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Abstract: Botulinum neurotoxin type-A (BoNT/A), which blocks quantal acetylcholine (ACh) release
at the neuromuscular junction (NM]J), has demonstrated its efficacy in the symptomatic treatment
of blepharospasm. In 3.89% of patients treated for blepharospasm at Tenon Hospital, BONT/A
was no longer effective in relieving the patient’s symptoms, and a partial upper myectomy of the
Orbicularis oculi muscle was performed. We used surgical waste samples from 14 patients treated with
repeated injections of either abobotulinumtoxinA (Dysport®) or incobotulinumtoxinA (Xeomin®).
These muscle fragments were compared to others from 4 normal subjects, naive of BONT/A. The
morphological study was performed blinded to the BONT/A treatment and between treated and
control samples. Neuromuscular specimens analyzed by confocal laser scanning microscopy, using
fluorescent staining and immune-labeling of presynaptic proteins, revealed that the pattern of
innervation (e.g., polyneuronal and convergent innervation), the muscle nicotinic ACh receptors
(nAChRs), and the NMJs exhibited marked differences in BONT/A-treated muscles (regardless of
the toxin clinically used), with respect to controls. BoNT/A-treated junctions exhibited profuse
polyneuronal innervation in which 2-6 axons innervated 74.84% of single muscle fibers, while
99.47% of control junctions were mono-innervated. Another new finding was the stable convergent
innervation, in which several motor axons end onto the same endplate. Morphological signs of
synapse elimination included the presence of retraction bulbs in axons and nerve terminals and a
reduced extension of postsynaptic nAChRs. These outcomes suggest that synapse elimination is
altered and raise questions on the origin and factors contributing to the plasticity changes observed
and the functioning of NM]Js.

Keywords: blepharospasm; botulinum type-A neurotoxin; convergent innervation; human Orbicularis
oculi muscle; myectomy; neuromuscular junction; nerve sprouting; nicotinic acetylcholine receptors;
polyneuronal innervation; synapse elimination; skeletal muscle

Key Contribution: Blepharospasm is a focal cranial dystonia resulting in the hyperactivity of
periocular muscles. BoNT/A injections in orbital or pretarsal human Orbicularis oculi muscles
constitute an effective symptomatic treatment, but in 14 out of the 360 treated patients at Tenon
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Hospital, disappointing responses were observed. Using neuromuscular surgical waste samples
of the O. oculi muscles from patients who had partial upper myectomy, we provide morphological
evidence that NMJs have persistent stable convergent polyneuronal innervation, suggesting an
alteration in synapse elimination.

1. Introduction

Botulinal neurotoxins, produced either by toxigenic anaerobic Clostridium botulinum
strains and other Clostridium bacteria or by non-Clostridium species (reviewed in refs. [1-5]),
are well known for their high toxicity and as a food safety hazard. However, despite their
potent toxicity in humans and animals (reviewed in [6]), some of the serotoxin types, like
botulinum neurotoxin type-A (BoNT/A), have become effective drugs for a remarkable
number of therapeutic usages in different pathological indications and disorders, as well
as in cosmetics (reviewed in [7-11]). Currently, a number of movement disorders are
treated with BONT/A (reviewed in refs. [12-17]). BoONT/A is known to target presynaptic
cholinergic motor nerve terminals of the skeletal neuromuscular junction (NMJ) and to
block spontaneous and nerve-evoked quantal acetylcholine release leading in vivo to a
flaccid skeletal muscle paralysis (reviewed in [18-20]). Despite the long-term transient
paralysis of skeletal muscle caused by BONT/A (from a few weeks duration in rodents to
several months in humans), the original nerve terminals and perisynaptic Schwann cells
are maintained at vertebrate NM]Js [21,22].

Significant progress has been made in understanding the molecular mode of action
of BONT/A. The modular polypeptide structure of BONT/A consists of a light chain (L,
50 kDa) and a heavy chain (H, 100 kDa) linked by a single disulfide bond and folded
in four molecular domains. Each of these domains plays a specific role in the five main
steps involved in the mode of action of the toxin, as reported in a number of outstanding
reviews that the reader is invited to consult [2,8,9,23-25]. For the purpose of this article,
we will simply recall that the steps involved in BoNT/A action include: (i) Binding to
specific membrane receptors in the nerve terminal membrane (polysialogangliosides and
the synaptic-vesicle glycoprotein protein 2 (SV2)) [26-28]. (ii) Endocytosis of the toxin
complex into the synaptic vesicle lumen. BoNT/A for synaptic vesicle entry requires a
tripartite polysialoganglioside-synaptotagmin-1-5V2 plasma membrane nanocluster, which
controls the endocytic sorting into synaptic vesicles [29,30]. (iii) Translocation of the L toxin
domain to the nerve terminal cytosol. (iv) Reduction of the interchain disulfide bond and
cytosolic release of the metalloprotease L chain. (v) Hydrolysis of a single peptide bond
in its unique substrate in the C-terminal region of the synaptosomal associated protein of
25 kDa (SNAP-25) within the nerve terminal [31].

