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Abstract: Management of neurogenic detrusor overactivity (NDO) remains a clinical priority to
improve patients’ quality of life and prevent dramatic urological complications. Intradetrusor
injection of onabotulinumtoxinA (BoNT/A1, botulinum neurotoxin A1) is approved as second
therapeutic line in these patients, demonstrating a good efficacy. However, a loss of its efficacy over
time has been described, with no clear understanding of the underlying mechanisms. This paper
aims at shedding new light on BONT /Al secondary failure in NDO through functional and structural
analysis. Three groups of patients (either non-NDO, NDO with no toxin history or toxin secondary
failure) were investigated using an ex vivo bladder strip assay. Detrusor strips were tensed in organ
baths and submitted to electrical field stimulation to generate contractions. Recombinant BoNT/A1
was then added at various concentrations and contractions recorded for 4 h. Histology exploring
BoNT/ALl targets, fibrosis and neuronal markers was also used. Detrusor strips from patients with
BoNT/A1 secondary failure displayed a smaller sensitivity to toxin ex vivo at 3 nM compared to
the other groups. Histological evaluation demonstrated the presence of cleaved Synaptosomal-
Associated Protein, 25 kDa (c-SNAP25) in the detrusor from the toxin-secondary failure population,
indicating some remaining in vivo sensitivity to BONT /A1 despite the therapeutic escape. Moreover,
residual c-SNAP25 did not affect parasympathetic-driven contractions observed ex vivo. This study
confirms the slightly lower efficacy of BONT/A1 in the BONT/A1 secondary failure NDO group,
suggesting that the escape from BoNT/A1 efficacy in NDO occurs at least at the parasympathetic
level and could imply compensatory mechanisms for detrusor contraction.

Keywords: neurogenic bladder; treatment failure; botulinum A toxin; NDO; mechanism of action

Key Contribution: This study suggests that the escape from BoNT /A1 efficacy in NDO occurs at
least at the detrusor/parasympathetic level.

1. Introduction

Worldwide, up to 80% of patients with multiple sclerosis (MS) or traumatic spinal cord
injury (SCI) and more than 60% of patients with spina bifida (SB) suffer from neurogenic
bladder mostly related to neurogenic detrusor overactivity (NDO) [1-3]. NDO induces
urine leakage, significantly decreasing patients” quality of life (QoL) leading to urological
complications including urinary tract infections, urinary lithiasis and renal failure.

NDO management aims to improve patients’ QoL and to prevent urological compli-
cations by achieving regular bladder emptying without post-void residue, avoiding high
intra-detrusor pressure and maintaining continence. The current management strategy is
well characterized and includes intradetrusor injection of onabotulinumtoxinA (Botox®)
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as second-line treatment frequently associated with clean intermittent catheterizations [4].
OnabotulinumtoxinA was first introduced as a treatment of NDO secondary to SCI when
refractory to anticholinergic treatment, by Stohrer and Schurch [5]. Since then, extensive
placebo-controlled studies demonstrated efficacy and safety of this procedure, mainly in
patients with SCI, MS or SB [6-8], allowing onabotulinumtoxinA to be supported by level
1 evidence for this indication, and approved by the Food and Drug Administration (FDA)
in August 2011. The European health authorities followed with similar approval.

The main mechanism of action of botulinum neurotoxin Al (BoNT/Al, active in-
gredient in onabotulinumtoxinA) in NDO is well known and relies on the cleavage of
Synaptosomal-Associated Protein, 25 kDa (SNAP25). The cleavage of this membranal
Soluble NSF (N-ethylmaleimide-sensitive factor) Attachment Protein Receptor (SNARE)
protein inhibits neurotransmitter release by post-ganglionic parasympathetic axons, thus,
decreasing detrusor overactivity [9]. It also acts at the bladder afferences level, decreasing
the autocrine and paracrine action of the muscular-urothelial mechanoreceptors and the
C-fibers excitation [10-14].

However, several studies recently demonstrated the therapeutic failure of onabo-
tulinumtoxinA to control NDO in the long term, based on clinical and urodynamic parame-
ters. Up to 28.9% of patients were not responsive to onabotulinumtoxinA treatment after
7 to 10 years [15-17]. Joussain et al. also reported the severity of NDO as a predictive factor
of lack of efficacy [16]. Recently, neurogenic inflammation was put forward as an explana-
tion for this phenomenon [18,19]. Previously, no study has compared neurogenic bladders
from patients naive to onabotulinumtoxinA therapy versus neurogenic bladders from
patients with secondary failure of onabotulinumtoxinA therapy from both physiological
and histological perspectives.

This paper aims to shed new light on BONT/A1 secondary failure in NDO through a
double analysis. Bladders from different populations of patients will be assessed using ex
vivo pharmacology and immunohistochemistry (IHC), to try and unveil any phenomenon
that may explain how patients may no longer respond to BONT/A1 intradetrusor injections.

2. Results
2.1. Immunohistochemistry

Using histopathology evaluation on Masson’s trichrome slides, the severity of fibrosis
in detrusor was quantified for all groups (Figure 1A). A non-significant trend for a more
severe fibrosis was found for both NDO groups compared to control/non-NDO patients.
No difference was noted between the two NDO populations.

