioramenti
della funzione delle vie urinarie nell'ambito di questa terapia. D'altra canto, particolare
attenzione dovrebbe essere data ai pazienti sottoposti a stimolazione cerebrale del globus
pallidus internus, poiché quasi il 25% di questi pazienti ha mostrato un deterioramento della
funzione vescicale dopo la stimolazione. Infine, nel Capitolo 10 concludiamo con alcune
osservazioni finali e suggerimenti per potenziali nuovi esperimenti per la messa a punto di
nuovi esperimenti e per chiarire i meccanismi alla base delle disfunzioni della vescica dopo
una lesione del midollo spinale.
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Aims of the Thesis
The majority of patients suffering a lesion to the spinal cord will eventually experience
neurogenic lower urinary tract dysfunction. This can be extremely debilitating and
embarrassing for the patient, and it can ultimately lead to social withdrawal; lower urinary tract
dysfunction, therefore, has a massive negative impact on patient’s quality of life. Current
treatment options involve self-catheterization multiple times per day and antimuscarinic drugs,
which can result in relevant side effects. The poor current understanding of the neural
circuitries underlying lower urinary tract dysfunction cause current treatment strategies to try
to ameliorate urinary symptoms rather than curing or preventing their emergence.
In this thesis we addressed two main questions. 1) Can we find novel treatment options in
animal models that aim at preventing the development of detrusor overactivity and detrusorsphincter-dyssynergia? 2) What are the underlying mechanisms causing the emergence of
lower urinary tract dysfunction following spinal cord injury?
In Chapter 5, we investigated the effects of early anti-Nogo-A antibody administration on the
lower urinary tract function of the rat after spinal cord injury. The main goal was to confirm
previous preliminary observations of the beneficial effects of anti-Nogo-A on urinary symptoms
with urodynamic investigations. Our positive results provided a solid base for the
implementation of lower urinary tract assessments in the on-going human clinical trial testing
the recovery of motor function after application of anti-Nogo-A antibodies in newly spinal cord
injured patients.
In Chapter 6, we investigated the effects of early application of transcutaneous tibial nerve
stimulation (TTNS) on the rat’s lower urinary tract function following spinal cord injury. The
main goal was to determine the extent of the effects after daily TTNS and to elucidate the
mechanisms of action. A randomized clinical trial investigating the effects of TTNS is currently
ongoing and our results provided useful information on the time window where the patients
might benefit the most from this non-invasive therapy.
In Chapter 7, we investigated the effects of a spinal cord injury on the lower urinary tract
function on a functional as well as neuroanatomical level. The main goal was to understand
how detrusor overactivity and detrusor-sphincter-dyssynergia develop after the injury. Our
results are relevant for finding new treatment options that could dampen or prevent the
detrimental effects described in this chapter.
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1.1.

Neural control of the lower urinary tract function

At a first glance, lower urinary tract function (LUTF) appears to be a simple task. In fact, it is
responsible to accommodate urine into the bladder during storage and, periodically when the
conditions are appropriate, to initiate a voiding. Although the lower urinary tract (LUT) exhibits
a switch-like pattern of activity that turns on and off, the mechanism behind it comprise a
complex interaction between the somatic and autonomic nervous system that is achieved
through a multitude of nuclei in the brain and lumbosacral cord. In this chapter, the
neuroanatomical basis of LUTF are discussed for the intact system as well as for the lesioned
spinal cord.

1.2.

Anatomy of the spinal circuitries controlling LUTF

A multitude of nuclei and regions containing neurons involved in the control of the lower urinary
tract functions have been discovered by using the ability of pseudorabies viruses (PRVs)
injected either into the bladder or the external urethral sphincter to travel retrogradely from
axon terminals to the corresponding cell bodies and then, again in a retrograde direction,
transsynaptically to innervating neurons. Parasympathetic preganglionic neurons (PGNs) have
been localized in the intermediolateral cell column (IML), i.e. laminae V-VII of the lumbosacral
cord1-4. Their axons travel along the pelvic plexus to the major pelvic ganglion (MPG), where
they synapse on postganglionic parasympathetic motoneurons that innervate the whole
bladder, as well as the internal urethral sphincter. The activation of the PGNs results in an
excitatory effect on the bladder smooth muscles, causing the contraction of the detrusor5. From
the IML, PGNs extend their dendrites towards the superficial dorsal horn and the dorsal gray
commissure (DGC), as well as into the lateral and dorsolateral funiculus6. The sympathetic
preganglionic neurons are found in the same lamina V-VII region but more rostrally in the
thoracolumbar spinal cord. Sympathetic preganglionic neurons terminate either in the
paravertebral chain ganglia or in the inferior mesenteric ganglia, depending on their final
innervation. In fact, sympathetic postganglionic neurons located in the paravertebral chain
ganglia will innervate the bladder base, while those in the inferior mesenteric ganglia will
terminate on the bladder dome and body7. A third route terminates in the MPG and synapse
onto postganglionic parasympathetic neurons, thus has the ability to modulate the
parasympathetic pathway8. The somatic motoneurons of the external urethral sphincter (EUS)
are located in lamina IX in the Onuf’s nucleus. They extend their dendrites towards the DGC
and laminae V-VII, as well as towards the lateral funiculus3,9,10. Through experiments involving
PRVs, electrophysiology, or expression of the activity-marker c-Fos, spinal interneurons
involved in LUTF have been discovered in the caudal lumbosacral cord, more specifically in
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the superficial dorsal horn, in laminae V-VII dorsal to the PGNs, and in the DGC

3,4,11-13

.
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Although the majority of the spinal premotor neurons are located in the L6-S1 spinal cord ,
the region of the DGC in L3-L4 also appears to play a pivotal role in EUS control15. Part of the
labelled interneurons project to the PGN and EUS-motoneurons, producing either an excitatory
or an inhibitory effect16,17. In order to efficiently void, the EUS needs to relax while the bladder
contracts. In fact, EUS-motoneurons have been shown to hyperpolarize due to an increase in
membrane chloride conductance18,19. Up to date, the mechanisms underlying EUSmotoneuron inhibition are still enigmatic. Nonetheless, anterograde studies from supraspinal
nuclei have shown that many traced fibers terminate onto either glycinergic or GABAergic
neurons20,21, making these cell populations a primary target for research. Additionally,
particular interneurons send long ascending projections to supraspinal nuclei such as the
periaqueductal gray (PAG) and the pontine micturition center (PMC)22-24.
Two types of afferent fibers convey information from the lower urinary tract back to the spinal
cord. A-δ fibers respond to the stretch of the bladder wall and are already triggered by an
intravesical pressure of 5-15mmHg, perfectly fitting a role to carry information on bladder
fullness to the CNS25. C-fibers are important in relationship to noxious stimuli, such as
inflammation or overdistension of the bladder26 and, in physiological conditions, the vast
majority (ca. 90%) of these fibers do not fire in response to bladder filling27. A-δ and C-fibers
arising from the bladder reach the spinal cord mainly by travelling along the hypogastric and
pelvic nerves, while afferents originating in the region of the urethra travel alongside the
hypogastric and pudendal nerves28. After passing the corresponding dorsal root ganglia and
entering the spinal cord through the dorsal roots in the lumbosacral cord, they travel in the
Lissauer’s tract and send collaterals laterally into laminae I and II of the dorsal horn, into the
IML region in lamina V-VII, and into lamina X6,29. Most of these collaterals project to the
ipsilateral spinal cord, with a small percentage of 10-20% crosses the midline and terminates
in the contralateral spinal cord28,30. C-fibers terminate onto interneurons that send longascending projections to the thalamus and PAG31, whereas A-δ fibers synapse onto neurons
in Gert’s nucleus, which subsequently send sensory information to the PAG32.

1.3.

Anatomy of the supraspinal circuitries controlling LUTF

The use of retrograde transsynaptic viruses from both the bladder and the external urethral
sphincter unveiled many supraspinal nuclei that are involved in lower urinary tract
function3,10,33,34. A small region in the pons called pontine micturition center (PMC), or
Barrington’s nucleus after its discoverer in 192535, is crucial for normal voiding behavior. In
fact, lesions or pharmacological inhibition of the neurons present in this region can cause
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urinary retention35-37. On the other hand, stimulation of the PMC can trigger micturition37,38. The
PMC includes only glutamatergic neurons that can be separated into different cell-populations
based on the expression of either corticotropin-releasing factor (CRF)39-41 or estrogen receptor
1-alpha (ESR1a)42-44. Neurons of the PMC directly project to the IML, the lateral dorsal horn,
and the DGC in the lumbosacral cord20,45. The two cell populations of the PMC appear to have
different roles in triggering micturition. In fact, CRF-positive neurons can induce a bladder
contraction, but most likely no voiding will follow39,46. On the other side, stimulation of ESR1apositive neurons is enough to trigger micturition by increasing detrusor activity and intravesical
pressure and simultaneously relaxing the EUS43. Interestingly, although the PMC was thought
to be exclusively involved in voiding initiation, neuroimaging studies have shown that the PMC
is also active during man’s ejaculation or woman’s orgasm, suggesting that the PMC projects
to multiple, sacral parasympathetic neurons47.
Viral tracings and electrophysiological studies highlighted the involvement of other supraspinal
nuclei in LUTF. The PAG is a key player in controlling lower urinary tract function. In fact, it
receives direct projections from the lumbosacral cord, as well as from several forebrain areas48
and, in turn, it sends extensive projections to the PMC that are able to trigger micturition46.
Initial studies investigating the consequences of lesions to the PAG showed that it induces a
lack of inhibition to the PMC and thus the reflex bladder activity (see below) is enhanced49.
More recent pharmacological experiments involving the microinjections of GABA agonists and
antagonists or mu opioid receptors agonists into the PAG confirmed that the excitability of the
PMC can be changed via the PAG, altering the overall LUTF50,51. Apart from to the PAG, the
hypothalamus also plays a decisive role in LUTF. It sends a dense innervation to the PMC
and, with its activity, can modulate increases in intravesical pressure as well as the detrusor
contractility rate46,52.

1.4.

Control of lower urinary tract function

The guarding reflex is known as the simultaneous inhibition of the smooth muscle cells of the
bladder and the activation of the internal and external urethral sphincter, so that the continence
is guaranteed. It is activated by the increased firing frequency of A-δ afferents caused by
increased intravesical and urethral pressures while the urine accumulates inside the bladder53.
During urine storage, the EUS exhibits a tonic discharge that increases during bladder filling,
thus preventing leakage of urine9. The increased contraction of the EUS causes a negative
feedback loop back to the spinal cord that, via inhibitory interneurons, can suppress the bladder
voiding reflex54. Additionally, the L-region, a nucleus lateral and ventral of the PMC, is active
during urine storage, and its activation can help contracting the EUS. Although the L-region
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does not directly project to the spinal cord, it acts by synapsing to the serotonergic nucleus
raphe magnus, which in turn sends long descending projections to the spinal cord55,56. Once
the bladder has accommodated a larger volume of urine, the guarding reflex is inhibited53 and
the voiding reflex emerges. It is controlled by the descending systems which act like a brake:
Imaging studies in animals have demonstrated that the PAG responds to increased firing of
the projecting lumbosacral afferents and activates the neurons in the PMC, which in turn initiate
the voiding58. The PMC neurons, however, are also under the control of e.g. cortical centers
which allow suppression of the reflex and full voluntary control of voiding behavior.
Nonetheless, it is important to highlight that the presented control of LUTF function might differ
between different species. As an example, in rats the PMC receives direct inputs from afferent
fibers originating in the lumbosacral cord23, whereas this does not happen in humans22.

1.5.

Changes in the bladder control system induced by spinal cord injury

A lesion occurring rostrally to the sacral spinal cord will results in lower urinary tract dysfunction
(LUTD). Initially after spinal cord injury (SCI), the bladder is acontractile and the individuals
suffer from urinary retention. Following the acute phase, voiding reflexes slowly reemerge over
time. However, voiding is often inefficient due to the simultaneous, aberrant contraction of the
detrusor and the EUS, a condition called detrusor-sphincter-dyssynergia (DSD). Additionally,
there is the development of frequent and strong involuntary detrusor contractions, i.e. detrusor
overactivity, that can lead to urinary incontinence59,60.
After SCI, the voiding reflex is activated by C-fibers instead of A-δ fibers. The confirmation of
this observation derives from the use of capsaicin, a neurotoxin that can disrupt C-fibers, in
animal models with either an intact or injured spinal cord. In fact, on the one hand the
administration of capsaicin in spinally intact animals does not result in an impaired voiding
reflex since it is principally driven by the A-δ afferent fibers. On the other hand, when
administered to SCI animal models, capsaicin completely blocks the voiding reflex and is able
to reduce the number of non-voiding contractions, as well as to partially mitigate DSD61,62. The
mechanisms are still unknown, but some hypotheses have been postulated. Due to bladder
overdistension and hypertrophy, the bladder afferent neurons size increases 2-3 time after
SCI63. As a response, calcitonin gene-related peptide (CGRP) and isolectin-B4 (IB4)-positive
C-fibers sprout in the dorsal horn of the spinal cord64,65. Another neuropeptide released from
C-fibers, namely the pituitary adenylate cyclase-activating polypeptide (PACAP), has been
found to be upregulated in the spinal cord and, since it facilitates the voiding reflex, it has been
postulated that PACAP worsens the hyperexcitability of the lower urinary tract system66,67.
Similarly, vasoactive intestinal polypeptide (VIP)-positive afferents have also been found to be

7

enhanced in the dorsal horn following SCI67. Apart from the morphological changes, SCI
induces physiological alterations in the bladder sensory neurons. In fact, bladder afferents
collected from spinally intact animals showed high-threshold tetrodotoxin (TTX)-resistant Na+
channels, while the majority of bladder afferents collected from spinal cord injured rats
displayed low-threshold TTX-resistant Na+ channels68. This switch is supposed to drive the
frequent firing of the bladder afferents and the consequent increase in excitability69.
The spinal plasticity occurring after SCI is believed to arise from the large release of
neurotrophic factors such as nerve growth factor (NGF) and brain-derived neurotrophic factor
(BDNF)70. In fact, chronic administration of NGF in the spinal cord can induce hyperexcitability
of bladder afferents and detrusor overactivity (DO)71. Confirming this theory, the application of
NGF antibodies can reverse these effects can ameliorates bladder overactivity72, as well as
DSD73. Similarly to NGF, BDNF has been associated with the development of DO after SCI.
By suppressing or sequestering BDNF in spinal cord injured animals, symptoms of overactivity
can be improved as well74,75.
A change in the excitation/inhibition status in the premotor spinal circuits is assumed to be
crucial for the development of DSD and DO. After SCI, the mRNA levels of glutamic acid
decarboxylase (GAD) 67 are drastically decreased76. In addition, pharmacological studies with
GABA agonists and antagonists in spinal cord injured rats have shown that DO and DSD
symptoms can be alleviated or enhanced76,77, suggesting a hypofunction of the inhibitory
pathways involved in LUTF. Glycine is another inhibitory amino acid that was shown to
influence LUTF78. As for GABA, intraspinal levels of glycine are decreased after SCI.
Accordingly, administration of glycine can partially restore glycine levels and ameliorates DO79.
Additional to a lack of inhibitory molecules, an impairment of the excitatory transmissions is
also present after SCI80. Antagonization of glutamate AMPA receptors can improve lower
urinary tract dysfunction, whereas blocking NMDA receptors worsens LUTD81. Interestingly,
extracellular signal-regulated kinase 1 and 2 (ERK 1/2) is upregulated after SCI and their
blockage can improve lower urinary tract symptoms82,83. Additionally, ERK 1/2 activation can
be manipulated by glutamate and GABA84,85. Taken together, this information points towards
a discrepancy in the amount of inhibitory compared to excitatory signals in premotor
interneurons that regulate LUF in the lumbo-sacral spinal cord following SCI.
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2.1.

Abstract

Lower urinary tract dysfunction (LUTD) is present in the vast majority of patients with an
underlying neurological disorder. Although LUTD can be an enormous burden for the patients
and thus greatly affecting quality of life, only few effective treatment options are currently
available. Additionally, these treatments aim at ameliorating urinary symptoms rather than
curing LUTD. Several promising therapies for neurogenic LUTD (NLUTD) have been
developed in pre-clinical studies and are now being tested in clinical trials. These include
neuromodulatory therapies, early application of botulinum toxin, bacteriophages for recurrent
urinary tract infection, stem-cells, and regenerative therapies. These new experimental
treatments have the potential to radically modify patient management. Nonetheless, the
therapies presented in this chapter are in early stages of clinical development and thus some
years may still pass by before they can be broadly implemented.
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2.2.

Introduction

A main goal of the neuro-urological treatment is to preserve the upper urinary tract function,
since in the past renal failure was accountable for a large portion of deaths in neurological
patients with severe motor deficits1, especially in spinal cord injured individuals. However, at
its full extent the neuro-urological treatment also attempts to improve urinary continence, to
restore a dysfunctional lower urinary tract (LUT), and to improve patients’ quality of life2,3.
Existing managements of bladder dysfunction aim at ameliorating the symptoms of the affected
patients. However, although a large number of neurological patients are affected by lower
urinary tract dysfunction, which contributes in a major way to a decreased quality of life, no
causal therapies and/or treatments are currently available3.

2.3.

Neuromodulation

While neuromodulatory techniques are well-established treatment options for motor symptoms
in particular in Parkinson’s patients, their efficacy to improve bladder control is still contested.
Recent studies highlight the potential of electrical stimulation for interfering with NLUTD.
Tibial nerve stimulation

2.3.1. Tibial nerve stimulation
The interest in use of minimally invasive therapies to treat NLUTD is gradually increasing
in recent years. Tibial nerve stimulation is a safe therapeutic approach that has been
shown promising in mitigating urinary dysfunction in a variety of neurological disorders,
such as multiple sclerosis, Parkinson’s disease, and spinal cord injury4,5. Two recent
systematic reviews confirmed the beneficial effect of tibial nerve stimulation for treating
neurogenic lower urinary tract dysfunction6,7. Nonetheless, up to date tibial nerve
stimulation has not been applied in a broader way to patients suffering from NLUTD in
general. Sampas and colleagues performed a pilot study comparing the effects of sham
stimulation to acute spinal cord injury patients with transcutaneous tibial nerve stimulation
(TTNS)8. TTNS proved to be safe and, with ten total sessions of 30 min each, could hinder
the development of detrusor-sphincter dyssynergia as well as a reduced bladder capacity,
suggesting that the development of neurogenic bladder can be altered. Two randomized
clinical trials are investigating the long-term effects of tibial nerve stimulation applied
acutely after spinal cord injury (ClinicalTrials.gov Identifier: NCT04350359 and

18

NCT03965299)9. The hypothesis is that daily stimulation can increase spinal inputs and
thus impede detrusor overactivity and emergence of detrusor-sphincter dyssynergia due
to plasticity of C-fibers in the lumbosacral cord10. Overall, tibial nerve stimulation could be
a promising, non-invasive (TTNS) or minimally invasive (percutaneous stimulation)
treatment option that could be applied acutely during hospitalization without interfering with
patient’s management.

2.3.2. Sacral neuromodulation
Although sacral neuromodulation is a well-established treatment option for patients with
idiopathic lower urinary tract dysfunction, its efficacy for neurogenic bladder patients is still
undetermined. Early studies showed that sacral stimulation might also be beneficial for treating
NLUTD11,12. Nonetheless, as highlighted in a systematic review and meta-analysis on the
effects of sacral neuromodulation on NLUTD13, the evidence of the efficacy of this therapy
relies mainly on observational studies with a small number of participants. At present, two
randomized clinical trials are investigating the effect of sacral neuromodulation on NLUTD in
spinal cord injured patients (ClinicalTrials.gov Identifier: NCT03083366 and NCT02165774).
The results will be of great importance for the feasibility of this therapy.
Because sacral stimulation is minimally invasive and completely reversible, it might be of great
relevance for the novel approaches to treat r neurogenic bladder dysfunctions.

2.3.3. Deep brain stimulation
Deep brain stimulation (DBS) involves the implantation of electrodes into specific deep brain
structures. The globus pallidus pars interna, the subthalamic nucleus, and the ventral
intermediate nucleus of the thalamus are the most frequently stimulated nuclei. Although it is
considered to be an invasive surgical procedure, its beneficial effects on motor symptoms in
movement disorders, in particular in Parkinson’s disease, are well-described14. Contrarily, nonmotor symptoms are less frequently investigated. Nonetheless, there is evidences that DBS
might also have an effect on lower urinary tract function, but the outcome seems to highly
depend on the specific nucleus which is stimulated. On one hand, DBS of the subthalamic
nucleus appears to be able to improve urinary symptoms15. On the other hand, autonomic
effects of the stimulation of the globus pallidus and the ventro-intermediate thalamus are less
clear. Thalamic stimulation might increase bladder sensation and thus decrease bladder
capacity16, while DBS of the globus pallidus was associated with urinary incontinence17. More
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detailed studies on larger number of patients with specific diseases are clearly needed, as is
a focus in the specific stimulation parameters, i.e. high frequency vs physiological range.

2.3.4. Epidural stimulation of the spinal cord
Epidurally implanted arrays of electrodes are used to control pharmaco-resistant pain, e.g. in
spinal cord injured patients. Such electrode arrays have recently been used to excite the
lumbar circuits of the injured spinal cord with the goal to enhance movements and enable
rehab training18,19. Effects on lower urinary tract function of lumbosacral spinal cord epidural
stimulation in combination with locomotor training have been recently investigated in patients
with incomplete spinal cord injuries. Interestingly, patients showed an improvement in voiding
function20-22. Even though the exact mechanism of action is not understood yet, the stimulation
may increase the overall excitability of the spinal cord either directly or via the afferent fibers,
allowing dormant circuits to become active and respond to a greatly reduced descending input
of spared brainstem fibers23.

2.4.

Early Botulinum toxin A application

Botulinum toxin causes a temporary flaccid muscle paralysis by inhibiting calcium-mediated
release of acetylcholine at the pre-synaptic neuromuscular junction24. Its efficacy and safety
for treating bladder detrusor overactivity in NLUTD patients who are refractory to
anticholinergics is well-characterized and undebatable25. Nonetheless, the toxin is used at an
advanced stage of LUTD to alleviate urinary symptoms. Recent years have seen the rise in
interest for prevention rather than treatment of NLUTD. Animal models showed that
intradetrusor injections of Botulinum toxin applied early after spinal cord injury are as effective
as when applied at a later time point for the improvement of various urodynamic parameters,
for example the number of non-voiding contractions26. Currently, a randomized, controlled
clinical study in Norway is investigating the effects of early application of intradetrusor injection
of botulinum toxin compared to placebo, examining the occurrence of detrusor overactivity
(ClinicalTrials.gov identifier: NCT01698138). The early inhibition of detrusor contraction might
hinder the development of detrimental connections of afferent fibers in the central nervous
system, and thus have a beneficial effect on detrusor overactivity in the long run.
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2.5.

Bacteriophages

A large proportion of patients suffering from NLUTD are at constant risk to develop urinary
tract infections. Currently, symptomatic urinary tract infections in patients with NLUTD are
treated with narrow spectrum antibiotics27. However, the persistent increase in multiple
antibiotic resistant bacterial infections poses a great threat to the treatment of these patients.
Viruses targeting bacteria, i.e. bacteriophages, represent an interesting alternative to
antibiotics28. Bacteriophages have the ability to infect bacteria, replicate in the host, and
ultimately cause cell lysis. Interestingly, once the phages have finished attacking the bacteria,
they should be eliminated by the human body29. When tested in-vitro on 50 strains of E.coli
and K. pneumoniae isolated from urine samples of patients suffering from NLUTD, a cocktail
of bacteriophages have revealed up to 93% lytic activity30. The efficacy and safety of this
cocktail of bacteriophages was also confirmed in an observational study31, where the bacteria
titer diminished in two third of the patients.
Bacteriophages hold many prerequisites to become the primary treatment and prevention
measure for urinary tract infections, although questions of specificity and potential side effects
still need to be solved. Genetic techniques will also allow bacteriophages to be engineered to
target specific antibiotic-resistant bacteria32, which would further increase their therapeutic
value.