The overall density of nerve endings in the detrusor was assessed using the neural
pan-marker beta-3 tubulin. As seen in Figure 1B, no significant difference was found
between the three populations.

The level of BONT/A main receptor SV2C and target SNAP25 N-ter (total SNAP25)
was also assessed at synapses in the detrusor of the three groups. The staining level of SV2C
was found to be similar between the various populations (Figure 1C). However, SNAP25
N-ter level was significantly lower in BoNT-naive than in control patients (Figure 1D). A
similar difference was also observed when compared with secondary BoNT-failure patients
but did not reach statistical significance. A trend for a lower SNAP25 level in the latter
population compared with control patients was also noted.

Finally, the level of CHRM2 at the surface of myocytes in the detrusor was evaluated.
NDO naive patients showed significant higher CHRM2 levels compared with control
patients, and a trend for higher levels compared with secondary BoNT-failure NDO patients
(Figure 1E).
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Figure 1. (A) Fibrosis score (left) and Masson’s trichrome stain (middle and right) allowing the
identification of fibrosis (in green) and myocytes (in pink) in detrusor tissues from control/non-
NDO, and patient with NDO naive or with secondary failure to BONT/A1l. Scale bar is 100pum.
(B-E) Staining levels (left) and immunochemistry staining (middle and right) of beta-3 tubulin (B),
SV2C (C), SNAP25 N-ter (D) and CHRM2 (E) in detrusor tissues from control, and patient with
NDO naive or with secondary failure to BONT/A1. Scale bar is 20 um. The data are mean + SEM of
n =5 to 8 detrusor sections from n = 5 to 8 different patients. Post-ANOVA all-pairs Tukey-Kramer
or Steel-Dwass tests, * p < 0.05 versus control patients. All groups were compared pairwise, only
significant difference was signaled, no * means NS (not significant).

The level of BoNT/A-cleaved substrate, c-SNAP25, was evaluated in the detrusor
strips tested in the ex vivo assay with either buffer or rBoNT/A1 1-10 nM (Figure 2A, left).
Under basal (buffer-tested) conditions, c-SNAP25 was, as expected, absent in tissues from
control and BoNT-naive NDO patients. However, a moderate staining was observed at
synapses for secondary BoNT-failure population. This “residual” c-SNAP25 staining is
very likely the result of intra-detrusor BONT/ A injections anterior to surgery. To assess
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the quantity of newly-cleaved SNAP25 by rBoNT /A1 during the ex vivo assay, c-SNAP25
IHC scores observed for each strip treated with this toxin were subtracted from paired
IHC scored quantified in buffer condition. A trend for a dose-response effect was observed
in control and BoNT-naive populations, but not in secondary BoNT-failure population
in which the levels of c-SNAP25 in rBoNT/Al-treated strips remained quite unchanged
(Figure 2A, right). Interestingly, for rBoNT/A1 3 nM, c-SNAP25 levels were significantly
higher for the control and BoNT naive patients than the latter ones (Figure 2A, right,
Figure 2B). No other significant difference was observed for the other rBoNT /A1 conditions,
apart from control and secondary BoNT-failure populations at 1 nM.
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Figure 2. (A) c-SNAP25 staining levels observed in detrusor strips from control/non-NDO, and
patient with NDO naive or with secondary failure to BoNT/A1 in presence of 0 (=vehicle, left) 1,
3 or 10 nM (right) rBoNT/Al. For 1, 3 and 10 nM rBoNT/Al, the IHC score from each strip was
subtracted from the paired one obtained at 0 nM. The data are mean + SEM of n = 3 to 12 detrusor
strips sections from n = 3 to 8 different patients. * p < 0.05 versus ‘control 1 nM’; $ p < 0.05 versus
‘control 3 nM’; # p < 0.05 versus ‘NDO BoNT-naive 3 nM’. (B) Inmunochemistry staining of c-SNAP25
in detrusor strips sections from control, NDO BoNT-naive and NDO BoNT secondary failure patients
submitted to 0 or 3 nM rBoNT /A1 during ex vivo assay. Scale bar is 20 pm.