2.6.

Stem cells-based therapies

Regenerative medicine approaches using different types of stem cells focused mainly on
muscle regeneration and immune-modulatory effects in the urinary tract system. Current
research is largely experimental preclinical, predominantly focusing on induced pluripotent
stem cells (iPSC), mesenchymal stem cells (MSC), and skeletal muscle-derived multipotent
stem cells33. All three cell types have the capability to differentiate into neurons and muscle
cells. A number of preclinical studies explored the use of stem cells to repair tissues such as
the bladder34-36 or the urethral sphincter37 via direct injections of the stem cells into the muscle.
Incorporation of new muscle cells has been observed, as well as improved functional
parameters in animal models. Improvements in LUT function was also reported in injured rats
with intravenous applications of bone marrow derived stem cells38. A clinical pilot study
investigating the feasibility of stem cell-based therapies demonstrated a potential beneficial
effect after injection into the bladder wall39. Neural stems cells (iPSC derived) or peripheral
nerve implants were also used to bridge spinal cord lesions with the goal to allow transected
descending fibers tracts to reconnect to the lower spinal cord. Studies in rats and monkeys

21

with cervical spinal cord injuries have shown that such bridges could lead to recovery of certain
functions, including of bladder control40,41.
Although stem-cells based therapy for neurogenic LUT dysfunction appears to be a promising
therapy at long term, further preclinical and clinical investigations are needed. Furthermore,
the safety profile of stem cells-based applications is still under scrutiny and it may rise future
concerns.

2.7.

Plasticity enhancing Anti-Nogo-A treatment

The myelin-enriched membrane protein Nogo-A, a potent nerve fiber growth inhibitory protein,
limits the regeneration and plasticity of the central nervous system after injury42. In preclinical
studies, neutralization by function blocking antibodies of the Nogo-A protein induced
substantial axonal regeneration as well as enhanced plasticity of connections, leading to an
improved locomotor recovery in spinal cord injury43,44, stroke45,46, and multiple sclerosis
models47. Animal studies have also investigated the effects of anti-Nogo-A antibodies on the
LUTD after spinal cord injury in rats. Intrathecal administration of the antibodies prevented the
development of detrusor-sphincter-dyssynergia as well as detrusor overactivity, normalizing
many urodynamic parameters48.
A human phase-I safety and tolerability trial with intrathecal application of anti-Nogo-A
antibodies in acutely spinal cord injured patients has been concluded successfully, and a
human phase-II randomized, multicenter trial is on-going (ClinicalTrials.gov Identifier:
NCT03935321)49. As a secondary readout, the clinical trial will gather information about the
effects of anti-Nogo-A antibodies on LUTD in these spinal cord injured patients.

2.8.

Bioelectronic medicine

Recent advances in the field of biomedicine let to the opportunity to exploit light as a stimulation
source. Optogenetics provides an alternative to electrical stimulation and takes advantage of
genetically expressed light-sensitive ion channels and pumps to manipulate the membrane
potential50. Channelrhodopsin-2 is a widely used opsin to precisely activate neurons via
depolarisation of the cells, while halorhodopsins induce neuronal silencing. These transgenes
have to be introduced into specific neuronal target cells, mostly by local injections of viral
vectors. A recent study by Mickle et al. implemented these tools to manipulate the lower urinary
tract51. Using an implantable sensor wrapped around the bladder, Mickle et al. were able to
measure changes in resistance during bladder filling and emptying. Using a closed-loop
system, the change in resistance was used to trigger the activation of a light-emitted diode
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(LED) placed over the spinal cord, which, in turn, activated a light-sensitive opsin and chloride
channel which inhibited the bladder neurons in which the opsin was expressed. By doing so,
Mickle et al. were able to silence the neuronal circuits, thus inhibiting bladder contractions51.
Compared to electrical stimulation, optogenetics has the advantages to be cell-type specific
and to have a good spatiotemporal resolution. However, even though optogenetics appears to
be a promising therapy for NLUTD, the use of viral vectors to deliver the opsins to the target
neuronal populations remains a challenge.
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2.9.

Conclusion

The neuro-urology field is focusing on two main approaches to deliver new treatment options
to NLUTD patients. First, well-characterized treatments are repurposed for to serve as neuromodulatory therapies such as tibial nerve stimulation or sacral nerve stimulation, as well as the
intradetrusor injections of botulinum toxin as a preventive measure to hinder the development
of NLUTD. Second, a new generation of treatment options is at the horizon. Stem-cells,
antibody-driven treatments, and more futuristic genetic engineering therapies are interesting
and promising options that one day might be implemented in daily clinical practice and
revolutionize patients’ management.
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3.1.

Abstract

The ability of the central nervous system to regenerate over long distances after a lesion is
restricted by the presence of physical and biochemical barriers, neuronal growth programs
changes, and a non-permissive tissue environment. The myelin-derived membrane protein
Nogo-A exerts repulsive and neurite growth-inhibitory functions that can critically affect the
axonal regeneration capability. Suppression of Nogo-A signalling via function-blocking
antibodies, receptor-bodies or genetic manipulation showed a relevant increase in the
functional recovery including locomotion and lower urinary tract function in spinal cord injured
rodents as well as hand function in monkeys. The currently on-going phase II clinical trials will
elucidate the potential relevance of Nogo-A suppression for a novel therapeutic management
of spinal cord injury in human patients.
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3.2.

Introduction

Understanding the reasons why the central nervous system (CNS) fails to regenerate after an
injury has been one of the main focuses in spinal cord injury research for the last two decades.
Lesioned axons in the CNS have the ability to spontaneously regenerate and sprout. Yet, these
processes are limited to short distance regeneration, local contacts and formation of detour
circuits1-3. Long-distance axonal regeneration fails because of several reasons. Axonal growth
mechanisms are highly active in the neurons during development. These growth programs are
downregulated after maturity is reached, and are only weakly re-activated after injury4, thereby
affecting the regeneration capability. Physical and biochemical barriers created by scars at
lesion sites5 represent an additional obstacle for regenerating axons, in particular in the spinal
cord6,7, whereby chondroitinsulfate proteoglycans (CSPG) play a crucial role8-10. Interestingly,
membrane proteins associated with CNS myelin have also been also been found to limit CNS
axon regeneration in a specific, receptor-mediated way; the Nogo-A protein described in this
review seems to be a major player among these regeneration inhibitory factors10,11.

3.3.

The neurite growth inhibitory protein Nogo-A and its receptors

The Nogo proteins are present in the endoplasmic reticulum and on the cell surface of neurons
very early in life, and in the adult CNS on oligodendrocytes, CNS myelin as well as
subpopulations of neurons12. The membrane protein Nogo-A is composed of about 1200
amino acids and derives from the Reticulon 4 (RTN4) gene13,14. The first inhibitory domain to
be discovered was the 66 amino acids long extracellular loop between the two C-terminal
hydrophobic, intramembraneous regions, and is thus called Nogo-66 (Figure 1.1). It interacts
with the glycosylphosphatidylinositol-linked leucine reach repeat protein Nogo receptor 1
(NgR1)15, which forms a receptor complex with LINGO16 and p7517 and/or TROY18. The second
active region of the Nogo-A protein, Nogo-D20, is located in the N-terminal extracellular region
and covers 181 amino acids19. Nogo-D20 binds with high affinity to the sphingosine-1-phospate
receptor 2 (S1PR2), a G-protein coupled receptor20 that forms a complex together with
tespanin-321 and different syndacans22*. Binding of the inhibitory domains to their respective
receptors can trigger the activation of the GTPase RhoA23 and its effector protein Rhoassociated, coiled-coil containing protein kinase 1 (ROCK)24. The activation of the Rho/ROCK
pathway leads to the collapse of growth cones and the arrest of neurite elongation by affecting
the structure of the actin cytoskeleton at an early stage25, and by downregulating the
transcriptional growth machinery at later timepoints26,27. Importantly, Nogo-A needs to be
internalized in order to carry out its effects26.
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Figure 1.1. Molecular mechanisms of Nogo-A signaling. The Nogo-A protein has at least two inhibitory domains (yellow labels).
Nogo-66 binds to the receptor complex NgR1, p75/TROY, and LINGO1, while Nogo-D20 acts on the receptor complex composed
by TSPAN3, S1PR2, and the syndecans SDG3/4. Binding of the inhibitory domains to their respective receptors activates the
RhoA/ROCK pathway, ultimately leading to f-actin destabilization and growth cone collapse. The Nogo-D20 and the S1PR2
receptor complex undergo retrograde axonal transport to the nucleus, where they induce downregulation of the transcriptional
growth machinery.

3.4.

Neutralization or ablation of Nogo-A and/or its receptors enhance
locomotor recovery and axonal growth after spinal cord injury

A large number of studies from different laboratories have shown improved recovery of
locomotor functions often paralleled by enhanced sprouting and elongation of injured or spared
spinal cord fibers after spinal cord injury and treatment with function blocking antibodies
against Nogo-A, peptides or decoy receptors (‘Nogo-trap’) derived from NgR1, anti-sense
oligonucleotides, or in Nogo-A deleted animals11,28. Suppressing the Nogo-A mediated growth
inhibition has been shown to not only improve recovery of locomotor function but also to reduce
the development of spasticity, a malfunction that is often seen after incomplete spinal cord

33

injury in animals and humans29. LOTUS (lateral olfactory tract usher substance) is an
endogenous NgR1 antagonist that has been shown to promote axonal reorganization in the
developing mouse brain30. While the genetic deletion of LOTUS impairs motor recovery after
spinal cord injury, its overexpression has been shown to enhance motor recovery31. In nonhuman primates, it has also been shown that, in addition to restoring arm-hand function, antiNogo-A antibody treatment significantly increases the extent of corticobulbar projections after
cervical hemisection injury32,33. Nogo-A suppression has also been shown to improve the
outcome after stroke lesions11,34.
Currently, rehabilitative training is the only certified treatment option for human patients with
spinal cord injury. In 2017, the sequential combination of a growth promoting therapy with antiNogo-A followed by intensive locomotor training to refine newly formed circuits has been
shown to be a promising therapeutic strategy35*, similar to the situation in stroke34. After
incomplete thoracic lesions, rats underwent two weeks of intrathecal anti-Nogo-A antibody
treatment, followed by 6 weeks of treadmill training. This sequential application of anti-NogoA treatment and locomotor training lead to superior recovery rates, which highlights the
importance of timing in the treatment of motor dysfunction after spinal cord injury.

3.5.

Suppression of Nogo-A enhances bladder function after spinal cord injury

In 2005, Liebscher et al.36 first described the effects of anti-Nogo-A therapy on bladder function
after spinal cord injury. Rats treated with two different anti-Nogo-A antibodies recovered
autonomous bladder voiding more than one week earlier than control antibody-treated animals.
A recent study investigated the effects of Nogo-A neutralization on the urodynamic parameters
of the rat lower urinary tract in greater detail37*. Spinal cord injury induced a sequence of events
which led to a highly dysfunctional bladder, characterized by high intravesical pressure,
detrusor overactivity and detrusor-sphincter dyssynergia, conditions which are highly similar
to the human situation. Interestingly, anti-Nogo-A treated animals showed a significantly
reduced maximal detrusor pressure during voiding and a reduction of the abnormal
electromyographic high-frequency activity in the external urethral sphincter during voiding. The
positive effects observed after the infusion of anti-Nogo-A antibodies were not detected after
a complete transection of the thoracic spinal cord, indicating a key role of spared descending
fibers.
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3.6.

From animal to human: Current clinical trials with Nogo-A suppression in
spinal cord injured patients

Antibody access to the CNS from the peripheral circulation is highly restricted by the bloodbrain barrier. Most animal studies with antibodies or decoy receptors therefore used
intraventricular or lumbar intrathecal application routes. Efficacy and safety of intrathecal antiNogo-A antibody application have been demonstrated successfully in both the rodent and the
non-human primate model. The first clinical trial with anti-Nogo-A antibody treatment was
performed in human patients with severe, acute spinal cord injury; the trial was initiated in 2006
(ClinicalTrials.gov Identifier: NCT00406016) and completed in 201138*. This phase I, openlabel, multicenter study demonstrated feasibility, safety and tolerability of a continuous
intrathecal application of a human, recombinant anti-Nogo-A antibody over 4 weeks, starting
in the subacute phase (5-28 days after injury). In addition to the absence of antibody-related
side effects, 7/19 patients with tetraplegia and full dose/full 30 days treatment converted from
a clinically complete to different levels of incomplete functional deficit. This pilot result suggests
that anti-Nogo-A antibodies could indeed be a promising treatment option for human patients
suffering from acute para- or tetraplegia. In May 2019 a multicenter, European, randomized,
double-blind and placebo-controlled phase II trial was started (ClinicalTrials.gov Identifier:
NCT03935321). This trial investigates the efficacy of early treatment initiation (within 28 days
after injury) with repeated bolus injections of anti-Nogo-A antibodies (NG-101) in patients with
acute, cervical spinal cord injury. Patient recruitment is currently on-going (Figure 1.2).
In June 2019, a two-part clinical trial to assess safety and efficacy of AXER-204, administered
intrathecally, has been started (ClinicalTrials.gov Identifier: NCT03989440). AXER-204, a
human NgR-derived fusion protein that traps myelin-associated axonal growth inhibitors,
including Nogo-A, MAG and OMgp, has been shown to improve functional recovery and
enhance axonal growth in preclinical studies28. After a first, ascending dose study, a
multicenter, randomized, double-blind and placebo-controlled clinical trial will ensue to
investigate the therapeutic potential of repeated intrathecal AXER-204 application in patients
with chronic cervical spinal cord injury. The study is currently in the patient recruitment phase.
Both trials are expected to deliver results with potential relevance for the management of acute
and chronic spinal cord injury in the next few years.
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Figure 1.2. Blocking Nogo-A signaling blockade, e.g. with antibodies, leads to enhanced neurite outgrowth over an inhibitory CNS
extract substrate in vitro as well as enhanced sprouting and regeneration of nerve fibers in vivo in animal models of spinal cord
injury. The clinical potential of anti-Nogo-A antibodies for managing spinal cord injury is currently being investigated in a
multicenter, European, randomized, double-blind and placebo-controlled phase II trial.

3.7.

Therapeutic Nogo-A pathway suppression for other neurological
indications

The effects of a growth-promoting therapy via inactivation of the Nogo-A signaling pathway
have been studied extensively in a variety of pathophysiological conditions of the central
nervous system.
After focal, permanent cerebral strokes, blockade of Nogo-A-signaling leads to a high degree
of functional recovery in animal models11. Initial experiments in rats39 and monkeys40
demonstrated that the observed improvements in skilled forelimb function are associated with
a rewiring of the corticospinal tract. Importantly, anti-Nogo-A antibodies not only improve motor
function in the acute phase following a brain lesion. Functional recovery is also observed upon
administration of anti-Nogo-A antibodies days to weeks after an ischemic brain damage has
occurred in the rat41,42. High-intensity rehabilitative training has been shown to further boost
functional recovery, probably by activity-induced selection and stabilization of the newly formed
circuits34.
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Nogo-A signaling also influences the migration of vascular endothelial cells in the developing
CNS43. In adult mice with unilateral, focal strokes, genetic deletion of the Nogo-A protein or
one of its receptors, S1PR2, as well as functional blockade of Nogo-A with antibodies led to a
high degree of revascularization in the penumbra region surrounding the ischemic stroke
core44*. This improvement of revascularization was paralleled by enhanced neuronal survival
and functional recovery. The ability to adapt signaling via Nogo receptor 1 (NgR1) has been
suggested to promote recovery of balance, cognition and emotion also after mild traumatic
brain injury45.
The effects of blocking Nogo-A signaling have also been investigated in pre-clinical models of
multiple sclerosis (MS). Nogo-A knock out mice show milder experimental autoimmune
encephalomyelitis (EAE)46, and anti-Nogo-A antibody treatment has been shown to
significantly improve recovery of forelimb function and to enhance remyelination after a
targeted EAE lesion47,48. Abrogating the NgR1 signaling can also limit the inflammationmediated axonopathy and demyelination associated with EAE49.
After different types of retinal lesions, either genetic deletion or functional blockade of Nogo-A
via antibodies improved vascular regeneration and promoted visual recovery50,51.
Some studies have also addressed the effects of Nogo-A neutralization in neurodegenerative
diseases such as Parkinson’s disease or amyotrophic lateral sclerosis (ALS). In a rat model of
Parkinson’s disease, Nogo-signaling blockade with either function blocking antibodies52 or
receptor antagonists
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in conjunction with intrastriatal transplantation of fetal human ventral

mesencephalic dopaminergic neurons resulted in an increased dopaminergic fiber outgrowth
and a significantly improved forelimb function52. In ALS, Nogo-A was found to be
overexpressed in peripheral nerves and skeletal muscles of patients54. Genetically ablating
Nogo-A extended survival and reduced muscle denervation in a mouse model of ALS55.
However, a phase II, randomized, placebo-controlled clinical trial failed to show efficacy of
Ozanezumab, a functionally blocking antibody against Nogo-A56.
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3.8.

Conclusion

In the adult mammalian CNS, axonal regeneration is partially limited by a non-permissive
tissue environment. The myelin-derived Nogo-A exerts repulsive and neurite growth-inhibitory
functions that can critically affect the axonal regeneration capability. Suppression of the NogoA signaling via either genetic ablation of the protein itself and/or its receptors or by using
function-blocking antibodies results in an enhanced functional recovery after spinal cord injury
including improved locomotor and lower urinary tract function. In a few years, the currently ongoing phase II clinical trials will elucidate the potential relevance of Nogo-A suppression for a
novel therapeutic management of spinal cord injury.
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4.1.

Abstract

Lower urinary tract dysfunction affects a multitude of patients. Current therapeutic approaches
are limited and very little is known about the mechanisms of the failing bladder control. Thus,
more basic research is clearly needed to elucidate the underlying patho-mechanisms and to
develop novel treatment strategies in urology. Non-invasive tests such as the void-spot assay
and the metabolic cage or the more invasive urodynamic investigations are currently used to
assess lower urinary tract function of the animals, in particular rodents. The non-invasive tests
give some insights into the functionality of the system, whereas urodynamic testing yields an
objective evaluation that allows the distinction of different pathologies and investigations of the
underlying neuronal malfunctions.

4.2.

Patient summary

We briefly summarized the methods currently used to assess impairments of bladder function
in animal models. Both non-invasive as well as invasive methods are available and can be
used to understand and improve human health. An accurate and detailed diagnosis is,
however, possible only with urodynamic assessments.
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4.3.

Introduction

Lower urinary tract dysfunction can manifest as the inability to empty the bladder, to store urine
appropriately, or a combination of both. The etiology can differ between pathologies and can
be either neurogenic or non-neurogenic. Nevertheless, in both cases, little is known about the
underlying mechanisms, hindering the discovery of new therapeutic approaches, especially in
the neuro-urology field1,2. Thus, animal models are of crucial importance to better understand
lower urinary tract dysfunction and to test the efficacy and safety of promising treatment
options.
Lower urinary tract function has been investigated in a variety of animal models3, mostly cats
and sheep in the past, whereas recent studies mainly focus on rodents due to the advantages
of well-defined genetic lineages, straightforward gene manipulation, short lifespan, and
minimal holding space, all factors that increase the quality and reduce the overall costs of the
experiments.
The animals’ lower urinary tract function can be assessed with a variety of behavioral
experiments and the methods used are summarized in Table 1.1.
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Table 1.1. Summary of lower urinary tract assessments used in the neuro-urology field
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4.4.

Non-invasive assays

Non-invasive, relatively easy tests can be used to assess voiding frequency, voided volume,
and, in some cases, the flow rate.
Void-spot assay (Figure 2.1a): Similarly to the human bladder diary, voiding behaviors are
used to characterize lower urinary tract dysfunction in animals, which are singly placed in a
special cage with a filter paper covering the floor for a defined time period 4. Illumination of the
filter paper with ultraviolet (UV) light reveals the voiding patterns of the animals, which can be
analyzed for spot size (proportional to voided volume) and disposition. Furthermore, a realtime camera located below the cage can be used to determine voiding frequency. Although
this non-invasive test can describe some general aspects of the voiding patterns of the
animals, there are some limitations. Without a simultaneous camera recording system,
overlapping micturitions can result in a biased analysis. Additionally, it is very hard to
distinguish between different types of lower urinary tract dysfunction. For instance, if the voidspot assay shows a multitude of small micturitions, without invasive measurements the
experimenter is unable to discriminate urinary incontinence caused by detrusor overactivity or
by a weak sphincter muscle.
Flow study / metabolic cage (Figure 2.1b): The animals are single-housed in cages with a grid
floor for 12-24 hours, where food and water are provided ad libitum5,6. The advantage of the
24-hour measurements is that both active and inactive phases of the animal are recorded.
Below the grid, a digital scale collects the urine, allowing to determine the voided volume, the
voiding time, the flow rate, and the voiding frequency. As for the void-spot assay, it is difficult
to make a precise diagnosis of the underlying pathophysiological conditions. Precision is also
limited for the very small volumes (adsorption to the grid, drying). In addition, the animals are
placed for several hours in a new, empty environment that can cause stress and thus might
have an influence on voiding behaviors.
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Figure 2.1. Schematic representations of lower urinary tract assessments used in urology. a) Void-spot assay. b) Metabolic cage.
c) Urodynamics in anesthetized animals. d) Urodynamics in restrained animals. e) Urodynamics in freely-moving animals.
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4.5.

Invasive assays

Urodynamic investigation is the only method that can objectively assess lower urinary tract
function. Three main types of urodynamic measurements are currently performed.
Urodynamics in anesthetized animals (Figure 2.1c): Most commonly, urodynamic
investigations are performed under the use of anesthetics. A transurethral or an implanted
catheter is inserted into the bladder to fill it with a physiological solution and to simultaneously
record the intravesical pressure. A variety of parameters can be obtained with a urodynamic
investigation (Table 1), allowing an accurate differentiation of various forms of lower urinary
tract dysfunction. Although the use of anesthesia can help to reduce the artifacts due to the
animal’s movements, anesthetics have been shown to have an impact on lower urinary tract
function7,8.
Urodynamics in restrained animals (Figure 2.1d): Performing urodynamic investigations in
awake animals requires the implantation of a chronic catheter into the bladder and, in case of
a concomitant external urethral sphincter (EUS) electromyography, of electrodes8-10. During a
urodynamic session, the awake, previously tamed animal is placed into a restrainer for 1-3
hours and micturitions are induced by a filling of the bladder via the catheter. Although the
restrain of the animal allows to reduce movement artifacts, it is of crucial importance to
acclimatize and habituate the animals to the restrainer in order to reduce the stress-related
changes in voiding behaviors.
Urodynamics in freely-moving animals (Figure 2.1e): As true for restrained urodynamics, a
bladder catheter and EUS electrodes need to be implanted into the animals. The unrestrained
conditions resemble the everyday day life of the animals and are assumed to best reflect
physiological lower urinary tract function in animals11. Animals are kept in a metabolic cage in
order to collect the voided urine.

4.6.

Important considerations

The overall goal of basic research in animal models is to improve human health to better
understand the mechanisms underlying certain pathologies. For practical and ethical reasons
(minimal numbers of animals used), most studies do not perform experiments in both sexes or
multiple strains, a fact that might increase the risk for gender- and strain-specific outcomes12.
Gender-specific differences in anatomy and e.g. hormonal status can influence lower urinary
tract function13, whereas a number of basic parameters, e.g. vesical pressure and detrusor
distention, sphincter EMG or neuronal wiring will be largely identical in many species and both
sexes.
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Lower urinary tract function assessed by urodynamics can be influenced by the presence and
type of catheter used. A transurethral catheter requires the animal to be sedated and may
partially obstruct the urethra as well as activate nociceptive reflexes, thus altering normal
voiding behavior14. A suprapubic catheter is implanted in the bladder and has the advantages
to keep the urethra free of obstacles and can be used in awake animals. Nevertheless, bladder
morphology can change after implantation, and urodynamic studies performed few days after
implantation show an altered voiding behavior15.

4.7.

Future directions

In the ideal case, lower urinary tract function would be continuously assessed in the animals
in their homecage, since invasive urodynamics requires catheterization and filling of the
bladder and it may thus have an impact on voiding patterns. To overcome the use of a bladder
catheter constantly linked to the urodynamic setup, efforts are made towards wireless pressure
sensors that could measure bladder pressure for multiple days in the homecage. As an
example, Mickle et al. developed a sensor that could be wrapped around the bladder and
would measure changes in resistance during bladder filling and emptying over a long time
period16,17.
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4.8.

Conclusions

A variety of animal models, currently mostly rodents, are available to test the functionality of
the lower urinary tract in healthy and disease conditions, which ultimately will help to improve
human health. Non-invasive tests can be easily implemented in many laboratories and allow
the measurements of a considerable number of animals in a relatively short time period. On
the other hand, the more invasive urodynamic investigations are more time consuming and
require a sophisticated setup, but give much more precise read-outs, including the activity of
relevant muscles. Urodynamic examination is currently the only method that allows to
objectively distinguish between different forms of lower urinary tract dysfunction such as
detrusor-sphincter-dyssynergia, detrusor overactivity, and detrusor underactivity.
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5.1.

Abstract

Loss of bladder control is common after spinal cord injury (SCI) and no causal therapies are
available. Here we investigated if function blocking antibodies against the nerve fiber growth
inhibitory protein Nogo-A applied to rats with severe SCI could prevent development of
neurogenic lower urinary tract dysfunction. Bladder function of rats with SCI was repeatedly
assessed by urodynamic examination in fully awake animals. Four weeks after SCI, detrusor
sphincter dyssynergia had developed in all untreated or control antibody infused animals. In
contrast, 2 weeks of intrathecal anti-Nogo-A-antibody treatment led to a significantly reduced
aberrant maximum detrusor pressure during voiding and a reduction of the abnormal EMG
high frequency activity in the external urethral sphincter. Anatomically, we found higher
densities of fibers originating from the pontine micturition center in the lumbo-sacral grey
matter in the anti-Nogo-A antibody treated animals, as well as a reduced number of inhibitory
interneurons in Lamina X. These results suggest that anti-Nogo-A therapy could have positive
effects on bladder function also clinically.
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5.2.

Introduction

Many neurological diseases that affect descending tract systems, including spinal cord injury
and multiple sclerosis, often lead to severe disturbances of bladder function. Detrusor
sphincter dyssynergia (DSD)1, which is defined by dys-synergic contractions of the external
urethral sphincter during the voiding phase, is a life-threatening complication as it results in
high intravesical pressure with subsequent urine reflux to the kidneys and, over years, can
lead to kidney damage and eventually renal failure2. Lower urinary tract dysfunction contributes
in a major way to a decreased quality of life in the affected patients and therefore is one of the
highest rehabilitation priorities3. However, only a few symptomatic treatment options are
currently available including intermittent self-catheterization four to six times a day,
antimuscarinic drugs, and intradetrusor onabotulinumtoxinA injections4. These treatments are
at best symptomatic and come at the cost of frequent side effects such as urinary tract
infections, or injuries to the urethra. Causal treatment options for neurogenic lower urinary tract
dysfunctions, in particular DSD, are therefore urgently needed4.
The central neuronal circuits controlling lower urinary tract function are not yet fully understood.
Storage and voiding of the urine are achieved by complex interactions between the somatic
and the autonomic nervous system5. Although the storage reflex is mainly an intraspinal
process6, the initiation of voiding depends on supraspinal input from a nucleus located in the
pons, the pontine micturition center (PMC)7. The PMC-spinal projection neurons are excitatory
and glutamatergic, with the peculiarity to also contain the neuropeptide corticotropin-releasing
factor (CRF)8. These neurons send long-projecting axons to the lumbosacral cord and play a
fundamental role in micturition. A lesion to the spinal cord disrupts the neural circuitry
controlling the lower urinary tract function, and the neuro-urological consequences for the
patient depend on the location and the extent of the injury. After a suprasacral SCI, the
voluntary, supraspinal control of voiding is interrupted, leading to an initial acontractile bladder,
causing urinary retention. After weeks to months, depending on the species, autonomic voiding
slowly reappears and culminates in detrusor overactivity9, which was hypothesized to be the
result of aberrant intraspinal plasticity with an important contribution by C-fibers10. Although
bladder contraction reappears over time, voiding is usually inefficient due to the simultaneous
contraction of the external urethral sphincter together with the detrusor, a phenomenon that is
known as detrusor-sphincter dyssynergia (DSD). DSD arises over time in the majority of
patients with an incomplete or complete spinal cord injury, causing elevated intravesical
pressures that, over time, put the upper urinary tract at risk2,11.
Bladder function can be determined with high precision by urodynamic measurements, i.e. by
simultaneously assessing the intravesical pressure and external urethral sphincter

59

electromyography under fully awake conditions12. This clinical protocol has recently been
transferred and reproduced in intact and spinal cord injured rats13,14.
The CNS and myelin enriched membrane protein Nogo-A is a potent nerve fiber growth
inhibitory protein, responsible in part for the low level spontaneous neuronal of regeneration
and repair present in the adult mammalian CNS15,16. Neutralization by functionally blocking
antibodies, genetic deletion of Nogo-A or blockade of Nogo-A receptors induces substantial
axonal regeneration, as well as enhanced neuronal plasticity and functional recovery after SCI
or stroke in animal models16-18. It had been noted before that inhibition of Nogo-A in rats with
large but incomplete spinal cord injuries using function blocking antibodies not only resulted in
improved recovery of locomotion, but also led to an earlier restoration of independent voiding17.
However, a detailed urodynamic assessment of bladder function after SCI, assessing the
potential of anti-Nogo-A antibodies as a potential therapy for DSD following spinal cord injury
is so far missing. The present study aims at investigating the effects of anti-Nogo-A antibodies
in the development of neurogenic lower urinary tract dysfunction, in particular DSD, following
a large SCI in adult rats.
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5.3.

Methods

5.3.1. Rats
Adult female Lewis rats (LEW/OrlRj (Lewis), of 210 g ± 20 g body weight and 4 mts ± 1mts of
age were purchased from Janvier, France. The rats were housed in groups of three to four per
cage, and single housed after catheter implantation, food (rat chow) and water were provided
ad libitum. Rats were maintained on a 12/12 h light/dark cycle (light on from 6:00 a.m. until
6:00 p.m). All experiments were approved by the Veterinary Office of the canton of Zürich,
Switzerland (License nr. 19/2014) and were in accordance with the approved guidelines and
regulations.

5.3.2. Catheter and electrodes implantation
All rats underwent initial preoperative handling and acclimatization to the urodynamic lab
station followed by catheter and electrode implantation. Procedures were performed as
described previously13,14. Briefly, rats were initially anesthetized in 5% Isoflurane (Piramal
Healthcare) in air and maintained by an i.m. injection of Medetomidine (0.15 mg/kg Domitor,
Orion Pharma), Midazolanum (2 mg/kg, Dormicum, Roche) and Fentanyl (5 µg/kg, Fentanyl,
Kantonsapotheke University Hospital Zurich). Bladder catheters were inserted into the bladder
dome and secured with a purse string suture. EMG electrodes were affixed to the fat tissue
beside the external urethral sphincter and a ground electrode was sutured to the abdominal
muscle. Catheter and wires were tunneled subcutaneously to the back of the neck,
exteriorized, and lastly attached to an infusion harness (QC Single, SAI Infusion Technologies,
USA).

5.3.3. Spinal cord injury
Rats were anesthetized as described above. In 41 animals, the T8 lamina was removed and
the dorsal two thirds of the spinal cord were transected bilaterally microsurgically with
iridectomy scissors, resulting in severe but incomplete spinal cord injury. In 28 rats, the lower
thoracic spinal cord was transected completely. Seventeen rats were left intact.
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5.3.4. Osmotic pump implantation
Fifty-four spinal cord injured rats were implanted with intrathecal pumps for antibody delivery
at the day of spinal cord injury. Following baseline urodynamic measurements, the rats were
divided into four different groups: incomplete spinal cord injury with control antibody treatment
(n= 17), complete spinal cord injury with control antibody treatment (n= 10), incomplete spinal
cord injury with anti-Nogo-A antibody treatment (n= 16), complete spinal cord injury with antiNogo-A antibody treatment (n= 11). A pre-hoc power calculation (power = 80% and alpha =
0.05) indicated a minimal group size of n= 10 rats. The pump implantation procedure was
performed as previously described47. Briefly, immediately following the spinal cord injury, a
second laminectomy at vertebrate level L2 was performed and a fine intrathecal catheter (32
Gauge, ReCathCo) was inserted into the subarachnoid space and pushed in cranial direction
towards the lesion for 1 cm. The catheter was connected to an osmotic minipump (Alzet 2ML2)
which continuously delivered over 14 days either an anti-Nogo-A antibody (mAB 11C7)48 or an
inactive control antibody (Anti-BrdU, Serotec) into the intrathecal space (5 µl/h, 3 mg
antibody/ml). In this way, 6 mg antibodies were applied in total over 14 days. Pump and
catheter were removed 15-16 days post implantation under 5% Isoflurane (Piramal Healthcare)
anesthesia and the skin was closed by sutures.

5.3.5. Urodynamic and external urethral sphincter EMG measurements
Procedures were performed as previously described13,14. Acclimatization of the rats to the
urodynamic setup was performed before catheter and electrode implantation. Awake rats were
positioned in a modified restrainer (modified from item # HLD-RM, Kent Scientific, Connecticut,
USA) with a hole situated under the orifice of the urethra. The restrainer was then placed in a
modified Small Animal Cystometry Lab Station (Catamount Research and Development Inc.;
St. Albans, Vermont, USA) with a scale below the funnel. The bladder catheter was attached
to a syringe pump with an in-line pressure transducer and the electrodes were connected to
an amplifier/converter. Saline was instilled (120 µL/min) and all parameters (pressure, scale,
voltage) recorded simultaneously for at least 3 voiding cycles. Urodynamic measurements
were performed during the light phase. For data assessment, the maximum voiding detrusor
pressure was measured as the peak of the intravesical pressure during voiding (Figure 2 a).
Voided volume was measured as the change in weight on the scale (assuming a density
approaching 1). To serve as a measurement of the rigidity of the bladder wall, bladder
compliance was calculated as the intravesical pressure increase (threshold detrusor pressure
minus baseline detrusor pressure) divided by the voided volume. Urodynamic and behavioral
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assessments were performed on randomly number coded animals in a fully blinded fashion.
Measurements were analyzed blinded using an adapted LabVIEW program.

5.3.6. EMG analysis
The external urethral sphincter (EUS)-EMG was bandpass filtered (2 Hz to 2 kHz). The
frequency spectrogram was analyzed with a self-programmed application based on LabVIEW
version 2012 (National Instruments, Austin, Texas, USA). The 45-second-long EMG signal is
sliced into 4096 samples, a typical graphical representation of a spectral heatplot, of whom
3596 are overlapping (shift is 500 samples). After taking a hanning window of the signal, a fast
Fourier transformation was generated. As a result, we obtained a power value for each
frequency at every computed time point. Before graphic processing, the signal was up scaled
by a multiplication factor to assure that the signal consists, after logarithmizing, mainly of
positive values. The logarithmized signal was also scaled up by factor 20. This signal was then
plotted as color map with Jet Colormap. All frequencies above 500 Hz were neglected.

Quantification of high-frequency EUS-EMG activity was achieved by summing every
high-frequency power value in the period of interest (before micturition = “r”, during
micturition = “s”, or after micturition = “t”; Figure 1 j-k) and dividing it by the sum of
every high-frequency power value in the whole period analyzed (labelled as “u”; Figure
1 j-k). Data are shown in percentage.

5.3.7. Perfusion, fixation, and tissue preparation
Rats were euthanized with an i.p. overdose of Pentobarbital (300mg/mL, Streuli Pharma AG).
Animals were transcardially perfused first with 150 mL Ringer solution (B.Brown Medical)
containing 1% Heparin (B. Brown Medical), followed by 300 mL of 4% Paraformaldehyde
solution (Paraformaldehyde, PFA, Sigma-Aldrich) containing 5% sucrose and phosphatebuffered at pH 7.4. Spinal cords were dissected and post-fixed for 24 hrs at 4 °C in a solution
containing 4 % paraformaldehyde and 15 % saturated picric acid for immunohistochemistry,
or 4 % paraformaldehyde (Sigma-Aldrich Chemie GmbH, Buchs, Switzerland) in 0.1 M
phosphate buffer pH 7.4 for RNAScope in-situ hybridization. Afterwards, spinal cords were
transferred to 30% sucrose in 0.1 M phosphate buffer, pH 7.2 and stored for three days for
cryo-protection. The tissue was embedded in Tissue-Tek OCT compound, frozen in 2Methylbutane (Sigma-Aldrich Chemie GmbH, Buchs, Switzerland) cooled to -40 °C with liquid
nitrogen and stored at -20 °C until further processing. For immunohistological analysis, 40-µm-
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thick L6-S1 spinal cord cross-sections were cut on a cryostat and collected on slides
(Superfrost plus, Huberlab, Aesch, Switzerland), and kept at -20 °C until further processing.
For in-situ hybridization analysis, 10-µm-thick L6-S1 spinal cord cross sections were collected
free-floating in 4 °C cold 0.1 M phosphate buffer and kept in anti-freeze solution (15 % sucrose,
30 % ethylene glycol in 50 mM phosphate buffer) at -20 °C until further processing. For
histological lesion site analysis, T7 – T10 spinal cord sections were mounted on slides, dried
on a heating plate at 60 °C for 10 min and then stored at -20 °C until further processing.

5.3.8. Assessment of lesion completeness
Coronal 40-µm cryostat serial sections of the injury site were manually reconstructed based
on Nissl staining (Cresyl violet) in Photoshop software (Adobe, San José, USA). The
percentage of spared white matter at the largest lesion extent was calculated. Initial
comparison of Nissl staining and neurofilament 160 immunohistochemical staining showed a
very high correlation between the two protocols (Fig. 7 a-c). Low values of spared white matter
were arduous to categorize into complete or incomplete groups based on the images. This,
together with the fact that animals with a spared white matter below 3 % were equally
distributed between the groups, lead to the conclusion that rats with a spared white matter
below 3 % were considered to have a complete lesion.

5.3.9. Immunohistochemistry
On-slide spinal cord cross-sections were thawed for 10 min and then washed three times with
0.1 M phosphate buffer pH 7.2. Afterwards, they were permeabilized in TNB (0.5% TopBlock;
LuBioScience in 0.1 M Tris) containing 0.2% Triton X-100 for 60 min at room temperature, and
subsequently incubated with the primary antibody (rabbit-anti-CRF 1:400, Salk Institute,
California) diluted in TNB and hypotonic 0.01 M phosphate buffer containing 0.05 % Triton X100 at 4°C for 24 h. The sections were then washed three times in 0.1 M PBS for 10 min each
and incubated with the secondary antibody (goat-anti-rabbit-Cy3

1:300,

Jackson

ImmunoResearch Laboratories). Stained sections were washed three times in 0.1 M
phosphate buffer for 10 min each, finally incubated in 0.05 M Tris, pH 8.0, for 10 min, air-dried
overnight at 4°C, and coverslipped with fluorescence mounting medium (Mowiol, Merck).
Slides were stored at 4 °C upon imaging.
The specificity of the signal was assessed by omitting the incubation-step of the sections in
the primary antibody.
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5.3.10.

RNAScope in-situ hybridization

Sequences of target probes, preamplifier, amplifier, and label probes are proprietary and
commercially available (Advanced Cell Diagnosis). Here, we used probes against rat glycine
transporter 2 (GlyT2, Slc6a5), glutamic acid decarboxylase 2 (GAD2), and vesicular glutamate
transporter 2 (vGluT2, Slc17a6).
Experimental protocols were according to Advanced Cell Diagnosis. Briefly, slides were
thawed at room temperature for 15 min. Subsequently, slides were treated with ACD hydrogen
peroxide for 10 min and washed twice in water for 2 min each, before incubation in ACD target
retrieval buffer for 10 min at 98-100 °C. Slides were washed first in water and then in 100 %
EtOH (Reuss Chemie, Taegerig, Switzerland), and then protease treatment was applied for 30
min at 40 °C in the ACD HybEZTM oven. Subsequently, sections were incubated in a mix
containing the three hybridization probes for 2 h at 40 °C. After washing the slides twice in
ACD washing buffer, the three probes were amplified in a consecutive manner, with two
washing-steps in ACD washing buffer in-between each amplification-step. Further
amplification-steps were performed with HRP detecting the specific channel of the different
probes, always with washing steps with ACD washing buffer in-between. The signals were
developed with TSA Plus fluorescein, TSA Plus Cyanin3, and TSA Plus Cyanin5 (TSA Cy3,
Cy5, TMR, Fluorescein Evaluation kit, PerkinElmer, USA) for the probe targeting GlyT2, GAD2,
and vGluT2, respectively. After the development of the last probe, sections were washed twice
in ACD washing buffer and counterstained with ACD DAPI for 45 s at room temperature. Slides
were coverslipped using fluorescence mounting medium (Mowiol, Merck) and let dry overnight
in the dark. Afterwards, they were stored at 4 °C upon imaging.

5.3.11.

Quantification of immunofluorescent signal

The CRF signal was quantified by imaging three randomly chosen sections with a confocal
microscope (40x, Olympus FV1000, Olympus America). Microscope and laser parameters,
such as laser intensity, were optimized during the first imaging and kept constant across all
sections. Mosaic pictures were imaged and processed within Olympus FV1000 software.
Maximum intensity projections were created, and pictures were exported in tiff format for
investigation. Further analyses were performed with the Fiji image processing software
(version 1.0, ImageJ, National Institutes of Health). Mean grey values for the regions of the
dorsal horn, intermediolateral nucleus, and dorsal grey commissure were measured in the
three sections and background intensities obtained from the central canal, where no signal is
expected, were subtracted for each region. The values were normalized to the equivalent
values of the intact animals.
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5.3.12.

Quantification of RNAScope in-situ hybridization

Five to seven sections per animal were imaged with a fluorescent microscope (20x, Zeiss Axio
Scan.Z1, Zeiss). Three randomly chosen pictures were analyzed with Fiji and a custom-made
MATLAB (2017b, The MathWorks Inc., Natick, USA) script. Briefly, the coordinates of each
stained cell were retrieved within Fiji, and then used to plot the cells to a standardized spinal
cord cross section template with MATLAB, thereby normalizing the analysis to potential tissue
distortion. The number of GlyT2-, GAD2-, and vGluT2-positive cells was calculated within the
laminae 1, 2, 3, which reflect the dorsal horn, laminae 4,5, which comprehend the
intermediolateral nucleus, and lamina X, comprising the dorsal grey commissure.

5.3.13.

Statistical analysis

Data are reported as mean ± standard deviation (SD). Q-Q-plots were generated of all data
and visually assessed, all data are assumed to be approximately normally distributed. For the
comparison of the impact of spinal cord injury on bladder function by urodynamics,
immunohistochemistry, and in-situ hybridization, data were analyzed with a one-way repeatedmeasures ANOVA followed by Bonferroni’s post hoc testing. For comparison of unrelated
samples, an unpaired t-test was used. The value of significance was considered at p<0.05.
Pre-hoc power calculations were performed with alpha being 0.05 and a power of 80%.
Statistical analyses were performed using STATA statistical software, version 14 (StataCorp,
College Station, Texas, USA).
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5.4.