2.2. Ex Vivo Detrusor Strip Assay

This assay mimics smooth muscle contractions induced by the stimulated release of
acetylcholine and ATP from the neural varicosities in the detrusor. It thus focuses on the
implication of parasympathetic fibers in micturition. First, before the strips were subjected
to EFS, the reactivity to carbachol between the three groups was similar (4.72 £+ 0.35 g;
4.35 £ 0.50 and 4.63 + 0.65 g contractions for control bladder strips, NDO naive and
NDO escaped bladder strips, respectively, mean & s.e.m., from n = 7 to 8 patients). Then,
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rBoNT/Al did induce a concentration-related paresis at 1, 3 and 10 nM in bladder strips
from the three different populations under conditions where the vehicle did not. In detrusor
strips from secondary BoNT-failure NDO patients, the t50s were not significantly different
between the three concentrations of rBoNT/Al (1, 3 and 10 nM), while in detrusor strips
from botulinum toxin-naive patients, rBoNT/A1 at 3 and 10 nM showed a significantly
quicker inhibitory effect compared to 1 nM on EFS-induced contractions. Interestingly, 3 nM
rBoNT/Al induced a significantly greater and faster effect on EFS-induced contractions of
strips from botulinum toxin-naive patients compared with BoNT secondary failure patients
(Figure 3A for t50s for all groups and concentrations and Figure 3B for illustration of
paresis over time under vehicle or 3 nM rBoNT /Al for NDO bladders only, in the interest
of clarity). The control strips (incubated with buffer only) displayed a residual force of
about 75% of the initial signal after 3 h of stimulation. There was no difference in control
strip contracting behavior between naive and BoNT secondary failure groups (Figure 3B),
despite the background C-SNAP25 described by immunohistochemistry (Figure 2A).
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Figure 3. (A) t50s of human bladder strips from control patients (non-NDO) and patient with NDO
naive or with secondary failure to BONT /A1 incubated ex vivo with 1, 3 or 10 nM rBoNT/A1l (n =3
to 6). The data are mean + SEM of n experiments using bladder samples from n different patients,
* p < 0.05 versus ‘NDO BoNT naive’ at 3 nM; # p < 0.05 versus ‘NDO BoNT naive at 1 nM’". (B) Kinetics
of force generated in the control strips and 3 nM BoNT/Al-treated for bladders from BoNT secondary
failure or BoNT naive patients with NDO (n = 6-8 patients/group), §§8§ p < 0.001.
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As a result of the pre-defined exclusion criteria, several strips were excluded from
analysis, explaining the range from 7 = 3 to n = 8 in Figure 3B.

3. Discussion

Here, we demonstrated that bladder strips of patients inefficiently treated by BONT/A1
were less sensitive to the paralyzing effect of rBoNT/A1 ex vivo, with a significantly slower
paresis of detrusor contractions observed at 3 nM when compared to naive patients. Quite
interestingly, in the BONT/A1 secondary failure group, a significant amount of cleaved
SNAP-25 was observed in non-treated bladder strip, despite no significant differences in
the contractility over time between groups (toxin-naive and secondary failure NDO) treated
with vehicle. This point underlines the ability of the detrusor to contract despite SNAP-
25 cleavage in secondary failure NDO patients. This result is consistent with previous
data [20].

As the ex vivo assay mimics detrusor contractions in tissue without urothelium, these
data are focusing on efferent/parasympathetic fibers innervating the bladder. This high-
lights that the loss of efficacy of BONT /A1 could occur, at least partially, at the efferent level.
To our best knowledge, this paper is the first to underline BoNT/A1 escapement in the
detrusor itself. Moreover, SNAP25 cleavage resulting from anterior clinical onabotulinum-
toxinA injections did not affect the capability of the strips from secondary failure NDO
bladders to contract, suggesting an internal process overpassing the toxin effect.

From an indication point of view, pathophysiological mechanisms remain unclear
and could involve remodeling at the pre-synaptic level (post-ganglionic parasympathetic
nerve) or at the post-synaptic level (smooth muscle). For instance, an increase in excitatory
neuromodulators release could be responsible for this escape. Indeed, it has been demon-
strated that ATP and acetylcholine release could be vesicular/SNAP-25 independent [21],
and thus be insensitive to SNARE-cleaving events. However, we could not investigate
these elements as neither acetylcholine (ChAT or vAChT) nor purinergic (ATP or P2X3)
pathways were assessed here. We may also suggest mechanisms increasing intracellular
calcium to overpass BoNT/A1 SNAP-25 cleavage to achieve neurotransmitter release.
Complementary experiments would be required to assess these elements. Besides, previous
authors suggested that post-BoNT/ Al sprouting is very limited at the smooth muscle level
compared to striated muscle [22], which was supported by our data. Thus, nerve sprouting
cannot explain BoNT/ A1 loss of efficacy in these patients. Additionally, some authors
suggested that NDO could lead to an increased muscarinic sensitivity at the post junctional
level [23,24], following a partial parasympathetic denervation, even if these conclusions
remain debated [25]. However, our methodology, using bladder strips, and thus only a few
square millimeters of a human bladder, could not allow us to assess accurately “patchy
denervation” following BoNT /A1 injections. Unfortunately, we failed at detecting CHRM3
to interpret the involvement of muscarinic excitatory receptors. However, interestingly,
CHRM?2 inhibitory receptors level was increased in NDO naive patients while SNAP-25
level was significantly lower compared to the control group. These parameters could
explain the better ex vivo response of NDO-naive patients bladder strips to BONT/A1. We
may hypothesize that the decreased presence of total SNAP-25 could be the result of a
chronic retrocontrol aiming to regulate neuromediator release, while inhibitory CHRM2
receptors acting on adenyl cyclase activity, potassium channel, cation channels and TRP
channels [26] would add up to this regulation. As a result, chronic BONT /A1 injections
could, despite an initial control, disturb this potential adaptation of the system and be, in
the end, actors of the escapement.

Besides, natural BoNT/A1 was the protein used for the intradetrusor injections in
patients, while equipotent but recombinant BONT/A1l was used in the ex vivo assay,
for technical reasons. The secondary failure is thus not specific for a product, but for a
molecule and the mechanisms involved at the tissue level. However, it has been proposed
that abobotulinumtoxinA (Dysport®, Ipsen Biopharm Ltd., Wrexham UK) could be more
efficient following onabotulinumtoxinA secondary failure [27]. Based on our results we
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could suggest that this could more rely on the dose than on the drug itself as proposed
previously [28,29].