Results

5.4.1. Lower urinary tract dysfunction following spinal cord injury in adult rats
Animals were injured at day 0 and lower urinary tract function was assessed once a week for
4 weeks (Figure 3.1a). On day 3-5 after the lesion, all rats in the SCI groups (complete and
incomplete lesions) showed a complete initial paralysis of both hindlimbs as assessed by the
BBB score (data not shown)19. The T8 level bilateral partial transections interrupted between
2 and 55 % of the spinal cord white matter (see Figure 3.7); spared white matter was mostly
found in the ventral and ventro-lateral funiculi, often unilateral only. One week after injury, most
rats of the incomplete lesion groups started to develop hind limb movements resulting into a
BBB score > 10 three weeks post injury. Completely spinal cord injured animals showed a
persisting severe impairment of hind limb function until the end of the experiment, i.e. up to
four weeks post injury. The impairments observed in the rats are comparable to human SCI
patients with American Spinal Injury Association (ASIA) impairment scale (AIS) A for the
complete spinal cord injury group and AIS C for the incomplete SCI group (www.ais.emsci.org).
In all groups, bladder function was completely absent during the first week after injury and,
very much in contrast to locomotor performance, showed only very limited spontaneous
recovery. In both SCI groups, maximum detrusor pressure at 7 days post injury dropped
significantly (p< 0.05) to about half of its value before SCI (Figure 3.1b). Over the following 3
weeks, maximum detrusor pressure constantly increased, exceeding the baseline
measurements at 4 weeks post injury. However, maximum detrusor pressure also increased
in the intact group, reaching a value of 164 % of the baseline, a phenomenon that may be
related to the chronic implantation of a bladder catheter. During voiding, maximum flow rates
dropped to half of the pre-injury values in both SCI groups (Figure 3.1c). Bladder compliance
was reduced in both SCI groups at 4 weeks post injury (Figure 3.1d). Voiding time increased
from 2 weeks post injury on (Figure 3.1e). Voided volume was strongly and significantly
reduced after injury, showing a certain degree of recovery but remaining significantly below
baseline values in both injury groups until the end of the experiment (Figure 3.1f). The intact
group showed an increase of the voided volume over time compared to pre-lesion baseline.
All these urodynamic findings are highly coherent to urodynamic observations made in human
SCI patients and mirror the human acute and early chronic stages after spinal cord injury2.
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Figure 3.1. Time-course of lower urinary tract dysfunction after SCI. – a. Study design. b-f. Urodynamic parameters change after
spinal cord injury. b. Maximum detrusor pressure [cmH2O]; c. Maximum flow rate [mL/s]; d. Bladder compliance [mL/cmH2O]; e.
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SCI induced changes in EUS-EMG activity: In intact rats, the EMG of the external urethral
sphincter showed strong peak activity in the high frequency range (21-500Hz, representing
mainly striated muscle activity 20) at the high filling state immediately preceding voiding, as well
as after voiding. High frequency activity was low during voiding (Figure 3.1j and Figure 3.2a,
d), whereas in contrast, slow wave bursting activity (2-20Hz, representing mainly smooth
muscle activity 21) was prominent (Figure 3.1j and Figure 3.2a, d).
One week after injury, all spinal cord injured rats suffered from urinary retention and were
unable to void by themselves. Urodynamic assessments confirmed this observation showing
an acontractile bladder in all rats, which led to overflow incontinence once the bladder reached
its maximum capacity (Figure 3.2b, e).
Sixteen out of 17 rats with either complete or incomplete SCI developed DSD, starting 1-2
weeks after the lesion, characterized by tonic high frequency sphincter EMG activity (21500Hz) during the voiding phase. This resulted in interrupted urine release and highly
prolonged voiding phases (Figure 3.1k and Figure 3.2c, f). These characteristic features again
closely resemble the situation seen in severely spinal cord injured human patients.
Urodynamic and external urethral sphincter parameters were not influenced by lesion
completeness: No significant differences were found in any urodynamic parameter when the
large, incomplete lesions and complete spinal cord injured animals were compared (Figure
3.1b-f). Also, we did not find differences in high frequency activity of the external urethral
sphincter EMG during voiding (Figure 3.1h-i) between incomplete and complete SCI groups.
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5.4.2. Effects of anti-Nogo-A antibody treatment on neurogenic lower urinary
tract dysfunction after incomplete SCI
Anti-Nogo-A antibody therapy significantly reduced important urodynamic abnormalities in
incompletely spinal cord injured animals when compared to incompletely lesioned animals
treated with control antibody (Figure 3.3a): Four weeks after SCI, we observed significant
changes towards more physiological values in maximum detrusor pressure (Figure 3.3b, p=
0.01), maximum flow rate (Figure 3.3c, p= 0.05), compliance (Figure 3.3d, p= 0.006), and
voided volume (Figure 3.3f, p= 0.002) of anti-Nogo-A treated SCI animals. Voiding time four
weeks after injury did not differ between the treated and control group (Figure 3.3e, p > 0.05).
Anti-Nogo-A antibodies also significantly reduced external urethral sphincter activity during
voiding in incompletely spinal cord injured animals compared to incompletely lesioned animals
treated with control antibody: Four weeks after SCI, we found a significant reduction in the
proportion of high frequency EMG values during voiding (p= 0.002) in the anti-Nogo-A antibody
treated animals when compared to control antibody treated spinal cord injured animals (Figure
3.3g).
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5.4.3. Anti-Nogo-A treatment effects on neurogenic lower urinary tract
dysfunction after complete versus incomplete SCI
We further investigated if the observed effect of anti-Nogo-A antibody therapy in incompletely
spinal cord injured rats could be replicated in animals with a complete SCI (Figure 3.4a). AntiNogo-A antibody treated animals showed again a trend towards a more pronounced treatment
effect in incompletely spinal cord injured animals compared to incompletely lesions animals
treated with control. Several of the urodynamic abnormalities were reduced starting 2-3 weeks
after SCI (Figure 3.4b-g). Four weeks after SCI, the anti-Nogo-A antibody treated group
showed a reduction in maximum detrusor pressure (50%, Figure 3.4b), maximum flow rate
(32%, Figure 3.4c), compliance (46%, Figure 3.4d), voiding time (62 %, Figure 3.4e), and
voided volume (34%, Figure 3.4f) when compared to the control antibody treated group. The
proportion of high frequency EMGs during voiding showed the biggest change; it was
decreased by 73% in the anti-Nogo-A treated animals (Figure 3.4g). Very much in contrast to
these group-differences in the incompletely lesioned rats, no effect of anti-Nogo-A therapy on
lower urinary tract function was observed in animals with a complete SCI (Figure 3.4b-g).
However, no statistical testing was performed in this experiment due to the restricted number
of animals per group.
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5.4.4. Neuroanatomical changes in the lumbo-sacral spinal cord after injury and
anti-Nogo-A antibody treatment
The neuropeptide CRF is highly enriched in PMC neurons projecting to the lumbo-sacral spinal
cord8,22. Immunofluorescent stainings for CRF in cross sections of the L6-S1 spinal cord
revealed three main target regions innervated by CRF-positive fibers: lamina II of the dorsal
horn (Lam II), the intermediolateral nucleus (IML), and Lamina X of the ventral grey matter
(Lam X) (Figure 3.5a). Interestingly, the IML contains the preganglionic autonomic
motoneurons responsible for bladder contraction23,24, while the Lam X contains interneurons
that were shown to modulate the activity of somatic motoneurons innervating the bladder and
external urethral sphincter25,26. The observed CRF signal in Lam II is believed to originate from
innervating peripheral sensory fibers27,28, since previous anterograde tracings from the PMC
did not result in labelling of this region8. Four weeks after incomplete SCI, animals treated with
control antibodies showed a strong, significant decrease in CRF-positive innervation of Lam X
compared to non-injured animals (p=0.004). In contrast, the density of CRF-positive fibers and
terminals in this region in the injured anti-Nogo-A antibody treated rats was not different from
that of intact rats (p=0.99) but was significantly higher than that of the control antibody spinal
cord injured animals (Figure 3.5b-d/ k; p=0.009). In the IML region, both injury groups showed
a reduced CRF-positive fiber density compared to intact animals (Figure 3.5e-g, m; p=0.0001
and 0.0006, respectively). Anti-Nogo-A treated rats showed a trend for higher values (Figure
3.5). In contrast, no difference was observed between the two injury groups (p= 0.33) in the
Lam II CRF-innervation, which significantly decreased in both spinal cord injured groups when
compared to intact rats (Figure 3.5h-j/ l; p=0.02).
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We further analyzed the numbers of glycinergic, GABAergic, and glutamatergic interneurons
located in the segments L6-S1 of the spinal cord using in-situ hybridization for the respective
cell type specific markers GLYT2, GAD2 and VGLUT2 mRNAs. No differences in the number
of glycinergic cells expressing GLYT2 mRNA were observed between intact animals and rats
with large but incomplete SCIs treated with either control or anti-Nogo-A antibodies in none of
the regions analyzed, i.e. Laminae I-III, IV-V, and X (Figure 3.6a, e, f). The number of
GABAergic, GAD2 mRNA-positive cells showed a trend towards a decrease in cell number in
all areas analyzed. However, only the dorsal grey commissure area showed a small but
significant reduction in GAD2-positive neurons in the spinal cord injured, control antibody
treated rats when compared to intact animals (p= 0.04). Interestingly, this reduction in cellnumber was not present in the anti-Nogo-A treated SCI group (Figure 3.6b/g). Furthermore,
we did not observe any difference between groups in the number of glutamatergic, VGLUT2positive neurons in neither laminae I-III, IV-V, nor X (Figure 3.6c, e, i).
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Figure 3.6. Glutamatergic, GABAergic, and glycinergic neurons in the sacral cord of intact and spinal cord injured, antibody treated
rats at 28 days after injury. a-e. Representative images of fluorescent in-situ hybridization for mRNA of a. glycine transporter 2
(GlyT2), b. glutamic acid decarboxylase 2 (GAD2), and c. vesicular glutamate transporter 2 (vGlut2). d. Sections were
counterstained with DAPI. e. Representative image of the three merged probes, indicating the three analyzed regions Laminae IIII, IV-V, and X. f-h. quantification of f. glycinergic, g. GABAergic, and h. glutamatergic neurons in the sacral cord of intact animals,
incomplete spinal cord injured animals treated with control antibody (Ctr Ab), and incomplete spinal cord injured animals treated
with anti-Nogo-A antibodies (anti-Nogo-A). Data are presented as means ± SD. Scale bar is 20 μm in a-d., and 300 μm in e.; ns
= not significant; *= p<0.05.
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5.5.

Discussion

A massive increase in EMG activity of the external urethral sphincter during the voiding phase
was the most prominent change observed using urodynamic measurements in adult rats with
either an incomplete or complete lesion in the low thoracic spinal cord. This wrongly timed
increase in EUS-EMG activity is a hallmark for DSD, which is defined by a dys-synergistic
contraction of the external urethral sphincter during voiding resulting in increased bladder
pressure and therefore compromised voiding. In humans, this often results in urinary reflux to
the kidneys and over time to life-threatening kidney damage4. Interestingly, like in patients with
spinal cord injury, the characteristic DSD features in rats developed over time, i.e. at 2-4 weeks
after injury, which is very much in line with the human condition (1-6 months in humans29). Our
findings in rats are therefore highly translational and comparable to data from human SCI
patients1,30,31. Intrathecal administration of anti-Nogo-A antibodies for 2 weeks after a large but
incomplete T8 SCI resulted in a reduction of the impairment of several key urodynamic
functions at 4 weeks post lesion: among others, the EMG overactivity of the external urethral
sphincter during voiding recovered nearly back to pre-lesion baseline levels. This was in great
contrast to control antibody treated SCI animals. However, no treatment effect was observed
in animals with a complete spinal cord injury treated with anti-Nogo-A antibody (Figure 3.7).
These findings indicate a crucial role of the remaining descending ventral tract fibers (4-38%
of white matter sparring in our study) in the anti-Nogo-A treatment enhanced restoration of
bladder function.
In human spinal cord injured patients, the development of neurogenic lower urinary tract
dysfunction after spinal cord injury follows a typical time course, which is characterized by an
initial phase of detrusor and sphincter muscle inactivity (flaccid bladder), resulting in
incontinence and high post void residuals4. A very similar situation was encountered in our rats
in all the experimental SCI groups at 7 days post injury. Absence of descending control and
spinal shock are the most likely reasons for this condition. Detrusor overactivity and
simultaneous abnormal contractions of the external urethral sphincter during voiding32 then
lead to increased intravesical pressure. In our animal model, the incomplete thoracic SCI
resulted in the development of characteristic DSD features within the first 4 weeks following
injury. Impairment of most of the urodynamic and EUS-EMG parameters was much more
pronounced after an incomplete lesion than after a complete SCI. This finding points to an
important role of spared descending fibers and their potential detrimental, spontaneous plastic
changes after partial injury for the initial development of DSD.
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Figure 3.7. Spinal cord lesion assessment and distribution among groups: a. Schematic reconstruction of a spinal cord lesion. b.
Representative Nissl staining of a spinal cord used to reconstruct the lesion size. c. Neurofilament-160 immunohistological staining
shows a high degree of correlation with the Nissl staining. d. Distribution of lesion sizes across the different animals. e. Comparison
of the spared white matter between animals with a spinal cord injury group and no treatment (SCI only), spinal cord injured rats
treated with control antibody (Ctr Ab), and spinal cord injured animals treated with anti-Nogo-A antibody (anti-Nogo-A) in case of
a complete (black) or incomplete (gray) lesion. Data in e. are shown as median and 10-90 percentile.
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Intrathecal delivery of function blocking anti-Nogo-A antibodies, which have been shown to
promote nerve fiber sprouting and regeneration in the adult mammalian CNS17,33, for the first
two weeks after the lesion had a strong positive effect on the recovery of bladder function.
Several of the key urodynamic and electrophysiological parameters showed significant and
pronounced improvement in the anti-Nogo-A compared to the control antibody treated SCI
group. Most strikingly, the anti-Nogo-A antibody treatment led to a pronounced recovery of the
physiological external urethral sphincter function during voiding. Anti-Nogo-A antibody
treatment has been shown to induce regeneration and sprouting of the corticospinal tract17,34
and restoration of the serotonergic projection density35 after large but incomplete SCI in several
species,

including

macaque

monkeys.

Immunohistochemical

staining

against

the

neuropeptide CRF allowed us to specifically visualize descending projections from the PMC to
the lumbosacral spinal cord27,28. In line with existing literature, animals with a SCI showed a
massive decrease in CRF-positive fibers in the lumbosacral spinal grey matter at 4 weeks after
injury36. Interestingly, animals that were treated with the anti-Nogo-A antibodies during the first
two weeks after injury showed CRF fiber densities comparable to intact rats in Lam X, but not
in Lam II or in the IML, where the PMC fiber loss was comparable to the control antibody
treated SCI rats. This suggests that, in the anti-Nogo-A treated animals, the spared descending
fibers from the PMC sprouted below the level of the injury in a specific target region, Lam X,
thereby restoring functional, supraspinal input from the key bladder control system located in
the brainstem. Keller and colleagues recently showed that in addition to the CRF-positive
neurons, the PMC contains an additional population of neurons that is positive for the estrogen
receptor 1 alpha. This estrogen receptor 1 alpha-positive neuronal population in the PMC is
crucial for the correct function of the external urethral sphincter and thereby for voluntary
control of micturition37. Thus, CRF positive fibers might not be the only key players in the
observed recovery of lower urinary tract function following anti-Nogo-A therapy. In fact, a
number of additional changes in the circuitry underlying the control of bladder function will be
enhanced by the temporary neutralization of the neurite growth inhibitory factor Nogo-A and
thereby might contribute to the reconfiguration of the bladder control on spinal and supraspinal
levels38,39. Our results are also in line with an earlier study which found that rats with slightly
smaller incomplete lesions recovered functional bladder control earlier if treated with antiNogo-A antibodies17.
Former studies investigating the neural circuits involved in lower urinary tract function showed
that the PMC projects to GABAergic and glycinergic interneurons in the lumbosacral cord40,41,
and that a SCI causes a downregulation of glycine and GABA in the spinal cord and
lumbosacral dorsal root ganglia of rats42,43. Furthermore, spinal cord injured animals affected
by detrusor overactivity and DSD showed some degrees of recovery after dietary
supplementation of glycine, or intrathecal application of GABAA or GABAB agonists44,45. These

80

results indicate that inhibitory intraspinal connectivity is essential to coordinate bladder and
sphincter function. Our results also suggest that these interneuron populations in the
lumbosacral cord tend to decrease in number after injury, possibly due to a lack of descending
inputs and therefore proper synaptic innervation. The decrease in numbers of GABAergic
interneurons was dampened in the animals treated with anti-Nogo-A antibodies. This can most
likely be explained by anti-Nogo-A treatment enhancing the sprouting of spared descending
fibers below the injury site, thereby restoring critical synaptic inputs to the interneurons.
A human phase I safety and tolerability trial with intrathecal application of anti-Nogo-A
antibodies in acutely spinal cord injured patients was concluded successfully46. Phase two
randomized controlled European multicenter trial testing for upper limb motor recovery in acute
tetraplegic patients is currently on-going (https://nisci-2020.eu). Bladder parameters will be
monitored as part of the panel of secondary read-outs in this trial. Data addressing potential
beneficial effects of Nogo-A suppression after SCI in humans should therefore become
available soon.
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Chapter

6

6.Early application of transcutaneous tibial
nerve stimulation acutely improves lower
urinary tract function in spinal cord
injured rats
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6.1.

Abstract

Background: Although a majority of patients suffering from an injury to the spinal cord will
eventually develop lower urinary tract dysfunction, few treatment options are currently
available. Tibial nerve stimulation is an established therapy for treating idiopathic detrusor
overactivity (DO). Hence, we investigated if the early application of transcutaneous tibial nerve
stimulation (TTNS) in spinal cord injured rats could prevent the development of DO and/or
detrusor-sphincter-dyssynergia.
Methods: Rats were implanted with a bladder catheter and external urethral sphincter
electromyography electrodes to perform urodynamic investigations under awake conditions.
Following an incomplete spinal cord injury (SCI) at the T8/9 spinal level, the animals were
randomly assigned to receive daily TTNS or sham stimulation for 15 consecutive days, starting
at 1 week after SCI. Effects of TTNS on the lower urinary tract function were assessed by
urodynamic investigations performed before the stimulation protocol started, at the end of the
stimulation period, and one week after the stimulation was concluded. At the end of the
experiment, bladders were collected and processed for muscle and connective tissue
composition, while the density of C-fiber afferents was quantified in the spinal cord dorsal horn.
Results: Urodynamic assessments showed improvements of several key parameters of lower
urinary tract function immediately after the completion of the stimulation period for the TTNS
group. However, this difference vanished one week after the stimulation had ended.
Anatomically, sham-stimulated animals presented a hypertrophic bladder which was not
present in the TTNS animals. In the dorsal horn of the spinal cord at 4 weeks, we could not
detect differences between the two groups in the density and layer coverage of C-fiber
afferents in the lumbosacral cord.
Conclusions: TTNS applied acutely after SCI in rats appears to have a beneficial effect on
lower urinary tract dysfunction. However, the effect was temporary and do not last over time.
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6.2.

Introduction

Neurogenic lower urinary tract dysfunction (NLUTD) is one of the most frequent consequences
of spinal cord injury (SCI) 1,2. Although patients’ priorities mainly focus on limb function acutely
after injury, these rapidly shift to recovery of urinary function, since NLUTD causes great
discomforts and thus has a massive impact on the quality of life 3. Once the very acute phase
after SCI is over, in which the bladder detrusor is acontractile, the bladder reflex starts to
reappear. Nonetheless, the detrusor and the external urethral sphincter (EUS) start to act
against each other, thus causing detrusor-sphincter-dyssynergia (DSD), which can be lifethreatening because of the very dangerous rises in intravesical pressure, urine reflux and
kidney damage1. Additionally to DSD, neurogenic detrusor overactivity (NDO) also emerges,
causing frequent and strong involuntary detrusor contractions that can lead to urinary
incontinence episodes

4

. NDO is often treated with administration of antimuscarinic

medications, which unfortunately can also cause a considerable amount of adverse side
effects. For refractory patients, the beneficial effects of botulinum toxin injections into the
detrusor or sphincter muscle, on urinary function is well accepted and thus became the goldstandard therapy for these patients 5. However, the effects of botulinum toxin are not longlasting and consequently a substantial number of patients will discontinue their treatment over
time 6. For these reasons, new treatment options for NDO are urgently needed. Tibial nerve
stimulation (TNS) is a well-accepted alternative to treat idiopathic overactive bladder

7,8

, and

there are some signs that beneficial effects might also be observed in patients suffering from
other neurological disorders 9. Additionally, transcutaneous TNS appears to be a relevant
option that would facilitate the repetitive application of the therapy 10. Recent evidence pointed
to the possibility to prevent the development of NDO rather than simply ameliorating it. In fact,
early application of sacral neuromodulation in patients with a severe SCI could prevent urinary
incontinence. Similarly, early pudendal nerve stimulation in spinal cord injured dogs could
inhibit NDO and increase bladder capacity. Thus, we investigated if the early application of
transcutaneous tibial nerve stimulation (TTNS) might hinder the development of NDO in spinal
cord injured rats. Additionally, we explored the anatomical changes at the level of the spinal
cord that might be involved in the development of NLUTD.
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6.3.

Methods

6.3.1. Rats
A total of 20 adult female Lewis rats were investigated in this study [LEW/OrlRj (Lewis); weight,
200-230 g; purchased from Janvier, France]. The rats were initially housed in groups of 3-4
per cage, and single-housed after catheter implantation. Single-housing involved a
transparent, pierced wall placed in the middle of the cage that allows the housing of two
animals in the same cage, even if physically separated by the wall. Food (rat chow) and water
were provided ad libitum. Rats were maintained on a 12:12 h light:dark cycle (light on from
6:00 A.M. until 6:00 P.M.). All experimental procedures were conducted in accordance with
ethical guidelines and were approved by the Veterinary Office of the Canton of Zurich,
Switzerland (license 136/17). Behavioral testing and daily stimulation took place in the light
phase.

6.3.2. Catheter and electrodes implantation
Before catheter and EUS-EMG electrode implantation, all animals underwent initial
preoperative handling and acclimatization to the animal facility and the urodynamic setup
(Figure 4.1A). Surgical procedures were performed as previously described

11,12

. Briefly,

animals were initially anesthetized in 5% Isoflurane (Piramal Healthcare, Digwal, Telangana,
India) in air and anesthesia was maintained with an intramuscular injection of a triplecombinatorial preparation of Medetomidine (Dormitor, 0.105mg /kg body weight, Provet AG),
Midazolam (Dormicum®, 1.4mg /kg bodyweight, Roche) and Fentanyl (0.007mg /kg
bodyweight, Kantonsapotheke Zürich). After exposing the bladder, a PE-50 catheter was
inserted through the bladder dome and secured in place with a purse-string suture. Two
electromyography (EMG) electrodes were placed parallel to the urethra near the EUS, while a
third ground electrode was sutured to the abdominal muscle. The catheter and electrodes were
tunneled subcutaneously to the back of the neck and attached to a modified infusion harness
(QC Single; SAI Infusion Technologies, Lake Villa, IL, USA).

6.3.3. Spinal cord injury
Animals were initially anesthetized in 5% Isoflurane in air and maintained with an intramuscular
injection of a triple-combinatorial preparation of Medetomidine, Midazolam and Fentanyl. After
shaving and placing the animals on a warming mat, eye ointment was applied (Vitamin A,
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Braun) and the skin disinfected (Betadine, Braun). The skin was incised, the muscles overlying
the lower thoracic spinal cord were dissected, and the vertebral laminae T7-9 were cleared
from connective tissue. A T8 laminectomy was performed and the dura was carefully removed.
Thereafter, the dorsal three quarters of the spinal cord were transected bilaterally
microsurgically with iridectomy scissors, resulting in a severe but incomplete SCI. Animals
were then sutured and allowed to recover on a heat blanket for 45min before subcutaneous
application of the antidote (Antisedan, 0.75mg /kg bodyweight, Provet AG and Anexate, 1mg
/kg body weight, Roche). Analgesics (Rimadyl, 2.5mg /kg body weight, Pfizer) and antibiotics
(Bactrim, 15mg /kg body weight, Roche) were applied immediately after surgery and daily
during the first 14 postoperative days. Afterwards, antibiotics to prevent bladder infections were
applied once every second day until the end of the experiment.

Figure 4.1. Investigation of transcutaneous tibial nerve stimulation effects on lower urinary tract dysfunction following spinal cord
injury. A) Study timeline. B) Schematic representation of the location of the two stimulating electrodes on rat hind paws. C-D)
Superimposition of the reconstructed lesions into the template for C) sham stimulated animals and D) TTNS stimulated animals.
E) Comparison of the spared area related to the the whole spinal cord (left) or only to the white matter (right). GM = gray matter;
WM = white matter.
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6.3.4. Urodynamic and external urethral sphincter EMG measurements
Procedures were performed as previously described11,12. Awake rats were positioned in a
modified restrainer (modified from item #HLD-RM, Kent Scientific) with a hole situated under
the orifice of the urethra. The restrainer was then placed in a modified Small Animal Cystometry
Lab Station (Catamount Research and Development) with a scale below the funnel. The
bladder catheter was attached to a syringe pump with an in-line pressure transducer, and the
electrodes were connected to an amplifier/converter. Saline was instilled into the bladder
(120ul/min), and pressure, weight, and voltage were recorded simultaneously for at least 3
voiding cycles. The following urodynamic parameters were assessed: Threshold pressure,
maximum detrusor pressure, maximum detrusor pressure during storage phase, maximum
flow rate, voided volume, voiding time, compliance, post-void residual, voiding efficiency, nonvoiding contractions, and EUS-EMG. Non-voiding contractions were defined as any increase
in intravesical pressure bigger than 5 cmH2O that were not followed by urine flow (Figure 4.2,
black arrows).

6.3.5. EMG analysis
The EUS-EMG was bandpass-filtered (2 Hz to 2 kHz). The 45-s-long EMG signal was sliced
into 4096 samples, of which 3596 were overlapping (shift is 500 samples). After taking a
Hanning window of the signal, a fast Fourier transformation was generated. Then, the signal
was up-scaled and logarithmized. The logarithmized signal was also scaled up by a factor of
20. All frequencies >500 Hz were neglected. Quantification of high-frequency EUS-EMG
activity was achieved by summing every high-frequency power value in the period of interest,
i.e. before-, during, and after micturition, and dividing it by the sum of every high-frequency
power value in the whole period analyzed. Data are presented as percentage (Suppl. 4.1).

6.3.6. Tibial nerve stimulation
Starting at day 7 after SCI, all animals received either sham or verum stimulation for 15
consecutive days. Two modified self-adhering platinum electrodes (PALS Platinum ME 52921,
Parsenn-Produkte AG, Switzerland) were placed slightly proximal and posterior to the medial
malleolus and in the middle of the arch of the foot, respectively (Figure 4.1B). The motor
threshold was assessed by carefully looking at a flexion or funning of the big toe. In case of
poor response, the electrodes were repositioned, and the motor threshold tested again. Once
the motor threshold was determined, the stimulation amplitude was reduced of 0.5mA to reach
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a sub-motor level in the TTNS group, while the stimulator was completely turned off in the
Sham group. The stimulation current was generated by a low voltage (9 V battery) device. All
daily sessions were performed with a current frequency of 20 Hz and a pulse width of 200 μs.
During the 30 min sessions, an animal from the sham group was together with a rat from the
TTNS group. Once the 30 min expired, the electrodes were removed, and the animals placed
back to their homecage.

6.3.7. Perfusion and tissue preparation
At the end of the study, rats were euthanized with an intraperitoneal overdose of pentobarbital
(300 mg/mL, Streuli Pharma, Switzerland). All animals were transcardially perfused with 100
mL Ringer solution containing 1 % Heparin (B.Brown Medical Inc., Switzerland), followed by
350 mL of 4% paraformaldehyde (PFA, Sigma-Aldrich, Switzerland) in phosphate buffer (0.1M,
pH 7.4) containing 5 % sucrose. Before switching to the 4% PFA solution, the bladders were
dissected, dried and weighed, collected in cryovials containing RNAlater, and stored at -80°C
until further processing. Perfusion fixed spinal cords were dissected and post-fixed for 24 h at
4 °C in 4% paraformaldehyde. Afterwards, spinal cords were transferred to a solution of 30%
sucrose in 0.1M phosphate buffer, pH 7.2, and stored for 3 days for cryoprotection. The
lumbosacral cords were resected from the whole central nervous system, embedded in TissueTek OCT compound, frozen in 2-methylbutane (Sigma-Aldrich, Switzerland) cooled to -40°C
with liquid nitrogen, and stored at -20°C until further processing. For immunofluorescent
analysis, 30 μm-thick L6-S1 spinal cord cross sections were cut on a cryostat and collected
either on slides (Huberlab, Superfrost), or free-floating in 0.1M phosphate buffer. For
histological lesion site analysis, 40 μm-thick T7-T10 spinal cord cross sections were cut on a
cryostat, collected on slide, and stored at -20°C until further processing. Half of each bladder
was embedded in Tissue-Tek OCT compound and cut at 8 μm-thick sections on a cryostat to
perform Masson’s Trichrome staining.

6.3.8. Assessment of lesion completeness
30 μm coronal sections were thawed and rinsed in 0.1M phosphate buffer. Sections were put
on a heating plate at 60°C for 10min and then rinsed with water. Afterwards, slides were placed
in increasing concentrations of ethanol (70%, 80%, 90%, 80%, 70%) for 30 sec each before
being rinsed with water and incubated in cresyl violet (C18H15N3O3, Sigma-Aldrich,
Switzerland). After 5 min, sections were placed in increasing concentrations of ethanol (70%,
80%, 90%, 95%, 100%, 100%) for 30sec each, before the final wash in Xylene (90 sec). Slides
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were coverslipped with Eukitt and stored at room temperature until imaging. Nissl images were
used to manually reconstruct the maximal lesion extent in a spinal cord template based on a
spinal cord atlas (The spinal cord – A Christopher and Dana Reeve Foundation Test and Atlas,
2009) using Adobe Illustrator CC 2020 (Figure 4.1C-D). The spared area compared to either
the total area of the spinal cord or only white matter (Figure 4.1E) was estimated using Fiji13.

6.3.9. Bladder histological analysis
The 8 μm-thick sections were used to determine the amount of collagen and muscle present
in the bladder following Masson’s trichrome staining protocol (Sigma-Aldrich, Switzerland).
Briefly, sections were thawed and then incubated first in Bouin’s solution at 56°C for 15 min,
followed by Working Weigert’s Iron Hematoxylin Solution for 5 min, Biebrich Scarlet-Acid
Fuchsin for 5 min, Working Phosphotungstic/Phosphomolybdic Acid Solution for 5 min, Aniline
Blue Solution for 5 min, and then 1% Acetic Acid for 2min. Afterwards, sections were
dehydrated in ethanol, cleared using xylene, and mounted with Eukitt.

6.3.10.

Immunofluorescence

Free-floating sections were blocked and permeabilized in TNB blocking solution containing
0.3% Triton-X and 5% normal goat serum for 60 min at room temperature, before being
incubated with the primary antibody (rabbit-anti-CGRP, 1:750, Millipore) diluted in TNB
containing 0.05% Triton-X overnight at 4°C. The sections were then washed three time in 0.1
M PBS for 10 min each, incubated with secondary antibody (goat-anti-rabbit conjugated to
Alexa Fluor 647; 1:500, Jackson ImmunoResearch Laboratories) for 2 hours at room
temperature, counterstained with 4',6-Diamidino-2-Phenylindole (DAPI), and ultimately
washed three times in 0.1 M PBS and once in 0.05 for 10 min each. Sections were mounted
on-slide, air-dried overnight at 4°C, and ultimately coverslipped with fluorescence mounting
medium (Mowiol, Merck). Slides were stored at 4°C until imaging.

6.3.11.

Quantification of muscles and collegen in the bladder

The muscle to collagen ratio in the bladder was quantified by imaging five randomly chosen
areas per animal with a brightfield microscope (10x; Zeiss, Axio Scan.Z1). Images were
imported in Fiji and the blue channel was separated from the red one. The region covered by
each channel was thresholded and the area calculated.
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6.3.12.

Quantification of afferent CGRP-positive C-fibers

Three each cross-sections of the spinal levels L6 and S1 were randomly picked and imaged
with a fluorescent microscope (20x; Zeiss, Axio Scan.Z1). Exposure time was optimized during
the first imaging and kept constant across all sections. Mosaic pictures were acquired and
merged within the Zeiss software. Maximum intensity projections were created, and pictures
were exported in TIFF format for investigation. Further analyses were performed with Fiji. Mean
gray values for the region of the dorsal horn were measured bilaterally for the three sections
and averaged (Figure 4.5A-C). Spatial densitometry analyses were performed by placing five
rectangular shapes of 50x300μm at the edge of the dorsal horn pointing towards the center
(Figure 4.5D) and plotting their profile. The values originated from the ten single profiles were
averaged to obtain a unique mean gray value profile per sections.

6.3.13.

Statistical analysis

Animals were randomly number-coded, and investigators were blinded until the end of the
analysis. Data are reported as means ± standard error of the mean (SEM). For the comparison
of the effect of tibial nerve stimulation on urodynamic parameters and CGRP-positive fiber
profiles, a mixed-effect analysis followed by Bonferroni’s post hoc testing was used to analyze
the repeated measures. For comparison of unrelated samples, an unpaired t-test was used.
The value of significance was considered at p < 0.05. Statistical analysis and plotting of data
were performed using Stata statistical software (Version 14, StataCorp) and GraphPad Prism
8 (GraphPad Software).
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6.4.

Results

Adult female rats implanted with a bladder catheter and recording electrodes for the EUS were
spinal cord injured at experimental day 0. The transcutaneous tibialis stimulation protocol
started one week after the spinal cord lesion with a daily 30 min. continuous stimulation session
for a total of 15 days. Urodynamic investigations were performed before injury, at week 1 after
SCI before starting with the stimulation protocol, at week 3 after injury right after finishing with
the stimulation, and finally at week 4 post SCI, i.e.one weeks after the end of the tibialis
stimulations (Figure 4.1A). Immediately after injury, all animals showed a complete initial
paralysis of the hindlimbs (data not shown). The thoracic lesion severed between 77 and 81%
of the total spinal cord cross section, interrupting 69 to 76% of the tracts running in the white
matter (Figure 4.1C-E). Lesion size was comparable in the sham and the TTNS groups. No
differences between the two groups in lower urinary tract function were also observed during
baseline investigations before injury (Table 2.1). One week after SCI, all animals suffered from
urinary retention and were not able to void by themselves. Urodynamic investigations
confirmed that the animals had an acontractile detrusor and displayed overflow incontinence
during the examinations (Figure 4.3). Right after the stimulation protocol had ended, animals
that received sham stimulation showed detrusor overactivity, as demonstrated by the
increased number of non-voiding contractions and large rises in intravesical pressures during
the storage phase (Figure 4.2A, Figure 4.3A, Table 2.1). In contrast, animals undergoing daily
transcutaneous tibial nerve stimulation had fewer episodes of non-voiding contractions and a
significantly lower maximum intravesical pressure during the storage phase (Figure 4.2B,
Figure 4.3B, Table 2.1). Additionally, stimulated animals had a significantly bigger voided
volume and a lower post-void residual, thus their voiding efficiency was higher (Figure 4.3CD, Table 2.1). No differences were observed in maximum detrusor pressure and urinary flow
rate. All animals had symptoms of DSD (Figure 4.6), independent of the treatment group. After
investigating the animals one more week after the stimulation therapy was concluded, we did
not detect any differences anymore in the lower urinary tract function between the two
treatment groups (Figure 4.2C-D, Figure 4.3 C-D, Table 2.1).
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Figure 4.2. Urodynamic tracings following spinal cord injury. A-B) Intravesical pressure during one micturition cycle at 3 weeks,
i.e. after the conclusion of the 15-day stimulation protocol in A) sham or B) TTNS stimulated animals. C-D) Intravesical pressure
during one micturition cycle 4 weeks after SCI, i.e. 1 week after the end of the stimulation period in C) sham or D) TTNS stimulated
animals. Black arrows indicate non-voiding contractions.
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Figure 3.
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Figure 4.3. Differences in the urodynamic parameters over time before SCI, 1 week after SCI, before stimulation, 3 weeks after
SCI and after 15 days of stimulation, and 4 weeks after SCI and 1 week after stimulation. A) Maximum intravesical pressure during
urine storage. B) Number of non-voiding contraction in a single micturition cycle. C) Post-void residual measured at the end of the
urodynamic investigation. D) Voiding efficiency calculated by dividing the voided volume by the total bladder capacity.
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Table 2.1. Comparison of urodynamic parameters in sham versus TTNS stimulated animals. At one week after SCI, maximum
detrusor pressure during storage and number of non-voiding contraction are not reported since it was not possible to distinguish
between storage and voiding phase. Data are presented as means ± standard error of the mean. * = p < 0.05; ** = p < 0.01; *** =
p < 0.001. NA = not applicable.
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At the time of euthanasia, bladders were dissected and weighted. We observed that the
unstimulated sham animals had a bigger and heavier, i.e. hypertrophic bladder compared to
animals undergoing tibial nerve stimulation (Figure 4.4A). Histological analysis of bladder
tissue revealed that, even though not statistically significant, sham stimulated animals had a
tendency for a higher muscle to collagen ratio (Figure 4.4B-C).
We further investigated the effects of tibial stimulation on the density and spinal layer specificity
of afferent C-fibers in the lumbosacral spinal cord. Using calcitonin gene-related peptide
(CGRP) to label afferent fibers of type C (Figure 4.5A), we only observed small differences,
not or barely significant increases in the density of CGRP-signals in layer I and II of the dorsal
horn of L6 or S1 in the TTNS group (Figure 4.5B-C, E,F). We additionally explored the
possibility of type-C fibers to invade other laminae in the dorsal horn by looking at the CGRP
signal over distance starting from lamina I (Figure 4.5D). We could not identify any differences
between the two experimental groups.
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Figure 4.4. Assessment of bladder hypertrophy at week 4 after SCI. A) Bladder weight. B) Quantification of the muscle to collagen
ratio obtained by Masson’s Trichrome staining. C) Representative Masson’s Trichrome staining of bladder tissue. Muscle is
stained red, collagen blue.
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Figure 4.5. Assessment of C-fiber afferents in the lumbo-sacral dorsal horn. A) Calcitonin gene-related peptide (CGRP) staining
in the superficial dorsal horn (dotted line). B-C) Mean optical density quantitation of CGRP in the B) L6 or C) S1 dorsal horn. D)
Schematic representation of the methods used to plot the CGRP profile over distance. Five rectangular shapes of 50x300 μm
were placed touching the beginning of lamina I in each dorsal horn. E-F) Mean optical density quantitation of CGRP
immunofluorescence over distance from the most superficial portion of lamina I in E) L6 or F) S1 dorsal horns. Profiles are plotted
in 10 μm intervals.

101

6.5.

Discussion

The loss of supraspinal inputs to the lumbo-sacral spinal cord following an injury leads to
involuntary, reflexive detrusor contractions (NDO), and simultaneous contraction of the
detrusor and external urethral sphincter (DSD). NDO and DSD can cause elevated bladder
pressures that can induce vesicouretral reflux, ultimately leading to kidney damage and failure.
The present study shows the feasibility and effects of transcutaneous tibial nerve stimulation
for the treatment of NDO following SCI in rats. Early application 1 week after SCI of daily TTNS
for 15 days was able to decrease the number of non-voiding contractions, as well as the
maximum intravesical pressure during storage. Overall, animals treated with TTNS were able
to void more efficiently compared to the non-stimulated rats. Disappointingly, however, the
observed beneficial effects were not long-lasting and vanished at 1 week after the end of the
neurostimulation period.
Recently, the focus of research in the neuro-urology field has moved from the idea to cure the
dysfunction to rather prevent its development. Sievert et al.14 demonstrated that early
application of sacral neuromodulation in humans was able to prevent the emergence of
detrusor overactivity and related urinary incontinence. Similarly, a study in spinal cord injured
dogs explored the effects of early pudendal nerve stimulation on NLUTD15. Once again, the
early intervention was able to prevent NDO. Thus, the neurostimulations early after SCI appear
to be very promising. In regard to tibial nerve stimulation, recent studies have shown that it is
a viable treatment option for patients suffering from NLUTD resulting from several neurological
condition. In fact, urinary frequency and incontinence episodes were decreased in a group of
patients suffering from multiple sclerosis undergoing percutaneous tibial nerve stimulation16.
Analogously, percutaneous tibial nerve stimulation was able to improve lower urinary tract
symptoms in patients with Parkinson’s disease17. The effects of early application of tibial nerve
stimulation have been investigated in a small pilot study on spinal cord injured patients.
Fascinatingly, already ten sessions of 30 min sub-motor-threshold TTNS proved to be effective
in hindering the development of NLUTD18. This human finding is well in line with what we
observed at week 3 after SCI in the present animal study. Unfortunately, the human pilot study
did not investigate if the effects of the stimulation were maintained after cessation of the
stimulations. Our results suggest that this might not be the case, as we did not observe
differences between the TTNS and sham group at week 4 after SCI.
Although at the end of the experiment we did not detect differences in any of the urodynamic
parameters investigated, the animals that received TTNS had a smaller and lighter bladder
compared to sham stimulated animals. Muscle hypertrophy of the bladder is a common
consequence of SCI4, and our data indicate that tibial nerve stimulation might help hindering
bladder hypertrophy.
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We further analyzed the sprouting of C-fiber afferents in the lumbosacral cord because of their
known involvement in remodeling of the spinal micturition reflex pathway after injury19. As it
was demonstrated in the cat, C-fiber bladder afferents usually do not respond to bladder
distension in intact animals20. However, in chronic spinal cord injured cats the micturition reflex
could be initiated by activating C-fiber bladder afferents21. Their involvement appeared to be
crucial in eliciting detrusor overactivity, since administration of capsaicin, a C-fiber
neurotoxin22, reduced symptoms of detrusor overactivity23. In our rat study, we observed no or
only a slight difference in density of C-fibers in lamina I and II of the L6 or S1 dorsal horns,
whereby TTNS animals tended to have slightly higher densities. We additional checked for
invasion of deeper dorsal horn layers by C-fiber afferents but did not observe any differences
between the two experimental groups. These results may not be surprising, however, since
the tissue was collected at the end of the experiment, where we did not detect any differences
in the urodynamic parameters between the groups. It would be unquestionably interesting to
analyze spinal cords and bladder tissues at earlier timepoints to elucidate if TTNS is able to
modify the plastic remodeling of spinal bladder circuits that follows spinal cord injury.
Additionally, the stimulation parameters were chosen based on previous work with TTNS in
humans and animals18,24. Higher frequency might deliver a different effect compared to lower
ones24.
Two randomized clinical trials investigating the effects of TTNS in spinal cord injured
individuals

are

currently

on-going

(ClinicalTrials.gov

Identifier:

NCT04350359

and

NCT03965299) and will soon shine light on potential short and long lasting long-lasting effects
of this potential therapy25 applied in the first weeks after SCI. If they were proven to be
successful, they would revolutionize the management of urinary dysfunction following SCI. In
fact, this non-invasive therapy could be applied without interfering with other treatments in the
rehabilitation center as well as comfortably from the patient’s home.
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6.6.

Conclusions

In adult, severely spinal cord injured rats application of transcutaneous tibial nerve stimulation
early after injury had a beneficial influence on the development of lower urinary tract
dysfunction that typically arises after an incomplete spinal cord injury. Disappointingly,
however, these beneficial effects disappeared one week after the stimulation had ended.
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Suppl. Figure 1
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Figure 4.6. Quantification of occurrence of high-frequency EMG activity of the EUS before (pink), during (yellow), and after (violet)
micturition for A) the sham (red) and B) TTNS (blue) groups.

105

6.7.

References

1.
Groen J, Pannek J, Castro Diaz D, et al. Summary of European Association of Urology
(EAU) Guidelines on Neuro-Urology. Eur Urol 2016; 69(2): 324-33.
2.
Panicker JN, Fowler CJ, Kessler TM. Lower urinary tract dysfunction in the neurological
patient: clinical assessment and management. Lancet Neurol 2015; 14(7): 720-32.
3.
Simpson LA, Eng JJ, Hsieh JT, Wolfe DL. The health and life priorities of individuals
with spinal cord injury: a systematic review. J Neurotrauma 2012; 29(8): 1548-55.
4.
de Groat WC, Yoshimura N. Mechanisms underlying the recovery of lower urinary tract
function following spinal cord injury. Prog Brain Res 2006; 152: 59-84.
5.
Wöllner J, Kessler TM. Botulinum toxin injections into the detrusor. BJU Int 2011;
108(9): 1528-37.
6.
Leitner L, Guggenbühl-Roy S, Knüpfer SC, et al. More Than 15 Years of Experience
with Intradetrusor OnabotulinumtoxinA Injections for Treating Refractory Neurogenic Detrusor
Overactivity: Lessons to Be Learned. Eur Urol 2016; 70(3): 522-8.
7.
Finazzi-Agrò E, Petta F, Sciobica F, Pasqualetti P, Musco S, Bove P. Percutaneous
Tibial Nerve Stimulation Effects on Detrusor Overactivity Incontinence are Not Due to a
Placebo Effect: A Randomized, Double-Blind, Placebo Controlled Trial. Journal of Urology
2010; 184(5): 2001-6.
8.
Peters KM, Carrico DJ, Perez-Marrero RA, et al. Randomized trial of percutaneous
tibial nerve stimulation versus Sham efficacy in the treatment of overactive bladder syndrome:
results from the SUmiT trial. J Urol 2010; 183(4): 1438-43.
9.
Schneider MP, Gross T, Bachmann LM, et al. Tibial Nerve Stimulation for Treating
Neurogenic Lower Urinary Tract Dysfunction: A Systematic Review. Eur Urol 2015; 68(5): 85967.
10.
Tornic J, Liechti MD, Stalder SA, et al. Transcutaneous Tibial Nerve Stimulation for
Treating Neurogenic Lower Urinary Tract Dysfunction: A Pilot Study for an International
Multicenter Randomized Controlled Trial. Eur Urol Focus 2019.
11.
Schneider MP, Hughes FM, Jr., Engmann AK, et al. A novel urodynamic model for
lower urinary tract assessment in awake rats. BJU Int 2015; 115 Suppl 6: 8-15.
12.
Foditsch EE, Roider K, Sartori AM, et al. Cystometric and External Urethral Sphincter
Measurements in Awake Rats with Implanted Catheter and Electrodes Allowing for Repeated
Measurements. J Vis Exp 2018; (131).
13.
Schindelin J, Arganda-Carreras I, Frise E, et al. Fiji: an open-source platform for
biological-image analysis. Nature Methods 2012; 9(7): 676-82.
14.
Sievert KD, Amend B, Gakis G, et al. Early sacral neuromodulation prevents urinary
incontinence after complete spinal cord injury. Ann Neurol 2010; 67(1): 74-84.
15.
Li P, Liao L, Chen G, Zhang F, Tian Y. Early low-frequency stimulation of the pudendal
nerve can inhibit detrusor overactivity and delay progress of bladder fibrosis in dogs with spinal
cord injuries. Spinal Cord 2013; 51(9): 668-72.
16.
Canbaz Kabay S, Kabay S, Mestan E, et al. Long term sustained therapeutic effects of
percutaneous posterior tibial nerve stimulation treatment of neurogenic overactive bladder in
multiple sclerosis patients: 12-months results. Neurourol Urodyn 2017; 36(1): 104-10.
17.
Kabay S, Canbaz Kabay S, Cetiner M, et al. The Clinical and Urodynamic Results of
Percutaneous Posterior Tibial Nerve Stimulation on Neurogenic Detrusor Overactivity in
Patients With Parkinson's Disease. Urology 2016; 87: 76-81.

106

18.
Stampas A, Korupolu R, Zhu L, Smith CP, Gustafson K. Safety, Feasibility, and Efficacy
of Transcutaneous Tibial Nerve Stimulation in Acute Spinal Cord Injury Neurogenic Bladder:
A Randomized Control Pilot Trial. Neuromodulation 2019; 22(6): 716-22.
19.
de Groat WC, Yoshimura N. Plasticity in reflex pathways to the lower urinary tract
following spinal cord injury. Exp Neurol 2012; 235(1): 123-32.
20.
Häbler HJ, Jänig W, Koltzenburg M. Activation of unmyelinated afferent fibres by
mechanical stimuli and inflammation of the urinary bladder in the cat. J Physiol 1990; 425: 54562.
21.
de Groat WC, Kawatani M, Hisamitsu T, et al. Mechanisms underlying the recovery of
urinary bladder function following spinal cord injury. J Auton Nerv Syst 1990; 30 Suppl: S71-7.
22.
Maggi CA. The dual function of capsaicin-sensitive sensory nerves in the bladder and
urethra. Ciba Found Symp 1990; 151: 77-83; discussion -90.
23.
Cheng CL, Liu JC, Chang SY, Ma CP, de Groat WC. Effect of capsaicin on the
micturition reflex in normal and chronic spinal cord-injured cats. Am J Physiol 1999; 277(3):
R786-94.
24.
Kovacevic M, Yoo PB. Reflex neuromodulation of bladder function elicited by posterior
tibial nerve stimulation in anesthetized rats. Am J Physiol Renal Physiol 2015; 308(4): F3209.
25.
Liechti MD, van der Lely S, Stalder SA, et al. Update from TASCI, a Nationwide,
Randomized, Sham-controlled, Double-blind Clinical Trial on Transcutaneous Tibial Nerve
Stimulation in Patients with Acute Spinal Cord Injury to Prevent Neurogenic Detrusor
Overactivity. Eur Urol Focus 2019.

107

108

Chapter

7

7.Functional and neuroanatomical changes
in the rat’s lower urinary tract system
following an incomplete spinal cord injury
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7.1.

Abstract

Background: Neurogenic lower urinary tract dysfunction which typically develops after a spinal
cord injury (SCI) is characterized acutely by an acontractile detrusor, followed in more chronic
stages by a dyssynergic action of the detrusor and the external urethral sphincter muscles. In
this study, we investigated the anatomical changes in the spinal cord that may be causing the
urinary symptoms following SCI.
Methods: Adult rats were implanted with a bladder catheter and external urethral sphincter
electromyography electrodes to perform urodynamic investigations under awake conditions.
Intact and spinal cord injured animals were analyzed at four time points: 1, 2-3, or 4 weeks
after injury. 16 animals underwent a large, incomplete SCI at the T8/9 spinal level, while 4 rats
received a sham surgery. At 1, 2-3, and 4 weeks after SCI, the animals underwent urodynamic
investigations for two consecutive hours and then were immediately sacrificed. Collected
lumbosacral spinal cords were processed to quantify the density of C-fiber afferents in the
dorsal horn, as well as the density of the serotonergic innervation and corticotropin-releasing
factor (CRF)-positive fibers and terminals. Additionally, in-situ hybridization was used to
quantify the number of cholinergic, glutamatergic, GABAergic, and glycinergic neurons in the
grey matter of the lumbo-sacral spinal cord.
Results: Urodynamic investigations showed that, following a thoracic lesion which destroyed
>85% of the white matter, detrusor overactivity and detrusor-sphincter-dyssynergia appeared
over time in all animals at 3-4 weeks. The development of detrusor overactivity was
accompanied by an increase in C-fiber afferents in the dorsal horn. Descending reticulospinal
projections to the lumbosacral cord drastically decreased for both CRF-positive and 5-HTpositive fibers. Quantification of the distinctive interneuronal cell populations in the lumbosacral
cord revealed a decrease over time in the number of GABAergic neurons in the dorsal horn
and lamina X, and a decrease of glutamatergic cells in the dorsal horn.
Conclusions: Detrusor overactivity and detrusor-sphincter-dyssynergia might both arise from
a discrepancy in inhibitory/excitatory interneuron activity in the lumbosacral cord, as
highlighted by the marked decrease of especially GABAergic neurons following SCI.
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7.2.