Also, despite our results suggesting involvement of the detrusor in secondary fail-
ure, we have to consider associated phenomena, that we could not explore here. Indeed,
BoNT/Al acts at several levels in the neurogenic bladder, not only impacting the efferent
pathway, but also the urothelium and the sensory neurons [12,30] and possibly the central
nervous system [31]. We suppose that other pathways could be involved such as a signif-
icant increase in the afferent terminal density associated to chronic inflammation at the
mucosa level in bladders, tissue fibrosis or neutralizing BONT/A1 antibodies [18]. Further
experiments remain necessary to explore these aspects.

Finally, several limitations such as the small number of patients and the pathology
heterogenicity have to be considered. Moreover, groups were not totally comparable re-
garding age and NDO seniority. Also, we did not assess our samples’ purinergic properties
or immunostaining, preventing us from exploring the involvement of ATP in the fading of
BoNT/Al efficacy, which could be important as previously explained.

4. Conclusions

These results underline a slightly lower efficacy of BoONT/A1 in the BONT/A1 sec-
ondary failure NDO group in ex vivo assay despite an efficient SNAP-25 cleavage, suggest-
ing that the escape from BoNT/A1 efficacy in NDO occurs at least at the parasympathetic
level and could imply compensatory mechanisms at the detrusor level.

5. Materials and Methods
5.1. Patients Details and Medical History

A total of 15 neurogenic bladder tissue samples were obtained from augmentation
cystoplasty following onabotulinumtoxinA secondary failure (BoNT/A failure) requiring
surgical procedure was defined by the persistence of urinary leakage and/or urodynamic
parameters (persistence of high detrusor pressures (>40 cm H,O) or low bladder compliance
(<20 mL/cm H,0) [20]) in patients with NDO (n = 8), and non-continent urinary diversion
surgery (Bricker surgery) from onabotulinumtoxinA-naive patients with NDO proven by
urodynamics (n = 7). All patients provided their written informed consent, including
data privacy obligations. Clinical data (age, sex, therapeutics, pathology and urodynamic
parameters) were extracted from patients’ clinical files according to the French legislation
for retrospective studies, conforming with the reference methods (MR004 CNIL agreement
number: 2209010 VO0) (Table 1). Additionally, bladder tissue was obtained from patients
undergoing cancer surgery (n = 7, ‘control bladders’). The mean age of the seven patients
was 73 £ 2 years old and 100% of these patients were men.

5.2. Histopathology and Immunohistochemistry

The detrusor strips used in the ex vivo experiments (and thus incubated with re-
combinant BONT/A1 (rBoNT/A1)) as well as remaining bladder samples from dissection
were fixed in formalin, embedded in paraffin, and tissue sections (5 um; Leica Microtome
Jung RM2045, Leica Microsytems, Wetzlar, Germany) were mounted on slides. Then, sec-
tions were stained with classical Masson'’s trichrome method (LAPV, Amboise, France).
Severity of fibrosis was determined by a pathologist using a 4-point scale scoring sys-
tem (0: absence, 1: mild, 2: marked, 3: severe). For immunohistochemical staining, a
standard avidin-biotin-peroxidase procedure was used [32]. After a heat-induced epitope
retrieval step, endogenous peroxidases were blocked for 10 min in 3% H,O,. Slides were
incubated with primary antibodies specific for cleaved-SNAP25 (c-SNAP25) by BoONT/A
(EF14007, rabbit polyclonal, IPSEN, France), all forms of SNAP25 (N-ter part) (SNAP25
N-ter) (111 011, Synaptic Systems, Gottingen, Germany), SV2C, the protein receptor for
BoNT/A1l (MABN367, Merck, Darmstadt, Germany), beta-3 tubulin, a neuron-specific
marker, revealing neuronal density (G712A, Promega, Fitchburg, WI, USA) or cholinergic
receptor muscarinic 2, one of the muscarinic acetylcholine receptors subtypes in the bladder
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(CHRM2) (NLS1331, Novus Biologicals, Abingdon, UK). After incubation with a biotiny-
lated anti-rabbit IgG secondary antibody for 30 min (Vector Laboratories, Burlingame,
CA, USA), followed by a 30 min incubation with avidin-biotin coupled to horseradish
peroxidase (Vector Laboratories, Burlingame, CA, USA), sections were incubated for 5 min
with 0.02% diaminobenzidine (DAKO, Santa Clara, CA, USA), and counterstained with
hematoxylin. c-SNAP25 was assessed in detrusor strips from ex vivo assays, while SNAP25
N-ter, SV2C, beta-3 tubulin and CHRM?2 were assessed in the detrusor of the dissection
bladder samples. Staining density and intensity were independently determined by a
trained experimenter with a 4-point scale scoring system (0: none, 1: low density/intensity,
2: moderate density/intensity, 3: high density/intensity). More precisely, staining intensity
is dependent on the amount of antigen detected, inducing more or less chromogen deposit
in tissues. Density is a subjective quantification of the overall amount of positive nerves in a
structure (e.g., in muscular layers). This analysis was performed by two different operators
in a blind manner and verified by a board-certified veterinary pathologist (SL, ECVP). A
final IHC score was calculated by multiplying the staining density score by the staining
intensity score (final score from 0 to 9).