Introduction

The lower urinary tract is constituted of primarily three key components: the bladder, the
urethra, and the urethral sphincters. During storage, the bladder distends to accommodate
more volume and, simultaneously, the urethral sphincters contract in order to prevent the
leakage of urine. Conversely, during voiding the bladder needs to contract and the external
urethral sphincter (EUS) to relax1. In adults, the order to initiate micturition is voluntarily
controlled. Although it appears like a simple turn on and off action, it is achieved by a complex
interaction between the somatic and autonomic nervous system2. Imaging studies in humans,
electrophysiological studies in animals and viral tracing studies in animal models have shown
that the neuronal circuitry controlling lower urinary tract function (LUTF) involves the peripheral
nervous system, spinal cord nuclei, brainstem structures, as well as multiple forebrain regions35

.

An insult to the spinal cord which destroys large parts of the white matter will result in
neurogenic lower urinary tract dysfunction (NLUTD)6. A well-defined time course of the
symptoms has been described in humans, as well as in animal models. Acutely after spinal
cord injury (SCI), the individual presents a completely acontractile detrusor, leading to urinary
retention. Over time, bladder contractions reappear again. However, the voiding is generally
inefficient due to the aberrant simultaneous contraction of the EUS7-9. This detrusor-sphincterdyssynergia (DSD) can result in extremely high intravesical pressures that can lead to
vesicoureteral reflux and subsequent renal damage10. Additionally to voiding-related troubles,
SCI patients experience the emergence of detrusor overactivity (DO), i.e. strong involuntary
detrusor contractions that can lead to incontinence episodes and thus have a great impact on
patient’s quality of life11.
The anatomical changes that trigger NLUTD are only partially understood. DO appears to be
driven by the sprouting of C-fiber afferents in the lumbosacral cord after SCI12,13. Although
these afferents do not convey information about bladder fullness in the healthy system, after
SCI they start to fire in response to bladder distension, causing further excitation to the
parasympathetic pathway responsible for detrusor contraction14,15. A lack of inhibition of EUSmotoneurons is hypothesized to be the cause of DSD. In fact, intraspinal mRNA levels of
glutamic acid decarboxylase (GAD) 67, as well as the amount of glycine, drastically decrease
after SCI16,17.
Consequently, in this study we urodynamically assessed the effects of SCI on NLUTD and
described the spinal anatomical changes that might be involved in the development of the
urinary symptoms.
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7.3.

Methods

7.3.1. Rats
A total of 20 adult female Lewis rats were investigated in this study [LEW/OrlRj (Lewis); weight,
220-240 g; purchased from Janvier, France]. The rats were initially housed in groups of 4 per
cage, and single-housed in pairs after catheter implantation. Food and water were provided ad
libitum. Rats were maintained on a 12:12 h light:dark cycle (light on from 6:30 A.M. until 6:30
P.M.). Animals were allocated to one out of four groups, namely: intact (n=4), SCI week 1
(n=5), SCI week 2/3 (n=5), and SCI week 4 (n=6). All experimental procedures were conducted
in accordance with ethical guidelines and were approved by the Veterinary Office of the Canton
of Zurich, Switzerland (license 136/17). Behavioral testing and daily stimulation took place in
the light phase.

7.3.2. Urodynamic investigations
Procedures and surgeries were performed as previously described18,19. Briefly, animals were
acclimatized to the urodynamic setup for a week before starting with the experiments. A PE50 catheter was inserted through the bladder dome and secured in place with a purse-string
suture. Two electromyography (EMG) electrodes were placed parallel to urethra, while a
ground electrode was secured to the abdominal muscles. Catheter and electrodes were
tunneled subcutaneously to the neck of the animal and fix to a modified infusion harness (QC
Single; SAI Infusion Technologies, Lake Villa, IL, USA). Depending on the assigned group,
urodynamic investigations were performed at different timepoint at the day of euthanasia,
namely 10 days after catheter implantation (intact), 1 week after SCI (SCI W1), 2-3 weeks after
SCI (SCI W2/3), and 4 weeks after SCI (SCI W4). The catheter was connected to a syringe
pump with an in-line pressure transducer, and the electrodes were connected to an
amplifier/converter. Saline was instilled into the bladder at a constant rate of 120 μl/min for a
total of 2 hrs. Pressure, urine volume, and voltage was recorded simultaneously. The following
urodynamic parameters were assessed: Threshold pressure, maximum detrusor pressure,
maximum detrusor pressure during storage phase, maximum flow rate, voided volume, voiding
time, post-void residual, voiding efficiency, non-voiding contractions, and EUS-EMG (Figure
5.1A-I). Non-voiding contractions were defined as any increase in intravesical pressure bigger
than 6 cmH2O that were not followed by urine flow (Figure 5.2, black arrows). The EUS-EMG
was bandpass-filtered (2 Hz to 2 kHz). The 45-s-long EMG signal was sliced into 4096
samples, of which 3596 were overlapping (shift is 500 samples). After taking a Hanning window
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of the signal, a fast Fourier transformation was generated. Quantification of high-frequency
EUS-EMG activity was achieved by summing every high-frequency power value in the period
of interest, i.e. 4 s before-, during (yellow rectangle in Figure 5.3A-C), and 4 s after micturition,
and dividing it by the sum of every high-frequency power value in the whole period analyzed.
Data are presented as percentage (Figure 5.3D).

7.3.3. Spinal cord injury
Surgical procedures were performed as previously described9. Briefly, after dissecting the
muscles and connective tissue around laminae T7-9, a T8 laminectomy was performed.
Following the removal of the dura, ca. 90% of the total spinal cord was transected from the
dorsal side with iridectomy scissors. The incision was sutured together, and the animals let to
recover on a heat blanker for 45 min. Analgesics (Rimadyl, 2.5mg /kg body weight, Pfizer) and
antibiotics (Bactrim, 15mg /kg body weight, Roche) were applied immediately after surgery and
daily during the first 14 postoperative days. Afterwards, antibiotics to prevent bladder infections
were applied once every second day until the end of the experiment. One animal in the 4 weeks
after SCI group were euthanised the day after SCI due to the weakness caused by an important
loss of blood during the surgery.

7.3.4. Perfusion and tissue preparation
At the end of the study, rats were euthanized with an intraperitoneal overdose of pentobarbital
(300 mg/mL, Streuli Pharma, Switzerland). All animals were transcardially perfused with 100
mL Ringer solution containing 1 % Heparin (B.Brown Medical Inc., Switzerland), followed by
350 mL of 4% paraformaldehyde (PFA, Sigma-Aldrich, Switzerland) in phosphate buffer (0.1M,
pH 7.4) containing 5 % sucrose. Perfusion fixed spinal cords were dissected and post-fixed for
24 h at 4 °C in 4% paraformaldehyde. Afterwards, spinal cords were transferred to a solution
of 30% sucrose in 0.1M phosphate buffer, pH 7.2, and stored for 3 days for cryoprotection.
The lumbosacral cords were embedded in Tissue-Tek OCT compound, frozen in 2methylbutane (Sigma-Aldrich, Switzerland) cooled to -40°C with liquid nitrogen, and stored at
-20°C until further processing. L6-S1 spinal cord cross sections were cut on a cryostat either
at 40 μm for immunohistological analysis or at 10 μm for in-situ hybridization. Sections used
for lesion size assessment were collected on slides (HuberLab, Superfrost), while the
remaining sections were collected free-floating in 0.1M phosphate buffer. For each animal, six
to eight of the 10 μm-thick sections were mounted on a slide, air dried, and then stored at 20°C until further processing.
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7.3.5. Assessment of lesion completeness
40 μm-thick coronal sections were thawed and rinsed in 0.1M phosphate buffer. Sections were
put on a heating plate at 60°C for 10min and then rinsed with water. Afterwards, slides were
placed in increasing concentrations of ethanol (70%, 80%, 90%, 80%, 70%) for 30 sec each
before being rinsed with water and incubated in cresyl violet (C18H15N3O3, Sigma-Aldrich,
Switzerland). After 5 min, sections were placed in increasing concentrations of ethanol (70%,
80%, 90%, 95%, 100%, 100%) for 30sec each, before the final wash in Xylene (90 sec). Slides
were coverslipped with Eukitt and stored at room temperature until imaging. Nissl images were
used to manually reconstruct the maximal lesion extent in a spinal cord template based on a
spinal cord atlas (The spinal cord – A Christopher and Dana Reeve Foundation Test and Atlas,
2009) using Adobe Illustrator CC 2020. The spared white matter area was estimated using
Fiji20.

7.3.6. Immunofluorescence
Free-floating sections were blocked and permeabilized in TNB blocking solution containing
0.3% Triton-X and 5% normal goat serum for 60 min at room temperature, before being
incubated with the primary antibody (rabbit-anti-CGRP, 1:750, Millipore; rabbit-anti-5HT,
1:2000, ImmunoStar; rabbit-anti-CRF, 1:400, Salk Institute San Diego) diluted in TNB
containing 0.05% Triton-X overnight at 4°C. The sections were then washed three time in 0.1
M PBS for 10 min each, incubated with secondary antibody (goat-anti-rabbit conjugated to
Alexa Fluor 647; 1:500, Jackson ImmunoResearch Laboratories) for 2 hours at room
temperature, counterstained with 4',6-Diamidino-2-Phenylindole (DAPI), and ultimately
washed three times in 0.1 M PBS and once in 0.05 M Tris for 10 min each. Sections were
mounted on-slide, air-dried overnight at 4°C, and ultimately coverslipped with fluorescence
mounting medium (Mowiol, Merck).

7.3.7. In-situ hybridization
Sequences of targets, preamplifiers, amplifiers, and label probes are proprietary and
commercially available (Advance Cell Diagnostics). In this study, we used probes against rat
choline acetyltransferase (ChAT-C1), vesicular glutamate transporter 2 (vGluT2, Slc17a6-C3),
glycine transporter 2 (GlyT2, Slc6a5-C1), glutamic acid decarboxylase 2 (GAD2-C2), and
Finkel-Biskis-Jinkins (FBJ) osteosarcoma oncogene (c-Fos-C4). Experimental protocols were
conducted according to manufacturer instructions and have been previously described9.
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Briefly, endogenous peroxidases were quenched with the application of oxygen peroxide
(Advanced Cell Diagnostics) for 10 min at room temperature. Sections were placed in antigen
retrieval buffer (Advanced Cell Diagnostics) for 10 min at 98-100°C, before application of the
protease treatment (Protease Plus, Advanced Cell Diagnostics) for 30 min at 40 °C. Sections
were then incubated with a mix containing the hybridization probes either for ChAT, vGluT2,
and c-Fos or GlyT2, GAD2, and c-Fos for 2 h at 40°C. The hybridization probes were then
amplified and developed using the Tyramide Signal Amplification (TSA) Plus Fluorescein, TSA
Plus Cyanine 3, and TSA Plus Cyanine 5 (TSA Plus Fluorescence Palette, NEL760001KT,
PerkinElmer) and counterstained with DAPI (Advanced Cell Diagnostics). Slides were
coverslipped using fluorescence mounting medium (Mowiol, Merck).

7.3.8. Quantification of immunofluorescent signal
Three cross-sections of the spinal levels L6-S1 were randomly picked and imaged with either
a confocal (20x, Leica, inverted Leica SP8) or a fluorescent microscope (20x; Zeiss, Axio
Scan.Z1). Exposure time and laser-related parameters were optimized during the first imaging
and kept constant across all sections. Maximum intensity projections were created, and
pictures were exported in TIFF format for investigation. Further analyses were performed with
Fiji. The mean gray values for the regions of the lamina X and the ventral horn (5-HT), lamina
X and IML (CRF), and dorsal horn (CGRP) were measured for the three sections and averaged
after subtracting the background value. The values were normalized to the equivalent values
of the intact group.

7.3.9. Quantification of in-situ hybridization
Three cross-sections of the spinal levels L6-S1 were randomly picked and imaged with a
fluorescent microscope (20x; Zeiss, Axio Scan.Z1). Mosaic pictures were acquired and merged
within the Zeiss software. Maximum intensity projections were created, and pictures were
exported in TIFF format for investigation. Pictures were imported in Adobe Illustrator CC2020
and positively labelled neurons were manually marked. The coordinates of each marked
neuron were retrieved within Fiji, and then used to plot the cells to a standardized spinal cord
cross-section template (The spinal cord – A Christopher and Dana Reeve Foundation Test and
Atlas, 2009) with Matlab (The MathWorks, 2018b). The number of ChAT-positive, GlyT2positive, GAD2-positive, and vGluT2-positive cells was calculated within the laminae 1, 2, and
3, which reflect the dorsal horn; laminae 4 and 5, which comprehend the IML; and lamina X.
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Additionally, cells positive for the beforementioned markers as well as for the early gene c-Fos
were marked and counted separately.

7.3.10.

Statistical analysis

During the whole duration of the experiments, animals were randomly number-coded, and
investigators were blinded until the end of the analysis. Data are reported as means ± standard
error of the mean (SEM). A one-way ANOVA followed by Bonferroni’s post-hoc testing was
used to investigate the differences in the urodynamic parameters as well as for the
immunofluorescent analysis. To avoid multiple testing as much as possible, the three groups
involving SCI animals were not compared between each other but only to the value of the intact
group. A two-way ANOVA followed by Bonferroni’s post-hoc testing was used to analyze the
in-situ hybridization results. The value of significance was considered at p < 0.05. Statistical
analysis and plotting of data were performed using Stata statistical software (Version 14,
StataCorp) and GraphPad Prism 8 (GraphPad Software).
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Figure 5.1. Comparison of urodynamic parameters before as well as after spinal cord injury. A) Intravesical pressure necessary
to trigger micturition (threshold pressure). B) Maximum intravesical pressure. C) Maximum intravesical pressure during storage.
D) Maximum flow rate. E) Voided volume. F) Voiding time. G) Post-void residual. H) Voiding efficiency. I) Non-voiding contractions.
* = p < 0.05; ** = p < 0.01; *** = p < 0.001.
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7.4.

Results

7.4.1. Lower urinary tract function is impaired after SCI
We performed urodynamic investigations in adult rats with either an intact or an incompletely
injured spinal cord which disrupted >80% of the T9 white matter by microsurgical transection.
Lower urinary tract function of spinal cord injured animals was assessed at 1 week, 2-3 weeks,
or 4 weeks after SCI right before euthanasia. Intact animals were analysed 14 days after
catheter and electrodes implantation. In intact animals, urodynamic tracings with bladder filling
showed a gradual increase in intravesical pressure until micturition was triggered (Figure 5.1,
Figure 5.2A). During voiding, EMG activity of the EUS decreased (Figure 5.3A), allowing a
rapid and efficient release of the urine (Figure 5.1). In the injured groups, the thoracic lesions
severed between 82 and 94 % of the total spinal cord cross section and the extent of the lesion
did not differ between the SCI groups (data not shown). One week after SCI, lower urinary
tract function was absent as demonstrated by an acontractile detrusor during the urodynamic
investigation (Figure 5.1, Figure 5.2B). The voiding reflex began to reappear 2-3 weeks after
SCI, but was inefficient for voiding larger volumes in most of the cases because of the
simultaneous contraction of the EUS, a condition typical for DSD (Figure 5.1, Figure 5.2C,
Figure 5.3B). Four weeks after SCI, lower urinary tract dysfunction was confirmed by the
urodynamic investigation (Figure 5.1, Figure 5.2D, Figure 5.3C). Over time, SCI induced an
increased activity of the EUS during micturition (Figure 5.3D), which resulted in significant
augmentation in maximum intravesical pressure during storage (Figure 5.1C), decreased
maximum flow rate (Figure 5.1D), diminished voided volume (Figure 5.1E), increased voiding
time (Figure 5.1F), bigger post-void residual (Figure 5.1G), reduced voiding efficiency (Figure
5.1 H), and increased number of non-voiding contractions (Figure 5.1 I, black arrows in Figure
5.2).
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Figure 5.2. Graphical illustration of full micturition cycles. Full micturition cycle in A) intact and spinal cord injured animals B) 1
week, C) 2-3 weeks, and D) 4 weeks after SCI. Black arrows indicate non-voiding contractions.
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Figure 5.3. Graphical illustration of the EMG activity of the EUS and the intravesical pressure in A) intact animals or spinal cord
injured rats B) 2-3 weeks and C) 4 weeks after SCI. Intravesical pressure is depicted in red, while EUS-EMG in black. The fainted,
yellow rectangle indicates the voiding phase. D) Quantification of occurrence of high-frequency EMG activity of the EUS before
(pink), during (yellow), and after (violet) micturition for the four investigated groups.
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7.4.2. Reticulospinal projections drops after SCI
We then examined the anatomical changes in the spinal cord associated with and possibly
causing NLUTD. First, we quantified two kinds of important supraspinal projections to the
lumbosacral cord. In intact animals, a dense serotonergic (5-HT positive) innervation was
observed in lamina X as well as in the ventral horn (Figure 5.4A). Acutely after SCI, the density
of 5-HT-positive fibers dropped to less than half in both lamina X and ventral horn (Figure 5.4BD). The value slightly increased over time, but the serotonergic innervation density remained
severely affected up to 4 weeks after SCI (Figure 5.4C-D). We also analysed the bulbospinal
corticotropin-releasing factor (CRF)-positive projections to the lower spinal cord originating
from the pontine micturition center that are specifically involved in lower urinary tract
function21,22. Two main regions receive a high density of CRF-positive fibers, namely the
intermedio-lateral column with the preganglionic autonomic neurons (IML) and lamina X
(Figure 5.5 A, F). The density of CRF-positive fibers drastically decreased after SCI (Figure
5.5C, F), but, interestingly, recovered to a certain extent over the course of 4 weeks.
Nonetheless, at 4 weeks after SCI the CRF-positive innervation in the IML and lamina X
remained significantly decreased by about 70% and 50%, respectively, compared to the
density present in intact animals (Figure 5.5B, C, F). Using calcitonin gene related peptide
(CGRP), we labelled afferent fibers of type C in the lumbosacral cord (Figure 5.6A-B). We
observed a limited amount of positive labelling in the superficial dorsal horn of intact animals
(Figure 5.6A). However, the density of CGRP-positive fibers gradually increased over the four
weeks after SCI (Figure 5.6B). No difference in the CGRP-density was observed acutely after
SCI. However, starting at 2-3 weeks after SCI the amount of afferent fibers of type C increased
by more than 50% (Figure 5.6C).

Figure 4.
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Figure 5.4. Serotonergic innervation in the lumbosacral cord. Representative images of 5-HT positive fibers in A) intact and B)
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7.4.3. SCI causes reduction in the number of inhibitory interneurons
In the two hours preceding euthanasia, the animals were subjected to several repeated cycles
of bladder filling and voiding in order to strongly stimulate the neurons involved in LUTF; we
assessed their activation status then by subsequent c-Fos immunofluorescence By doing so,
we were able to analyse the numbers of cholinergic, glutamatergic, glycinergic, and GABAergic
neurons, and cells expressing the immediate early gene marker c-Fos located in the spinal
segments L6-S1. We did not observe differences between the groups in the total number of
glycinergic cells expressing the GLYT2 mRNA or cholinergic neurons expressing CHAT mRNA
in any of the regions investigated (Figure 5.7A, C, E, G). A gradual, significant decrease over
time after SCI of the glutamatergic neurons expressing VGLUT2 mRNA was observed in the
laminae 1, 2, 3 of the dorsal horn (Figure 5.7B, F). Similarly, the number of GABAergic cells
expressing GAD2 mRNA decreased after SCI by about 20-30% in the laminae 1, 2, 3, as well
as in laminae 4, 5 (Figure 5.7D, H). Two hours of continuous micturition cycles was enough to
express the immediate early gene marker c-Fos in spinal neurons involved in LUTF. About 10
% of the total immune-labelled interneurons also expressed increased levels of c-Fos mRNA
(Figure 5.7I-J). Quantification of neurons expressing c-Fos and the before mentioned markers
showed a reduced number of c-Fos labelled cells one week after SCI that recovered with time,
highlighting the hypoactivity of the LUTF acutely after SCI. Only few cholinergic and glycinergic
cells were double labelled in each spinal cord cross section (data not shown). The reduction
of the double labelled glutamatergic cells in the dorsal horn (Figure 5.7I) was in line with the
reduction observed in the number of total glutamatergic cells in this region (Figure 5.7F).
GABAergic cells involved in the LUTF decreased in the laminae 1, 2, 3. In contrast to the total
amount of inhibitory, GABAergic cells, there was no decrease in the laminae 4, 5. In contrast,
the number of c-Fos/GABAergic neurons dropped to half of the intact condition in lamina X 4
weeks after SCI (Figure 5.7 J).
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Figure 7.
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Figure 5.7. Cholinergic, GABAergic, glutamatergic, and glycinergic neurons in the sacral cord of intact and spinal cord injured rats
1, 2/3, and 4 weeks after injury. A-D) Representative images of in-situ hybridization for mRNA of A) ChAT, B) vGluT2, C) GAD2,
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W2/3), and 4 weeks (SCI W4) after injury. I-J) Quantification of I) glutamatergic and J) GABAergic neurons that simultaneously
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7.5.

Discussion

The accumulation and periodic release of urine require the coordinated, antagonistic actions
of the bladder detrusor muscle and the external urethral sphincter. This behavior is altered
upon a lesion to the spinal cord, a fact that might be attributed to a variety of factors.
Descending reticulospinal projections are severely affected below the injury, resulting in a large
decrease of supraspinal inputs to the lumbosacral interneurons and motoneurons involved in
LUTF. We also observed that after SCI, C-type afferents increased their density and coverage
in the dorsal horn, probably causing an increased stimulation of the parasympathetic pathways
leading to detrusor contraction. Furthermore, single spinal interneuron populations were
differently affected by the lesion. In particular GABAergic neurons in the lumbosacral cord
experienced a major reduction in the dorsal horn and lamina X after SCI, raising the possibility
that the lack of inhibitory inputs is a principal cause for DSD and DO.
Similar to human SCI patients and as previously shown7,8,23, after a lesion to the spinal cord
the lower urinary tract of the rat shows a sequence of characteristic functional changes. Initially,
there is a phase in which the detrusor is acontractile, resulting in overflow incontinence and
high post-void residuals. Starting at 2-3 weeks after injury, urodynamic investigations showed
the increase of EUS-EMG during voiding, a hallmark of DSD. EUS contraction during voiding
resulted in an interrupted stream of urine, demonstrated by a longer voiding time and a reduced
maximum flow rate, and dangerous high intravesical pressures due to the increased outlet
resistance.
Many studies performed in animal models revealed that numerous supraspinal nuclei are
involved and sometimes essential for the proper functioning of the lower urinary tract in a
healthy system. These mainly include the PMC, the periaqueductal gray (PAG), the
hypothalamus, and the motor cortex5,24-26. Nonetheless, a severe lesion to the spinal cord and
spinal tract systems will most cases be followed by the development over time of DO and
DSD27, suggesting that the plastic rearrangements in the spinal cord are perhaps the main
drive for the emergence of urinary symptoms rather than supraspinal reorganization.
We have observed a significant increase in C-fiber density in the superficial layers of the dorsal
horn 4 weeks after SCI. Fiber numbers increased, but the C-fibers remained in their
appropriate layers. Sprouting of C-type afferents is discussed as an important candidate
mechanism for the development of detrusor overactivity. In healthy conditions, these afferents
do not convey information about bladder fullness to the central nervous system28. However, in
chronic SCI the C-fibers respond to bladder distension, possibly causing an hyperexcitation of
the parasympathetic pathway and thus triggering DO29.
The descending reticulospinal projections were severely affected by the SCI, resulting in a
large decrease of spinal coverage below the level of the lesion. This did not appear to be
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system specific, since CRF-positive fibers originating in the PMC, the main nucleus
responsible for voiding initiation, as well as 5-HT-positive fibers from the raphe system, a
circuitry not exclusive for voiding function, were affected. The drop in serotonergic innervation
below the lesion site could affect the LUTF. In fact, the serotonergic system facilitates the
guarding reflex by inhibiting the parasympathetic pathway that causes detrusor contraction.
Administration of 5-HT1a receptor agonists has been shown to improve symptoms of DSD and
DO in spinal cord injured rats, clearly demonstrating the importance of this projection sytem
for the correct functioning of the lower urinary tract. Together with estrogen receptor 1 alpha
(ESR1)-positive neurons, the CRF-positive neurons are the other main cell population of the
PMC21,22,30. The CRF-positive innervation of the lumbosacral cord decreased 4 weeks after
injury31. Our new results extend previous findings9 by showing that the drastic, initial decrease
in the CRF-positive innervation is followed by a partial restoration, probably due to local, shortrange sprouting of spared descending fibers. Since neurons in the PMC are exclusively
glutamatergic22, they have to synapse onto downstream inhibitory interneurons in order to
induce the relaxation of the EUS during normal voiding. In fact, PMC projections are known to
synapse onto GABAergic and glycinergic neurons in the lumbosacral cord32,33. Our findings of
a decreased number of GABAergic interneurons in the relevant spinal layers and of GABA/cFos interneurons during bladder filling/voiding cycles fits well with the mechanistic hypothesis
that a lack of inhibitory signals in the lumbosacral cord is a main drive for DO and DSD.
Supporting this, a decrease in intraspinal GABA mRNA as well as glycine has also been
reported after SCI16,34.
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7.6.

Conclusions

Similar to humans, neurogenic lower urinary tract dysfunction after SCI in rats is characterized
by different phases: an acontractile detrusor acutely after spinal cord injury followed by the
simultaneous contraction of the bladder and the external urethral sphincter in a more chronic
phase. Detrusor overactivity is possibly caused by the sprouting of afferent fibers of type C in
the dorsal horn that respond to bladder distension, while detrusor-sphincter-dyssynergia might
be driven by decreased bulbospinal input to and a reduced number of inhibitory GABAergic
interneurons in the lumbosacral cord.
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8.1.

Abstract

Background: Ultrasound is generally used to measure post void residual (PVR) in daily clinical
practice for a basic assessment of voiding dysfunction. In animal research, however, PVR is
mostly measured by expelling the urine with gentle squeezing of the bladder. Objective: To
assess the translational value of measuring PVR by ultrasound in awake rats with the aim to
obtain directly comparable data sets in patients and rodent models. Design, Settings, and
Participants: Prospective animal study in 10 rats with large, incomplete thoracic spinal cord
injury resulting in severe bladder impairment. Assessment of lower urinary tract function by
urodynamics with implanted bladder catheter and external urethral sphincter electrodes
allowing for repeated measurements over time. Immediately after the last micturition cycle in
the urodynamic investigation, PVR was first assessed by ultrasound using a 7.5 MHz linear
probe and then by manually expelling the urine via gentle pressure on the abdomen. Outcome
measurements and Statistical analysis: PVR measured by ultrasound and by manually
expelling the urine. Paired t-test was used to analyze the difference between the two
measurements one and two weeks after spinal cord injury. Results and Limitations: PVR
assessed by ultrasound was equal to and not statistically different from the volumes obtained
by manual expulsion, both in intact rats before injury as well as during the first two weeks after
spinal cord injury (intact: 0.16 ± 0.07 mL versus 0.14 ± 0.09 mL, p=0.08; week 1: 1.67 ± 0.53
mL versus 1.71 ± 0.55 mL, p=0.67; week 2: 1.16 ± 0.35 mL versus 0.98 ± 0.43 mL, p=0.11).
The main limitation of ultrasound for measuring PVR is the restricted availability of ultrasound
machines in animal research labs. Conclusions: Ultrasound is a valuable translational tool to
measure PVR in awake rats reflecting the situation in humans. Patient summary: We measured
post void residual by ultrasound in awake rats, analogous to clinical examination in humans.
Ultrasonography provided similar values to the generally used manual bladder expulsion.
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8.2.

Introduction

A multitude of neurological diseases can affect lower tract function, causing storage, voiding,
and/or post-voiding symptoms1, 2. A thorough clinical examination is necessary to objectively
deliver an accurate diagnosis on the exact lower urinary tract dysfunction (LUTD). In patients,
this is mainly achieved by performing a complete urodynamic investigation, which unveils
storage and/or voiding dysfunction3. In daily clinical practice, the evaluation of post void
residual (PVR) is crucial in the assessment of voiding dysfunction4. In neurological patients, a
PVR higher than 100 mL, or more than one third of the bladder capacity, is considered as
incomplete voiding, which greatly facilitates urinary tract infection5. In patients, the PVR can
be measured by a catheter that drains the remaining urine after a voluntary voiding or by
ultrasonography, a technique that is non-invasive, fast and therefore widely used6.
Over the last decade, preclinical animal research has focused on lower urinary tract
dysfunction caused by neurological conditions such as spinal cord injury due to their high
prevalence1 and the enormous burden to the patients7. Urodynamic investigations in animal
models are routinely performed with either a transurethral, suprapubic, or a chronically, fully
implanted catheter8. Concomitant assessment of the external urethral sphincter (EUS)
electromyography (EMG) is performed in particular for spinal cord injury where the
simultaneous contraction of the EUS with the detrusor is a distinctive feature of the pathology9,
10

. Although urodynamic investigations in awake animals closely resemble the clinical practice,

the PVR is often not investigated. If reported, most studies use assessment of the PVR with
an expulsion of the urine by gentle squeezing of the bladder11, 12. However, this procedure is
not analogues to daily clinical settings, and its effect on the lower urinary tract is unknow. We
therefore investigated the feasibility of assessing PVR in awake intact or spinal cord injured
rats with an ultrasound machine.
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8.3.

Methods

8.3.1. Animals
10 age-matched female Lewis rats (LEW/OrlRj [Lewis], 223 ± 21 g, 5 ± 1 mt, Janvier, France)
were used in this study. The animals were housed in groups of 3-4 per cage (single housed
after catheter implantation), food and water were provided ad libitum (standard rat chow and
water). Rats were maintained on a 12/12 h light/dark cycle (light on from 6:30 a.m. until 6:30
p.m). Urodynamic measurements were performed once a week during the light phase. After
spinal cord injury, the bladder of the animals was manually emptied twice a day by gentle
abdominal compression for the duration of the experiment. All experiments were approved by
the Veterinary Office of the canton of Zürich, Switzerland, and were in accordance with the
approved guidelines and regulations.

8.3.2. Experimental design
All animals were treated according to the same protocol. After acclimatization to the
urodynamic setup, a bladder catheter and EUS electrodes were implanted in each animal.
After a recovery period of about 10 days, baseline urodynamic measurements with
simultaneous EUS EMG and PVR measurements were performed. An incomplete spinal cord
injury (SCI) was then performed at the thoracic level T8/9. Urodynamic investigations and PVR
measurements were performed at day 7 and 14 post injury. At the end of the experiment, the
animals were fixed by 4% formaline perfusion.

8.3.3. Catheter and electrode implantation
All rats underwent initial preoperative handling and acclimatization to the urodynamic lab
station followed by catheter and electrode implantation. Procedures were performed as
described previously10, 13. Briefly, rats were initially anesthetized in 5% Isoflurane (Piramal
Healthcare) in air and maintained by an i.m. injection of Medetomidine (0.15 mg/kg Domitor,
Orion Pharma), Midazolanum (2 mg/kg, Dormicum, Roche) and Fentanyl (5 µg/kg, Fentanyl,
Kantonsapotheke University Hospital Zürich). The bladder catheter was inserted through the
bladder dome and secured in place with a purse-string suture. Two EMG electrodes were
placed beside the EUS, and a third ground electrode was sutured to the abdominal muscles.
The catheter and electrodes were tunneled subcutaneously to the neck of the animal and
attached to a modified infusion harness (QC Single, SAI Infusion Technologies, USA).
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8.3.4. Spinal cord injury
Rats were initially anesthetized in 5% Isoflurane (Piramal Healthcare) in air and maintained by
an i.m. injection of Medetomidine (0.15 mg/kg Domitor, Orion Pharma), Midazolanum (2 mg/kg,
Dormicum, Roche) and Fentanyl (5 µg/kg, Fentanyl, Kantonsapotheke University Hospital
Zürich). The dorsal muscles above the thoracic vertebra 8 (T8) were split and the underlying
lamina of T8 was removed. The 2/3 of the spinal cord was incompletely transected with
iridectomy scissors. Afterwards, the muscles and the skin were sutured together.

8.3.5. Urodynamic

and

external

urethral

sphincter

electromyography

measurements
Procedures were performed as previously described10, 13. In brief, acclimatization of the rats to
the urodynamic setup was performed before catheter and electrode implantation by placing
the animals daily in the restrainer (modified from item # HLD-RM, Kent Scientific, Connecticut,
USA). The restrainer with a hole situated below the orifice of the urethra was then placed in a
modified Small Animal Cystometry Lab Station (Catamount Research and Development Inc.;
St. Albans, Vermont, USA) with a scale placed below. The bladder catheter was attached to a
syringe pump with an in-line pressure transducer and the electrodes were connected to an
amplifier/converter. Saline was instilled at a constant rate of 120 µL/min for ca. 60 min.

8.3.6. PVR assessment
Immediately after the last micturition cycle, the animals were gently removed from the
urodynamic setup. The probe of the clinical ultrasound machine (Hitachi EUB-5500 Ultrasound
scanner, 7.5 MHz linear probe) was placed over the suprapubic area and bladder images were
recorded in both sagittal as well as transverse plane (Figure 6.1a). The greatest transverse
(width, D1), anterio-posterior (depth, D2) and superio-inferior (height, D3) distances were
recorded and the urine volume was automatically calculated using the prolate ellipsoid formula
(Figure 6.1c-d). As soon as the urine volume was calculated, the PVR was expelled by applying
a gentle force to the suprapubic area and collected on a digital scale (Figure 6.1b).
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8.3.7. Statistical analysis
Data are reported as means ± standard deviation (SD). All data were assumed to be normally
distributed. For the comparison of PVR, measured either by ultrasound or manual squeezing,
a paired two-tailed t-test was used. The value of significance was considered at p<0.05.
Statistical analysis was performed using GraphPad Prism software, version 7.0a (GraphPad
software incorporation, California, USA).
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Figure 6.1. Schematic representations of the methods used to assess post void residual (PVR) by either a) ultrasonography or b)
manual expression. c-d) representative ultrasound images obtained in two different planes for c) an intact animal and d) a spinal
cord injured rat.
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8.4.

Results

8.4.1. Impact of spinal cord injury on lower urinary tract function in rats
Before SCI, lower urinary tract function was assessed in intact animals during urodynamic
investigations. A rapid increase of intravesical pressure to 40-50 cmH2O was followed by a
quick voiding (Figure 6.2a). The EUS EMG showed a peak activity immediately before voiding
as well as right after, while there was a decrease of activity during micturition. One week after
SCI, the animals showed urinary retention caused by an acontractile detrusor and very low
sphincter activity, leading to overflow incontinence once the bladder reached its maximum
capacity (Figure 6.2b). Two weeks after SCI, the activity of the detrusor partially recovered.
Single micturition events were induced at a lower maximum detrusor pressure, i.e. 35-40
cmH2O. However, intravesical pressures were higher for a longer time-period and detrusor
overactivity was observed. Additionally, an abnormal increase in the EUS EMG was detected
in all animals during voiding, suggesting an established detrusor-sphincter-dyssynergia (DSD)
at two weeks after injury (Figure 6.2c).
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Figure 6.2. Bladder pressure, voided volume, and external urethral sphincter (EUS) electromyography (EMG) before (intact) and
7 and 14 d after incomplete spinal cord injury (SCI). a) Representative urodynamic tracing from an intact rat with bladder catheter
and EUS EMG showing filling/voiding cycle. b) Spinal cord injured rat at 1 week after injury shows a flaccid bladder with overflow
incontinence. c) Spinal cord injured rat at 2 weeks after injury shows non-voiding contraction with increasing magnitude as well
as the detrusor-sphincter dyssynergia (DSD) typical peaks of sphincter contraction / EUS EMG activity during voiding. Top, bladder
pressure (red). Middle, urine secreted (green). Bottom, EUS EMG.
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8.4.2. Increased post void residual after spinal cord injury
PVR was assessed directly after the last micturition cycle with both ultrasonography as well as
manual expulsion. It showed a significant increase after SCI (Figure 6.3a). In intact animals,
the mean PVR assessed by either ultrasonography or manual expression was 0.16±0.07 mL
and 0.14±0.09 mL, respectively (N=10) (Figure 6.3b). One week after SCI, the PVR increased
to 1.67±0.53 mL and 1.71±0.55 mL, respectively (Figure 6.3c). Finally, at two weeks after injury
the PVR of the animals slightly decreased, reaching values of 1.16±0.35 and 0.98±0.43,
respectively (Figure 6.3d). Importantly, no significant differences were observed in PVR
quantification between the two methods in any of the timepoints assessed. The PVR
measurement by ultrasound took about one minute per animal and the animals did not show
any signs of stress during ultrasonography.

a)
2.5

Ultrasound
Manual

2.0
1.5
1.0
0.5

0

1

Weeks after SCI

Intact

b)

Intact

c)

n.s.

0.4

0.2

Post void residual [mL]

Post void residual [mL]

0.8

0.0

Week 1 post SCI

d)

4

1.0

0.6

2

n.s.
3

2

1

0

Ultrasound Manual

Week 2 post SCI

4

Ultrasound Manual

Post void residual [mL]

0.0

3

n.s.
2

1

0

Ultrasound Manual

Figure 6.3. Quantification of post void residual with ultrasound and manual expression. a)
Spinal cord injury induces a 10-20x increase in post void residual. Ultrasound (grey) and
manual expulsion (black) show similar values. b-d) Changes in post void residual values
when assessed by either ultrasound or manual expulsion in b) intact or c-d) spinal cord
injured rats. Values are reported as mean ± standard deviation (SD).
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8.5.

Discussion

To the best of our knowledge, this is the first study comparing the feasibility to repeatedly
measure the PVR in awake rats with an ultrasound machine and its accuracy when compared
to the generally used method of manual urine expulsion. Our findings indicate that
ultrasonography can be easily implemented for lower urinary tract assessment in rodents and
can reliably measure the PVR. This implies that ultrasonography may be a relevant
translational tool to accurately describe lower urinary tract function in rats in the same way as
in patients.
Lower urinary tract dysfunction remains a challenge in neurological patients, since the
underlying mechanisms are still unclear2, 14, thus highlighting the importance of basic research.
Animal models are of crucial importance to investigate basic mechanisms of action as well as
new treatment options. The translational value of animal models cannot be underestimated if
the findings need to be reproduced in clinical settings. Urodynamic investigations in awake
animals, either restrained10 or freely-moving15, are widely accepted8. Nevertheless, low
emphasis is placed on PVR measurements, although it represents a key element in the
description of the patient’s dysfunction1, 16, 17. Studies reporting PVR assessments often used
either manual expulsion of the urine or aspiration through an implanted catheter18, 19, neither
of them being a clinically relevant method. The first induces massive rises in intravesical
pressure that may lead to further dysfunction, while the second causes a negative pressure
inside the bladder, with the risk of collapse18, 20. Additionally, biases might be introduced in
case of experiments presenting an “obstructive disorder”, as for spinal cord injury with detrusorsphincter-dyssynergia or anatomical bladder outlet obstruction. In these cases, the increased
muscle tone or obstruction level can hinder the full emptying of the bladder, influencing the
PVR measurement achieved with abdominal compression. In contrast, measurements of PVR
with an ultrasound machine are non-invasive, do not cause harm or stress to the animals, and
are not influenced by the obstruction.
A multiple times increase in the PVR after a lesion to the spinal cord is frequently observed in
both human patients and animal models2. Initially after SCI, the high PVR is due to the
acontractility of the detrusor. However, starting at 2-4 months in humans and 2 weeks in rats,
the increased PVR is attributed to a dysfunctional voiding, mainly caused by the abnormal
contraction of the sphincter at the same time as the detrusor, a condition (DSD) which can lead
to urine reflux to the kidneys with upper urinary tract damage2, 21, as well as enhanced risk of
urinary tract infection5. Apart from the urine volume, ultrasonography can also be used to
quantify the bladder wall thickness with an appropriate ultrasound probe22, which, due to
bladder overactivity, is another consequence of spinal cord injury23.
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Ultrasound machines are not widely available in animal research labs but in all modern
hospitals or medical offices. The present study was conducted with a clinical machine and a
human ultrasound probe, showing the feasibility of the method without specialized equipment.
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8.6.

Conclusions

Ultrasonography, which is routinely used in humans to assess lower urinary tract dysfunction,
is a relevant tool to measure PVR also in awake rats. The whole procedure is non-invasive,
takes about one minute per animal, and results in values similar to the generally performed
(but non-physiological) manual expulsion of urine.
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9.Effects of deep brain stimulation on lower
urinary tract function in patients with an
underlying neurological disorder
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9.1.

Abstract

Lower urinary tract dysfunction is highly prevalent in patients suffering from neurological
disorders and has a major impact on the quality life. The aim of this study was to evaluate the
effect of deep brain stimulation (DBS) on lower urinary tract dysfunction in neurological
patients. We prospectively enrolled 58 patients mostly suffering from Parkinson’s disease,
dystonia or essential tremor who were planned to receive deep brain stimulation in either
globus pallidus internus (GPi), ventral intermediate nucleus of the thalamus (VIM), or
subthalamic nucleus (STN). Lower urinary tract function was assessed by the International
Prostate Symptom Score (IPSS), bladder diary, and urodynamic investigation before DBS
surgery as well as afterwards with or without an active DBS. The following urodynamic findings
were defined as pathological and were used to categorize lower urinary tract function:
maximum cystometric capacity <350 mL or >550 mL, bladder compliance <20 mL/cmH2O,
detrusor overactivity, post void residual >100 mL. A total of 58 patients were enrolled in this
study. DBS of the GPi resulted in worsening of the lower urinary tract symptoms in ca. 25% of
the cases. On the other side, STN-DBS produced normalization of lower urinary tract function
in almost 20% (6/31 patients), while a deterioration was seen in only 1 patient. VIM-DBS
improved lower urinary tract function in 2 and deteriorated it in 1 patient. Interestingly,
independently from the group, we did not observe notable changes in any of the urodynamic
parameter investigated. DBS of the STN and the GPi seems to have an opposite effect on the
lower urinary tract, STN-DBS might improve, GPi-DBS deteriorate lower urinary tract function.
These results are highly relevant for counselling patients in the informed consent procedure
considering DBS and for the neurosurgeon/neurologist in the decision-making process.
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9.2.

Introduction

Neurogenic lower urinary tract dysfunction (LUTD) is commonly observed in patients suffering
from neurological disorders1,2. Urinary symptoms are an integral part of Parkinson’s disease,
but their manifestation in other movement disorders such as essential tremor or dystonia is
less clear3. Although LUTD can cause pronounced discomfort and thereby relevantly affects
patient’s quality of life2, the primary clinical focus in movement disorder lies in motor-associated
symptoms.
Deep brain stimulation (DBS) is a surgical therapy in which thin electrodes are implanted into
specific deep brain structures. DBS has clear and often dramatic beneficial effects on motor
symptoms in movement disorders4. For this reason, the attractiveness of DBS and its effects
on non-motor symptoms is increasing5,6. A recent study showed that DBS of the subthalamic
nucleus (STN) appears to be beneficial with regard to LUTD in Parkinson’s patients7, but
emergence or worsening of lower urinary tract symptoms (LUTS) has been reported in several
studies with stimulations of the STN, the globus pallidus internus (GPi), or the ventral
intermediate nucleus of the thalamus (VIM)8-10. We therefore prospectively investigated the
effects of DBS in different brain nuclei on lower urinary tract function in 58 patients suffering
mostly from basal ganglia associated neurological disorders.
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9.3.

Methods

9.3.1. Patient selection
Patients suffering from neurological disorders scheduled for deep brain stimulation (DBS)
electrode implantation with targets predetermined before study entry were approached and
prospectively

enrolled

at

the

University

Hospital

Bern

(Inselspital),

Switzerland

(Clinicaltrials.gov: NCT00610233). Patients less than 18 years of age and women carrying a
pregnancy were excluded from this study. All participants provided written informed consent
and the study was approved by the local ethics committee.

9.3.2. Lower urinary tract assessment
Before DBS lead implantation, most participants completed the validated International Prostate
Symptom Score (IPSS, including the items “symptoms” (IPSS-S) and “quality of life” (IPSSQoL)) questionnaire, which is used to assess lower urinary tract symptoms in women and men,
and had a complete neuro-urological evaluation including medical history, physical
examination, and urodynamic investigation. Additionally, patients were asked to fill a 3-day
bladder diary. IPSS-S was categorized into 3 groups, i.e. a score of 0-7, 8-19 and 20-35
indicating mild, moderate and severe symptoms. All patients underwent DBS electrode
implantation into either the globus pallidus internus (GPi), the subthalamic nucleus (STN), or
the ventral intermediate nucleus of the thalamus (VIM), and agreed to undergo a follow-up
urodynamic assessment a minimum of 3 months after DBS lead implantation during chronic
stimulation (DBS-ON) and 30 min after turning off the stimulator (DBS-OFF). Patients were
urodynamically investigated while seated. A 6 French transurethral dual channel catheter was
used to fill the bladder with warm Ringer’s lactate solution at a constant rate of 25 ml/min and
simultaneously measure intravesical pressure. A 14 French rectal balloon catheter was
inserted to measure abdominal pressure and derive the detrusor pressure by subtracting the
abdominal pressure from the intravesical pressure. A TRITON® multichannel urodynamic
system (Laborie Medical Technologies Corp., Toronto, Canada) was used for all
measurements. Urodynamic parameters for storage function (first desire to void (FDV), strong
desire to void (SDV), maximum cystometric capacity (Cmax), and detrusor overactivity) and
voiding function (detrusor pressure during maximum flow rate (pDetQmax), maximum flow rate
(Qmax), voided volume (VV), and post void residual (PVR)) were evaluated. Two urodynamic
cycles were performed for each condition and averaged.
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All methods, definitions, and units conform to the standards recommended by the International
Continence Society (ICS).

9.3.3. Categorization of lower urinary tract function before DBS versus under
DBS
Lower urinary tract function assessed by multichannel urodynamics before DBS surgery
versus under DBS was categorized into 4 groups: normal unchanged (normal urodynamic
parameters before as well as under DBS), pathological unchanged (pathological urodynamic
parameters before as well as under DBS), normalization (pathological parameters changed to
normal), deterioration (normal parameters changed to pathological). The following urodynamic
findings were defined as pathological: maximum cystometric capacity <350 mL or >550 mL,
bladder compliance <20 mL/cmH2O, detrusor overactivity, post void residual >100 mL.