Table 1. General patient details displaying the gender, age, the presence of low bladder compliance,
the neurologic disease, seniority in the disease (years), the potential treatment with antimuscarinics
and the time since the last BONT/ A injections in the bladders (days). Regarding patients providing
control bladders, the age ranged from 64 to 78. (MS: Multiple sclerosis, SCI: Spinal cord injury,
SB: Spina-bifida, EM; Encephalomyelitis, NA: Not Applicable, Na: not available); * low bladder
compliance was compliance below 20 mL/cm H,O, for which the individual value is given between
brackets when it is the case.

Low Seniority Number of Last
. of the Antimuscarinic BoNT/A Intradetrusorial
Groups Gender Age Bladder Neurologic Neurologic (yes=1; Injection Injection of
P (Year) Compli- Disease 110708 y ! ) )
. Disease no =0) before BoNT/A
ance
(year) Surgery (Days)
F 55 0 MS 21 0 NA NA
M 33 0 SCI 12 0 NA NA
BoNT/ F 67 0 SCI 4 0 NA NA
A-naive F 71 0 SCI 45 1 NA NA
patients F 52 1(10) SCI 38 0 NA NA
M 50 0 SCI 24 0 NA NA
M 64 0 SCI 33 0 NA NA
F 18 0 SCI 10 1 6 141
M 32 0 SCI 10 1 5 79
BoNT/A- M 27 0 SCI 10 1 16 147
secondary F 28 1(13) SB 28 1 5 122
failure M 31 0 SCI 8 1 6 37
patients F 60 Na EM 14 1 14 256
M 21 Na SCI 8 1 5 412
M 37 1 (10) SCI 5 1 4 163

For statistical analysis, all IHC and histopathology data were analyzed using JMP Pro
v15.2 (SAS Institute Inc., Cary, NC, USA, 2021). Parametric (all-pairs Tukey-Kramer) or
non-parametric (Steel-Dwass) tests were used post-ANOVA. The level of significance was
set at p < 0.05.

5.3. Ex Vivo Detrusor Strip Assay

All reagents were purchased from Sigma (St Louis, MO, USA) and solutions prepared
on the day of the experiment. rBoNT/A1 was produced at IPSEN Bioinnovation (Milton
Park, UK) in PBS/BSA and stored at —80 °C. This neurotoxin has the same primary se-
quence and activity equivalent to natural BONT/A1 [32]. Tissue samples were stored at 4 °C
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in Krebs-HEPES buffer and transported to the research facilities immediately after surgery.
The urothelium was carefully removed and eight sections of detrusor (4 x 2 x 2 mm) were
excised and suspended in 5 mL organ chambers on tissue holders fitted with platinum
electrodes for isometric tension recording (Pioden controls Ltd., Ashford, UK). The strips
from the control group were prepared from healthy tissue, devoid of any sign of can-
cer infiltration or inflammation. Following the equilibration period, the detrusor strips
were stimulated chemically (100 mM KCl, 3uM carbachol) and electrically (electrical field
stimulation (EFS) 20 Hz, 1 ms pulse duration, 5 s train duration, 300 mA, Bionic System,
Nozay, France). The viability of the strips was measured by carbachol stimulation at the
beginning (CCh1) and at the end (CCh2) of the experiments. EFS trains were continuously
performed by groups of 3 stimulations applied at 1-min interval and followed by a 3-min
period of rest. This protocol selectively depolarizes parasympathetic fibers located in the
bladder wall, as proved by the inhibition of the contractions with oxybutynin, in a previous
set of experiments (internal data). Stimulations were continued until stable responses
were obtained (a response was considered stable when the percentage of variation of the
amplitude of EFS contractions calculated for the last three groups of EFS contraction dur-
ing stabilization period was >90% or <110%). Then, individual strips were incubated
with either vehicle (Krebs with 0.5% gelatin), rBoNT/A1 at 1, 3 or 10 nM, by pipetting
concentrated solutions into the bath. The EFS stimulations were then continued for 3 h.
The toxin-induced paresis was quantified by measuring the force of contraction over time
as a percentage of the initial contraction (100%), and consequently computing the half
paralysis time (t50), i.e., the time necessary to inhibit 50% of the initial contraction (Mac
Lab TM/8 with Chart TM 5 software, AD Instruments Ltd., Dunedin, New Zealand).
Calculations were done by fitting a four-parameter dose-response logistic curve model
(Y = Bottom + (Top-Bottom)/(1 + 10"((LogIC50-X) * Hill Slope)) onto the experimental data
using GraphPad Prism 8.3.0 (GraphPad Software Inc., La Jolla, CA, USA, 2021).

Exclusion criteria were defined as follows, in order to obtain a valid evaluation of
the inhibitory effect of BONT/A: the initial EFS-induced contraction force (before toxin
addition) had to be higher than 300 mg, and CCh2 had to be at least 35% of CChl.

For statistical analysis, kinetics of paresis were compared with a Bonferroni’s mul-
tiple comparison test, while differences between t50s were determined by an all pairs
Tukey-Kramer’s test post one-way analysis of variance, with significance set at p < 0.05.
All data processing and statistical tests were done in JMP Pro v15.2 (SAS Institute Inc.,
Cary, NC, USA, 2021).

Author Contributions: Conceptualization, ].M.; methodology, ] M. and C.J.; software, R.A., ] M.,
FH.,, AL, VM, MLV, SL, CJ., KR, validation: ].M. and C.J.; data acquisition, C.J., ]J]M., VM.,
S.L., M.L.V, and R.A..; data curation, C.J., JM., VM., S.L., M.L.V,, R A, KR, EH., AL, ].K. and
PD.; original draft preparation, C.J. and J.M.; writing—review and editing, C.J., J M., VM,, S.L.,
M.LV,RA, KR, EH, AL,JK. and PD.;; supervision: ].M. All authors have read and agreed to the
published version of the manuscript.

Funding: This study was sponsored by IPSEN.
Institutional Review Board Statement: Not applicable.

Informed Consent Statement: All patients provided their written informed consent, including data
privacy obligations. Clinical data were extracted from patients’ clinical files according to the French
legislation for retrospective studies, conforming with the reference methods (MR004 CNIL agreement
number: 2209010 VO on 19 February 2019).

Data Availability Statement: Data sharing not applicable.

Acknowledgments: We would like to thank Diane Gorny, from Pelvipharm, for performing the
ex vivo bladder experiments. We also would like to thank Isabelle Brocheriou, and Emmanuel
Chartier-Kastler, from Hospital Pitié-Salpetriere, for their support to provide us access to the blad-
der specimens.



Toxins 2022, 14,77 10 of 11

Conflicts of Interest: ].M., VM., SL.,, M.L.V,, EH., K.R., A.L., R.A. and J K. declare no conflict of
interest. J M., VM., S.L, M.L.V, EH., K.R,, A.L,, and ] K are current or former employees at IPSEN.
C.J.: Fellowship from Allergan, Diadom and IPSEN P.D.: Consultancy and investigator fees from
IPSEN and Allergan.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Kang, Y.; Ding, H.; Zhou, H.; Wei, Z.; Liu, L.; Pan, D.; Feng, S. Epidemiology of worldwide spinal cord injury: A literature review.
J. Neurorestoratol. 2018, 6, 3. [CrossRef]

Singh, A.; Tetreault, L.; Kalsi-Ryan, S.; Nouri, A.; Fehlings, M.G. Global prevalence and incidence of traumatic spinal cord injury.
Clin. Epidemiol. 2014, 6, 309-331.

Albert, T.; Ravaud, J.-F.; Tetrafigap Group. Rehabilitation of spinal cord injury in France: A nationwide multicentre study of
incidence and regional disparities. Spinal Cord. 2005, 43, 357-365. [CrossRef] [PubMed]

Nambiar, A.; Lucas, M. Chapter 4: Guidelines for the diagnosis and treatment of overactive bladder (OAB) and neurogenic
detrusor overactivity (NDO). Neurourol. Urodyn. 2014, 33, 521-S25. [CrossRef]

Schurch, B.; Stohrer, M.; Kramer, G.; Schmid, D.M.; Gaul, G.; Hauri, D. Botulinum—A toxin for treating detrusor hyper-reflexia
in spinal cord injured patients: A new alternative to anticholinergic drugs? Preliminary results. J. Urol. 2000, 164, 692-697.
[CrossRef]

Cruz, E; Herschorn, S.; Aliotta, P.; Brin, M.; Thompson, C.; Lam, W.; Daniell, G.; Heesakkers, J.; Haag-Molkenteller, C. Efficacy
and safety of onabotulinumtoxinA in patients with urinary incontinence due to neurogenic detrusor overactivity: A randomized,
double-blind, placebo-controlled trial. Eur. Urol. 2011, 60, 742-750. [CrossRef]

Ginsberg, D.; Gousse, A.; Keppenne, V.; Sievert, K.D.; Thompson, C.; Lam, W.; Brin, M.E; Jenkins, B.; Haag-Molkenteller, C. Phase
3 efficacy and tolerability study of onabotulinumtoxinA for urinary incontinence from neurogenic detrusor overactivity. J. Urol.
2012, 187, 2131-2139. [CrossRef]

Kennelly, M.; Dmochowski, R.; Schulte-Baukloh, H.; Ethans, K.; Del Popolo, G.; Moore, C.; Jenkins, B.; Guard, S.; Zheng, Y.;
Karsenty, G. Efficacy and safety of onabotulinumtoxinA therapy are sustained over 4 years of treatment in patients with
neurogenic detrusor overactivity: Final results of a long-term extension study. Neurourol. Urodyn. 2015, 36, 368-375. [CrossRef]
[PubMed]

Humeau, Y.; Doussau, F.; Grant, N.J.; Poulain, B. How botulinum and tetanus neurotoxins block neurotransmitter release.
Biochimie 2000, 82, 427-446. [CrossRef]

Purkiss, J.; Welch, M.; Doward, S.; Foster, K. Capsaicin-stimulated release of substance P from cultured dorsal root ganglion
neurons: Involvement of two distinct mechanisms. Biochem. Pharmacol. 2000, 59, 1403-1406. [CrossRef]

Rapp, D.E.; Turk, K.W.; Bales, G.T.; Cook, S.P. Botulinum toxin type a inhibits calcitonin gene-related peptide release from isolated
rat bladder. J. Urol. 2006, 175, 1138-1142. [CrossRef]