9.3.4. Statistical analysis
Data are presented as mean ± standard deviation (SD) if not otherwise stated. Due to the small
sample size of certain groups, we only performed statistical analyses in groups with more than
10 participants, i.e. Parkinson’s patients with STN-DBS and dystonia patients undergoing GPiDBS. IPSS, diuria, and nocturia data were analyzed with the Wilcoxon matched pairs test.
Urodynamic data before DBS surgery, DBS-ON, and DBS-OFF were analyzed with a repeated
measure one-way ANOVA. The significance level was set at 5% and all tests were two-tailed.
Missing data were handled using the listwise deletion method. Data were analyzed and plotted
using the STATA 14 statistical software and GraphPad Prism 8.
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Table 3.1. Baseline patients’ characteristics at enrollment stratified for stimulated nucleus and underlying neurological disorder.
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Table 4.2. Clinical evaluation of IPSS and bladder diary before and after DBS surgery.
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9.4.

Results

Between June 2005 and June 2014, a total of 58 patients were enrolled in the study. The mean
age of the patients at inclusion was 61 ± 12 years (26 – 89 years) and 33 % (n=19) of the
participants were women (Table 3.1). We enrolled patients suffering from Parkinson’s disease
(n=39), dystonia (n=11), essential tremor (n=5), Holmes tremor (n=2), and multiple sclerosis
(n=1). The mean time between DBS lead implantation and postoperative urodynamic
investigation was 8 ± 12 months (2 – 52 months). Stimulation parameters ranged from a pulse
amplitude of 1-5.4 V, a pulse frequency of 30-210 Hz, and a pulse width of 60-400 µs.

Figure 7.1. Difference before DBS versus under DBS for IPSS score and bladder diary outcomes in dystonia patients
undergoing GPi-DBS and PD patients with STN-DBS. Green zone indicates an improvement, red zone a worsening of the
outcome.
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9.4.1. Globus pallidus pars interna (GPi)
Over the course of the study, 7 females and 10 males with a mean age of 59 ± 14 years (26 –
75 years) were implanted with DBS leads in the GPi. 11 participants suffered from dystonia, 5
from Parkinson’s disease, and 1 from essential tremor. The mean duration of the neurological
disorder was 14 ± 9 years and the participants were investigated between 3 and 52 months
(mean 14 ± 19 months) after lead implantation. Stimulation frequency ranged from 60 to 210
Hz, while mean pulse width from 60 to 330 µs. The mean stimulation amplitude was 3.3 ± 1.1
V (Table 3.1).
Before DBS, participants had a median IPSS-S and IPSS-QoL score of 5 and 1, respectively.
According to the IPSS-S, 67% had mild, 27% moderate, and 6% severe urinary symptoms.
We did not observe any changes in the IPSS-S and IPSS-QoL scores as well as severity of
urinary symptoms comparing before DBS versus the follow-up examination. Diuria and
Nocturia episodes did not differ after DBS (Figure 7.1A-E, Table 3.2).
Urodynamic investigations resulted in no differences in the parameters investigated. FDV,
SDV, and Cmax slightly increased at the follow-up investigation. However, the results did not
differ between DBS-ON and DBS-OFF. There was no difference in the number of patients
showing detrusor overactivity between DBS-ON and DBS-off conditions, as well as before
DBS. Similarly, there were no differences in PdetQmax, Qmax, VV, and PVR between the
different conditions (Table 3.3).
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Table 5.3. Comparison of urodynamic parameters before and after DBS surgery, with the stimulator turned on (DBS ON) or off
(DBS OFF)..
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9.4.2. Subthalamic nucleus (STN)
A total of 11 females and 20 males suffering from Parkinson’s disease were implanted with
DBS leads in the STN. The mean age at inclusion was 61 ± 8 years (44 – 87 years) and the
mean duration of Parkinson’s disease was 15 ± 7 years. The participants were investigated
between 2 and 34 months (mean 6 ± 7 months) after lead implantation. Stimulation frequency
ranged from 125 to 185 Hz, while mean pulse width from 60 to 300 µs. The mean stimulation
amplitude was 2.5 ± 0.7 V.
Before DBS, study participants had a median IPSS-S score of 9, ranging from 1 to 23. After
ca. 3-6 months of STN-DBS, the median IPSS-S score decreased to 7. No changes in the
IPSS-QoL score were observed. The severity of urinary symptoms was significantly decreased
after DBS. The number of voids during the day did not change after DBS. However, the number
of nocturnal episodes significantly decreased after DBS (Figure 7.1F-J).
Urodynamic investigations did not highlight differences in before DBS, DBS-ON, and DBSOFF conditions in neither storage nor voiding phase (Table 3.3).

9.4.3. Ventral intermediate nucleus of the thalamus (VIM)
A total of 1 female and 9 males with a mean age of 64 ± 18 years (35 – 82 years) were
implanted with DBS leads in the VIM. 4 participants suffered from essential tremor, 3 from
Parkinson’s disease, 2 from Holmes tremor, and 1 from multiple sclerosis. The mean duration
of the neurological disorder was 11 ± 8 years and the participants were investigated between
3 and 31 months (mean 7 ± 9 months) after lead implantation. Stimulation frequency ranged
from 30 to 130 Hz, while mean pulse width from 90 to 400 µs. The mean stimulation amplitude
was 2.8 ± 0.8 V.
In participants receiving VIM-DBS, the median IPSS-S score slightly increased from 6.5 to 8.
No differences in the IPSS-QoL score were observed. Additionally, there were no changes in
the number of either daily or nightly voids before and after DBS (Table 3.2).
Similarly to the other nuclei, the overall stimulation of the VIM did not produce notable changes
in any of the urodynamic parameters investigated (Table 3.3).

9.4.4. Categorization of DBS effects on lower urinary tract function
The status of the lower urinary tract function at the initial assessment visit (before DBS) as well
as at the follow-up visit (under DBS) was evaluated and categorized (Figure 3.2, Table 3.4). In
patients with DBS of the STN, normalization of lower urinary tract function was found in almost
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20% (6/21 patients), while a deterioration was seen in only 1 patient. On the contrary, DBS of
the GPi improved the urological function in one but resulted in a deterioration of almost 25%
(4/17 patients). DBS of the VIM improved lower urinary tract function in 2 and deteriorated it in
1 patient. No relevant gender effect on the outcomes was detected (Table 3.5).

Table 6.4. Categorization of lower urinary tract function before DBS versus under DBS.

Table 7.5. Categorization of lower urinary tract function before DBS versus under DBS based on gender.
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9.5.

Discussion

9.5.1. Principal findings
The present study indicates that DBS of the GPi, STN, and VIM can affect the lower urinary
tract in different ways. DBS of the STN improved lower urinary tract symptoms (especially
nocturia) in about one fifth and had negative effects in less than 5%, whereas stimulation of
the GPi lead to a deterioration of bladder function in almost 1 out of 4 patients. VIM stimulation
showed limited but slightly more positive than negative impact on lower urinary tract function.

Figure 2. Predicted outcome of DBS stimulation in different nuclei

VIM

GPi

STN

Figure 7.2. Schematic representation of the proportion of participants with an unchanged LUT function (gray), a normalization
(green), or a deterioration (red) following GPi-, STN-, or VIM-DBS. The GPi (blue), STN (violet), and VIM (orange) are drawn on
a brain coronal section.
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9.5.2. Findings in the context of existing evidence
Although DBS is routinely used to treat motor symptoms in common movement disorders such
as PD or dystonia, little is known on its effects on the lower urinary tract. The vast majority of
patients with PD will eventually suffer from lower urinary tract symptoms over the course of
their life11, but autonomic dysfunction in other movement disorders is not well characterized
and divisive4,12. Nocturia relevantly affects patient’s sleep and thereby quality of life. Previous
studies did not observe changes in nocturia in patients with PD undergoing DBS7,13. However,
these studies only examined the proportion of patients suffering from nocturia before and after
DBS surgery. Our findings indicate that patients with PD undergoing STN-DBS need to wake
up fewer times during the night. Additionally, a previous study reported that quality of life is
directly correlated with the IPSS score14, which is in line with our study that STN-DBS can
improve urinary symptoms as extrapolated from the decrease of patients with a moderate or
severe IPSS score.
A beneficial influence of STN-DBS on the lower urinary tract has been described in multiple
studies. Nonetheless, as reported previously10 and also found in our series, DBS might have
a negative effect on lower urinary tract function in some patients. GPi-DBS appeared to have
a relaxing effect on the lower urinary tract15. This is supported by studies showing a
deterioration of bladder function after GPi-DBS9,16 and it is also in line with our findings that
GPi stimulation deteriorated lower urinary tract function in 25% of the participants but showed
an improvement in only one patient.
Interestingly, although our patients described changes in lower urinary tract symptoms, none
of the urodynamic parameters investigated in the different patient populations varied
importantly between before DBS versus DBS-ON or DBS-OFF.

9.5.3. Implications
The findings of the current study highlight the importance of a dialogue between the
neurologist, neuro-surgeon, and the urologist. Even though the primary clinical focus of DBS
is to alleviate motor symptoms, quality of life is highly correlated with lower urinary tract
functionality17. We showed that DBS can differently affect lower urinary tract function
depending on where the stimulating electrode is implanted. In STN-DBS, a worsening of
urinary symptoms has been rarely observed, while there is a good chance that the patient
experiences improvements, thus becoming the favorite stimulation site for the urologist. On
the other hand, when implanting leads into the GPi-DBS, one should take into consideration
the higher chance to negatively impact the lower urinary tract function.
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9.5.4. Limitations of this study
Although we prospectively investigated the effects of DBS on lower urinary tract function in
neurological patients, there are limitations that should be addressed. Apart from patients with
PD with leads implanted in the STN, the remaining participants suffered from a variety of
neurological disorders. Thus, for each nucleus and neurological disorder investigated, we have
only a limited number of patients. Categorizing the patients according to the stimulated nuclei
would increase the number per group, but because of the large variety of the different
underlying neurological disorders we refrained from doing so. Sub-group analyses looking into
the impact of stimulation parameters were not possible due to the limited patient numbers.
Nevertheless, high versus low stimulation frequencies are certainly key factors that might have
either an excitatory or inhibitory effect on lower urinary function.18
At the follow-up visit, participants were first investigated with an active stimulator (DBS-ON).
30 min after turning the stimulator off, the patients were once again urodynamically
investigated (DBS-OFF). The fact that we did not observe differences in DBS-ON versus DBSOFF state might reside in the short time period between the two assessments. A wash-out
period of at least 12 hours without stimulation would probably results in more accurate
description of the acute effects of DBS. However, this would be difficult to be accepted by the
participants due to the worsening of their motor symptoms.

9.5.5. Future directions
Based on our findings, DBS effects on lower urinary tract function vary widely and range from
mainly beneficial to generally negative consequences. Thus, well-designed and appropriately
powered prospective clinical studies assessing lower urinary tract function before and after
DBS surgery, as well as DBS-ON versus DBS-OFF are highly warranted. In an ideal world,
DBS effects on a specific nucleus would be investigated in different neurological disorders to
gain insights into the role of the pathology itself.
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9.6.

Conclusions

DBS of the STN and the GPi seems to have an opposite effect on the lower urinary tract, STNDBS might improve, GPi-DBS deteriorate lower urinary tract function. Although somewhat
limited by the number of patients available for this study, the results are highly relevant for
counselling patients in the informed consent procedure considering DBS and for the
neurosurgeon/neurologist in the decision-making process.
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9.7.
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The work presented in this thesis contributes to our understanding of the neural circuitries
underlying lower urinary tract function in healthy rats as well as the changes happening at the
level of the spinal cord following spinal cord injury (SCI) that may be triggering the emergence
of lower urinary tract dysfunction. We have shown that descending reticulospinal projections
drastically decrease after SCI and that this lack of supraspinal inputs might be linked to the
loss of inhibitory interneurons in the lumbosacral cord. We demonstrated that two treatment
options, namely anti-Nogo-A therapy and transcutaneous tibial nerve stimulation (TTNS), are
able to improve neurogenic lower urinary tract dysfunction to a certain extent following SCI in
adult rats. This last chapter raises new questions for the understanding of the mechanisms of
action behind lower urinary tract function and discuss where this research is heading.

10.1. Understanding the neural control of lower urinary tract function
The limited number of treatment options for lower urinary tract dysfunction in patients suffering
from neurological disorder is partially due to the poor understanding of the neuronal control of
micturition in both the intact and the lesioned nervous system. Our research shows that,
following SCI, the reticulospinal projections considerably decrease below the level of the injury.
As shown by the decrease in both serotonergic innervation and corticotropin-releasing factor
(CRF)-positive fibers, this appears to be unspecific with regard to the nuclei of origin.
Nonetheless, CRF-positive fibers showed a greater plastic potential compared to the
serotonergic innervation, raising the question if the singular descending projections are
affected differently. In this regard, it would make sense to also check the other distinct cellpopulation present in the pontine micturition center (PMC), namely neurons positive for the
estrogen receptor subunit 1 alpha (ESR1) marker1,2. Since this cell-population has a major
effect on the activity of the external urethral sphincter (EUS), it would be important to
investigate how these fibers behave after SCI. The use of transgenic mouse lines for CRF and
ESR1 would be extremely helpful for the anatomical identification of these neurons and their
fibers. However, since the precise urodynamic analyses used in the present study are mainly
possible in rats and the transgenic rat lines currently available are limited3, the best option is
the generation of viral vectors that would drive the expression of, for example, CreRecombinase under the regulation of the CRF or the ESR1 promoters. We recently developed
an Adeno-associated virus (AAV) that drives the expression of the Cre-Recombinase in CRFpositive cells (AAV:mCRF-chI-iCre-WPRE-hGhp(A); v304, Viral Vector Facility Zürich). We
could achieve this specificity by cloning a 1.1kb strand of DNA upstream of the start codon for
the CRF gene. Pilot studies in intact animals showed a robust labelling of the CRF-positive
fibers and synapses in the lumbosacral cord. For what concerns the ESR1 expression
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neurons, generation of a viral vector under the ESR1 promoter is quite challenging due to the
various splicing variants that the ESR1 gene can undergo. Nonetheless, having these viral
vectors available would be extremely helpful in understanding the neural circuitry underlying
lower urinary tract function.
One of the most interesting results of this thesis is the localization of the interneurons involved
in bladder function and how these might be affected differently by SCI. We performed
urodynamic investigations consecutively for two hours to increase the presence of the earlygene marker c-Fos in the neurons activated by the continuous storage and voiding of the urine.
Although we could identify specific c-Fos expressing interneurons in the spinal cord, we cannot
assume that all of the neurons are specific for voiding function, since other systems (e.g.
hindlimb or tail-related neurons) might also be displaying increased c-Fos. A retrograde
transsynaptic tracing from the bladder and external urethral sphincter would be a more elegant
way to elucidate the interneurons involved in micturition. However, conventional tracers such
as Fast Blue or Choleratoxin are only able to label bladder and sphincter motoneurons, since
they will not spread transsynaptically. The ideal method to label pre-motor interneurons, i.e.
first order interneurons, would be the use of the modified version (first generation) of the Rabies
virus. By removing the glycoprotein from its genome, its ability to spread across synapses is
conditioned by the presence of the glycoprotein supplied with either another helper virus or via
a transgenic line. With this method, a precise monosynaptic labelling of the interneurons
projecting to the motoneurons would be possible4,5. Nonetheless, continuous replication of the
viral vector inside the host cell causes cytotoxicity, which ultimately leads to destruction of the
infected cell in about. two weeks4, making this method inappropriate for long term studies. A
second generation of the modified rabies virus has been created by deleting the viral
polymerase gene. Although in this way the transgene expression is reduced, it drives the
expression of the Cre-Recombinase that, with only few translated copies, is still able to induce
the expression of fluorophores or calcium indicators in reporter mouse lines6,7. Although this
sounds all very promising, up to date it is not possible to use these viral vectors in our
conditions due to their poor transfection efficacy of neurons upon an intramuscular injection in
adult animals. Because the neural circuitry underlying lower urinary tract function is still
developing in the first weeks after birth, the use of these viruses in pups (where their uptake is
much better) would not retrieve helpful information for the elucidation of the circuitry of the
adult nervous system. Nonetheless, one could think to deliver the helper virus to the
motoneurons early after birth (before postnatal day 17), and then inject the modified rabies
virus in the motoneuron pool when the animals are adults. An alternative to these double
modified Rabies viruses is the Pseudorabies viruses (PRV). They have the ability to bind to,
enter and transfect neurons after an intramuscular injection and subsequently travel
retrogradely across synapses to premotor interneurons and projection neurons. Since the
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PRVs are not monosynaptically restricted, we performed pilot studies investigating the
infection-timeline after injection of one PRV expressing eGFP into the EUS and a second PRV
expressing mRFP1 into the bladder detrusor8,9. At day 2 post injections, only sphincter
motoneurons and preganglionic autonomic neurons were observed in the lumbosacral cord.
Starting at day three, interneurons were also labelled and, at day post injection 4, neurons in
the brainstem were also visible. Although PRVs cannot be used for long-term experiments,
their ability to infect neurons after injections in the bladder wall and EUS can help us localize
and characterize the neurons involved in lower urinary tract function. Additionally, the same
viruses could be used in spinal cord injured animals, and the changes to the circuitries could
be investigated. The challenges encountered in the retrograde labelling of the interneurons
involved in lower urinary tract function highlight also the importance of the generation of an
effective transsynaptic anterograde viral vector, so that the neurons receiving inputs directly
from the PMC could be labelled. Although AAVs are thought to be unable to jump between
synapses, recent studies showed that AAV serotype 1 expressing the Cre-recombinase was
able to label post-synaptic cells in a reporter mouse line10. Interestingly, the Cre-recombinase
seemed to be released into the synaptic cleft and taken up by the postsynaptic neurons. As
mentioned beforehand, only a few copies of the Cre-recombinase are necessary to drive the
expression of fluorescent proteins in a reporter mouse line. Since the same is true for Flippase,
one could think to express the Flippase in a Cre-dependent way in either CRF or ESR1
neurons, so that spinal neurons receiving inputs from these cell populations could be labelled.
Being able to access these interneuron population is not only important for their localization,
but also for their characterization and manipulation. The labelling with fluorescent protein
would allow the electrophysiological characterization in both intact as well as injured spinal
cords with in vitro preparation of the spinal cord11. The expression of calcium indicator could
assist in understanding which cells are activated at which timepoint12 in vivo during a
urodynamic assessment, while optogenetics or chemogenetics might be used to selectively
activate or inhibit certain cell population13,14. Since the results obtained in this thesis point to a
central role of GABAergic neurons for a coordinated action of the EUS and the bladder, it would
be extremely interesting to silence GABAergic neurons in the lumbosacral cord and observe if
detrusor-sphincter-dyssynergia (DSD) develops.
Recent advances in imaging techniques revealed the potential of tissue clearing for imaging
whole organs15 to better understand the neuronal circuitries involved in certain actions. Pilot
studies using organic solvents16,17 were successful in showing the EUS motoneurons.
Nonetheless, the fluorescent signal generated by the PRV is relatively weak and thus first and
second order interneurons were not visible so far. Further experiments using a different
protocol that involves the use of nanobodies18 to increase the eGFP or mRFP1 signals are
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currently ongoing and will hopefully result in the labelling of specific, functionally relevant
interneuron subpopulations linked to lower urinary tract function.

10.2. Elucidating the mechanisms of action of how anti-Nogo-A improves lower
urinary tract function following SCI
The data obtained in our study revealed that the application of anti-Nogo-A antibodies acutely
after SCI was able to improve lower urinary tract function and, most importantly, to prevent the
emergence of detrusor-sphincter-dyssynergia following SCI. Nonetheless, only animals with
an incomplete SCI showed improved lower urinary tract function, while there were no
differences between the control and anti-Nogo-A treated animals with a complete SCI. This
highly suggests that the descending supraspinal fibers play a crucial role in the coordination
of the bladder and the EUS. Our results showed that the CRF-positive fibers and terminals in
the lumbosacral cord declined after SCI. Strikingly, no drop in CRF-positive fibers was
observed in the anti-Nogo-A treated group, suggesting that, after an incomplete lesion, the
remaining fibers sprouted and re-innervated their target regions under the influence of antiNogo-A antibodies. It would be imperative to prove with genetic manipulations of these
projections that the CRF-innervation create functional synapses onto spinal interneurons. As
mentioned in the paragraph above, ESR1-positive neurons in the PMC are also key actors for
the correct functioning of the EUS1. Thus, analyses of these fibers after SCI and anti-Nogo-A
therapy would be really interesting. Immunostaining for ESR1-fibers and terminals currently
not possible due to the absence of a good antibody, thus investigating the changes in ESR1innervation should probably be done in a transgenic or virally labelled animal model labelling
ESR1-positive neurons and fibers. Currently, we can only hypothesize that the beneficial
effects of anti-Nogo-A treatment is attributed to the plastic rearrangements of spared
descending CRF and, perhaps, ESR1-positive fibers. Future experiments using genetic
silencing of these cell-population after injury and anti-Nogo-A treatment should allow to further
analyze the beneficial effect of this growth and plasticity enhancing therapeutic intervention on
lower urinary tract function. The focus will have to be on the interneuron populations in the
lumbosacral cord after the rescue or not by the anti-Nogo-A.
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10.3. Clinical application of anti-Nogo-A and transcutaneous tibial nerve
application
In our animal study investigating the effects of anti-Nogo-A on the lower urinary tract
dysfunction of spinal cord injured rats, we observed significant improvements in animals with
an incomplete lesion, especially with regard to the life-threatening detrusor-sphincterdyssynergia. This raises the possibility that anti-Nogo-A might be the first causative treatment
option for neurogenic lower urinary tract dysfunction following SCI. A human phase-I safety
and tolerability trial with an intrathecal application of anti-Nogo-A antibodies in the first month
after spinal cord injury has been concluded successfully19. Currently, a European phase-II
randomized, placebo-controlled, multicenter trial in tetraplegic patients is on-going
(ClinicalTrials.gov Identifier: NCT03935321; www.nisci-2020.eu) and, because of the notable
beneficial effects observed in the animal model, information about lower urinary tract
dysfunction will be gathered during the whole duration of the study as a secondary readout
(primary read-out is the upper extremity motor score). Although not every center involved in
this study is equipped for urodynamic investigations, every participant will fill out
questionnaires concerning bladder function.
Our animal study investigating the effects of transcutaneous tibial nerve stimulation (TTNS)
was based on the protocol for a human clinical study20, and the idea behind it was to find the
rationale for a possible effect of TTNS on lower urinary tract dysfunction after SCI. Interestingly,
we found that TTNS had an acute, positive effect on bladder function after 2 weeks of daily
stimulation, but the effect vanished once the stimulation was concluded. As a future
prospective, it would be relevant to investigate the effects of different stimulation parameters.
For example, various stimulation frequencies have been shown to have a different impact on
the lower urinary tract function of the rat21. Additionally, a prolongation of the stimulation period
should be investigated; it might be that the continuous stimulation for 1-2 months or twice per
week for 6 months is a better stimulation paradigm that would be enough to stabilized new
circuits and retain the beneficial effects observed acutely. A swiss, multicentere, randomized,
sham controlled clinical trial investigating the effects of early application of TTNS after SCI is
currently ongoing with stimulation periods of up to 6 weeks (ClinicalTrials.gov Identifier:
NCT03965299), and it will be interesting to compare the data retrieved from the animal study
to the ones obtained in the human-study.
Overall, in this thesis we presented multiple therapies that might give hope in regard to the
recovery and management of the lower urinary tract function to individuals suffering a spinal
cord injury. Furthermore, we could elucidate some of the anatomical changes involved in
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urinary tract dysfunction after injury and how these could be positively influenced by novel
experimental treatments.
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