Apostolidis, A.; Popat, R; Yiangou, Y.; Cockayne, D.; Ford, A.; Davis, J.; Dasgupta, P.; Fowler, C.; Anand, P. Decreased sensory
receptors P2X3 and TRPV1 in suburothelial nerve fibers following intradetrusor injections of botulinum toxin for human detrusor
overactivity. J. Urol. 2005, 174, 977-983. [CrossRef] [PubMed]

Khera, M.; Somogyi, G.T.; Kiss, S.; Boone, T.B.; Smith, C.P. Botulinum toxin A inhibits ATP release from bladder urothelium after
chronic spinal cord injury. Neurochem. Int. 2004, 45, 987-993. [CrossRef] [PubMed]

Liu, H.T.; Chancellor, M.B.; Kuo, H.C. Urinary nerve growth factor levels are elevated in patients with detrusor overactivity and
decreased in responders to detrusor botulinum toxin-A injection. Eur. Urol. 2009, 56, 700-706. [CrossRef]

Baron, M.; Peyronnet, B.; Aublé, A.; Hascoet, ]J.; Castel-Lacanal, E.; Miget, G.; Le Doze, S.; Prudhomme, T.; Manunta, A;
Cornu, J.-N.; et al. Long-Term Discontinuation of Botulinum Toxin A Intradetrusor Injections for Neurogenic Detrusor Overactiv-
ity: A Multicenter Study. J. Urol. 2018, 201, 769-776. [CrossRef]

Joussain, C.; Popoff, M.; Phé, V.; Even, A.; Bosset, P.O.; Pottier, S.; Falcou, L.; Levy, J.; Vaugier, I.; Chartier Kastler, E.; et al.
Long-term outcomes and risks factors for failure of intradetrusor onabotulinumtoxin A injections for the treatment of refractory
neurogenic detrusor overactivity. Neurourol. Urodyn. 2018, 37, 799-806. [CrossRef]

Dominique, I.; Tremblais, B.; Charvier, K.; Nogueira, M.C.S.; Paparel, P; Journel, N.M.; Ruffion, A. How long does the effect of
botulinum toxin in neurogenic patients last? An analysis of the subset of “good responders”. Low. Urin. Tract Symptoms 2019, 12,
155-161. [CrossRef]

Traini, C.; Del Popolo, G.; Faussone-Pellegrini, M.S.; Guasti, D.; Catarinicchia, S.; Vannucchi, M.G. Nerve sprouting and
neurogenic inflammation characterize the neurogenic detrusor overactive bladder of patients no longer responsive to drug
therapies. J. Cell. Mol. Med. 2019, 23, 4076—-4087. [CrossRef]

Traini, C.; Vannucchi, M.G. The Botulinum Treatment of Neurogenic Detrusor Overactivity: The Double-Face of the Neurotoxin.
Toxins 2019, 11, 614. [CrossRef]

Peyronnet, B.; Sanson, S.; Amarenco, G.; Castel-Lacanal, E.; Chartier-Kastler, E.; Charvier, K.; Damphousse, M.; Denys, P.;
de Seze, M.; Egon, G; et al. Definition of botulinum toxin failure in neurogenic detrusor overactivity: Preliminary results of the
DETOX survey. Prog. Urol. 2015, 25, 1219-1224. (In French) [CrossRef]

Poulain, B.; Baux, G.; Tauc, L. Presynaptic transmitter content controls the number of quanta released at a neuro-neuronal
cholinergic synapse. Proc. Natl. Acad. Sci. USA 1986, 83, 170-173. [CrossRef] [PubMed]


http://doi.org/10.2147/JN.S143236
http://doi.org/10.1038/sj.sc.3101717
http://www.ncbi.nlm.nih.gov/pubmed/15741980
http://doi.org/10.1002/nau.22631
http://doi.org/10.1016/S0022-5347(05)67283-7
http://doi.org/10.1016/j.eururo.2011.07.002
http://doi.org/10.1016/j.juro.2012.01.125
http://doi.org/10.1002/nau.22934
http://www.ncbi.nlm.nih.gov/pubmed/26607743
http://doi.org/10.1016/S0300-9084(00)00216-9
http://doi.org/10.1016/S0006-2952(00)00260-4
http://doi.org/10.1016/S0022-5347(05)00322-8
http://doi.org/10.1097/01.ju.0000169481.42259.54
http://www.ncbi.nlm.nih.gov/pubmed/16094018
http://doi.org/10.1016/j.neuint.2004.06.001
http://www.ncbi.nlm.nih.gov/pubmed/15337297
http://doi.org/10.1016/j.eururo.2008.04.037
http://doi.org/10.1016/j.juro.2018.10.012
http://doi.org/10.1002/nau.23352
http://doi.org/10.1111/luts.12297
http://doi.org/10.1111/jcmm.14294
http://doi.org/10.3390/toxins11110614
http://doi.org/10.1016/j.purol.2015.07.006
http://doi.org/10.1073/pnas.83.1.170
http://www.ncbi.nlm.nih.gov/pubmed/3510429

Toxins 2022, 14,77 11 of 11

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Haferkamp, A.; Schurch, B.; Reitz, A.; Krengel, U.; Grosse, J.; Kramer, G.; Schumacher, S.; Bastian, PJ.; Biittner, R.; Miiller, S.C,;
et al. Lack of ultrastructural detrusor changes following endoscopic injection of botulinum toxin type a in overactive neurogenic
bladder. Eur. Urol. 2004, 46, 784-791. [CrossRef] [PubMed]

Schulte-Baukloh, H.; Zurawski, T.H.; Knispel, H.H.; Miller, K.; Haferkamp, A.; Dolly, J.O. Persistence of the synaptosomal-
associated protein-25 cleavage product after intradetrusor botulinum toxin A injections in patients with myelomeningocele
showing an inadequate response to treatment. BJU Int. 2007, 100, 1075-1080. [CrossRef]

Stevens, L.A.; Chapple, C.R.; Chess-Williams, R. Human idiopathic and neurogenic overactive bladders and the role of M2
muscarinic receptors in contraction. Eur Urol. 2007, 52, 531-538. [CrossRef]

German, K.; Bedwani, J.; Davies, J.; Brading, A.F.; Stephenson, T.P. Physiological and morphometric studies into the pathophysiol-
ogy of detrusor hyperreflexia in neuropathic patients. J. Urol. 1995, 153, 1678-1683. [CrossRef]

Andersson, K.E.; Campeau, L.; Olshansky, B. Cardiac effects of muscarinic receptor antagonists used for voiding dysfunction. Br.
J. Clin. Pharmacol. 2011, 72, 186-196. [CrossRef] [PubMed]

Bottet, F.; Peyronnet, B.; Boissier, R.; Reiss, B.; Previnaire, ].G.; Manunta, A.; Kerdraon, J.; Ruffion, A.; Lenormand, L.; Verbe, B.P;
et al. Switch to Abobotulinum toxin A may be useful in the treatment of neurogenic detrusor overactivity when intradetrusor
injections of Onabotulinum toxin A failed. Neurourol. Urodyn. 2017, 37, 291-297. [CrossRef] [PubMed]

Field, M.; Splevins, A.; Picaut, P; van der Schans, M.; Langenberg, ]J.; Noort, D.; Snyder, D.; Foster, K. AbobotulinumtoxinA
(Dysport®), OnabotulinumtoxinA (Botox®), and IncobotulinumtoxinA (Xeomin®) Neurotoxin Content and Potential Implications
for Duration of Response in Patients. Toxins 2018, 10, 535. [CrossRef] [PubMed]

Esquenazi, A.; Stoquart, G.; Hedera, P; Jacinto, L.J.; Dimanico, U.; Constant-Boyer, F.; Brashear, A.; Grandoulier, A.S.; Vilain, C,;
Picaut, P; et al. Efficacy and Safety of AbobotulinumtoxinA for the Treatment of Hemiparesis in Adults with Lower Limb
Spasticity Previously Treated with Other Botulinum Toxins: A Secondary Analysis of a Randomized Controlled Trial. PM&R
2020, 12, 853-860. [CrossRef]

Collins, V.M.; Daly, D.M.; Liaskos, M.; McKay, N.G.; Sellers, D.; Chapple, C.; Grundy, D. OnabotulinumtoxinA significantly
attenuates bladder afferent nerve firing and inhibits ATP release from the urothelium. BJU Int. 2013, 112, 1018-1026. [CrossRef]
Papagiannopoulou, D.; Vardouli, L.; Dimitriadis, F.; Apostolidis, A. Retrograde transport of radiolabelled botulinum neurotoxin
type A to the CNS after intradetrusor injection in rats. BJU Int. 2016, 117, 697-704. [CrossRef] [PubMed]

Périer, C.; Martin, V.; Cornet, S.; Favre-Guilmard, C.; Rocher, M.; Bindler, J.; Wagner, S.; Andriambeloson, E.; Rudkin, B.B,;
Marty, R.; et al. Recombinant botulinum neurotoxin serotype Al in vivo characterization. Pharmacol. Res. Perspect. 2021, 9, e00857.
[CrossRef] [PubMed]


http://doi.org/10.1016/j.eururo.2004.07.011
http://www.ncbi.nlm.nih.gov/pubmed/15548448
http://doi.org/10.1111/j.1464-410X.2007.07137.x
http://doi.org/10.1016/j.eururo.2006.11.016
http://doi.org/10.1016/S0022-5347(01)67503-7
http://doi.org/10.1111/j.1365-2125.2010.03813.x
http://www.ncbi.nlm.nih.gov/pubmed/21595741
http://doi.org/10.1002/nau.23291
http://www.ncbi.nlm.nih.gov/pubmed/28431196
http://doi.org/10.3390/toxins10120535
http://www.ncbi.nlm.nih.gov/pubmed/30551641
http://doi.org/10.1002/pmrj.12348
http://doi.org/10.1111/bju.12266
http://doi.org/10.1111/bju.13163
http://www.ncbi.nlm.nih.gov/pubmed/25912438
http://doi.org/10.1002/prp2.857
http://www.ncbi.nlm.nih.gov/pubmed/34632725

	Introduction 
	Results 
	Immunohistochemistry 
	Ex Vivo Detrusor Strip Assay 

	Discussion 
	Conclusions 
	Materials and Methods 
	Patients Details and Medical History 
	Histopathology and Immunohistochemistry 
	Ex Vivo Detrusor Strip Assay 

	References