Among the distinct movement disorders, it is included the essential blepharospasm, a
focal cranial dystonia characterized by bilateral involuntary sporadic or permanent eyelid
closures caused by contractions of the Orbicularis oculi muscles. The severity of movements
can range from an increased blinking frequency to significant functional blindness (for
a recent review on the neural control of blinking, see ref. [32]. At present, the origin of
this neurological disorder is not well understood, and no etiological treatment is available
(reviewed in [33-35]). However, treatment with BONT/ A injection can effectively alleviate
the symptoms of essential blepharospasm and has become the treatment of choice in the
management of this disease condition, constituting the most common symptomatic medical
treatment. The impressive response rate and the acceptable safety profile of BoONT/A
injections for blepharospasm have been proven through multiple clinical observation
studies and over long periods of time [35-39]. Due to the slow functional recovery of
neuromuscular transmission after BONT/A treatment in patients with blepharospasm,
between six weeks and four months [40,41], the periodic BONT/A administration every two
to three months is compulsory to maintain a satisfactory spasm-free treatment. Regardless
of this limitation, the toxin securely relieves patients of their dystonia symptoms and
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considerably enriches their quality of life [42,43]. However, in some patients with severe
essential blepharospasm having persistent symptoms and failing to show a therapeutic
response to BONT/ A-treatment, the upper eyelid surgical myectomy of a part of the upper
Orbicularis oculi muscle is an effective recommended treatment of this pathological condition
(reviewed in [44-47]).

The aim of the present study was to characterize morphologically the innervation
profile of Orbicularis oculi muscles removed from patients with essential blepharospasm that
have been treated with repetitive injections of BONT/A and in which BoONT/A-treatment
was no longer effective in controlling the recurrent spams and in relieving the patient’s
symptoms. For this, we used surgical waste muscle specimens from 14 patients treated
with repeated injections of either abobotulinumtoxinA (Dysport®) or incobotulinumtoxinA
(Xeomin®). These muscle-fragment specimens were compared to others obtained during
blepharoplasty in normal subjects that were naive to BONT/A. The morphological analysis,
using confocal laser scanning microscopy, was blinded to the BoONT/A sample treatment
used. Preliminary accounts of parts of this work have been presented in meetings and
published in abstracts [48-50].

2. Results
2.1. Collection of Surgical-Waste Orbicularis oculi Muscle Fragments

At the Department of Ophthalmology of the Tenon Hospital in Paris, patients are
being treated for benign essential blepharospasm with two commercially available prepara-
tions containing BONT/ A, either abobotulinumtoxinA (Dysport®) or incobotulinumtoxinA
(Xeomin®). Interestingly, in fourteen patients of this population (3.89%), BONT/A was no
longer effective in reducing muscle spasms. It should be emphasized that in those patients,
the loss of BONT/ A efficacy was not associated with the presence of neutralizing antibodies
to the neurotoxin, as briefly reported previously [49,50].

The mean age of the 14 patients with blepharospasm to whom BoNT/ A was ineffective
was 69.4 years (range 53-76 years), females represented 64.3% and males 35.7%. The mean
number of toxin injections delivered to patients before palpebral surgery was 17.4 (95%
confidence limits 4.5-40) per treated subject. The points of BONT/A injection are shown
in Figure A1 (Appendix A.1). The mean time elapsed between repeated toxin injections
was 10.6 weeks (95% confidence limits 8-12) per treated patient). The mean number of
BoNT/ A units used per injection was 350.1 =+ 64.5 Speywood units for abobotulinumtoxinA
(Dysport®) and 75.7 £ 9.96 Xeomin units for incobotulinumtoxinA (Xeomin®). All data was
managed anonymously without knowledge of the surgical-waste muscle source specimen.

An overview of the surgical procedure used for partial upper Orbicularis oculi myec-
tomy is given in Appendixes A.1 and A.2 (Figures Al and A2). The aim of the partial
upper myectomy was (i) to weaken the intensity of the blepharospasm, (ii) to increase the
intervals between the BONT/ A injections, and (iii) to reduce the dosage of neurotoxin used.

2.2. Pattern of Innervation of Orbicularis oculi Muscle in BONT/A-Treated Patients

The immuno-fluorescence labeling of neurofilaments allowed the visualization of
axons and nerve terminals in Orbicularis oculi mount-muscle fragments (Figure 1A). The
concomitant staining with o-bungarotoxin conjugated with fluorescein labeled the nAChRs,
revealing the muscle endplates, as shown in Figure 1B. However, at low magnification, it
was difficult to determine the innervation pattern at the single neuromuscular junction
(NM]) level.
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Figure 1. Confocal micrographs of the innervation pattern and the endplates in a surgical-waste
Orbicularis oculi mount-muscle fragment from a patient treated with BONT/A for 1 year. In (A) are
shown intramuscular axons and nerve terminals immunostained for neurofilaments (in red), and in
(B) are shown both neurofilaments (in red) and nAChRs stained with «-bungarotoxin conjugated
with fluorescein (in green).

For that reason, the neuromuscular specimen shown in Figure 1 was further imaged
and analyzed at higher magnification, revealing the individual endplates and their individ-
ual motor axons and nerve terminals. As shown in Figure 2, a conspicuous characteristic of
BoNT/ A-treated muscles was the presence of a profuse and stable polyneuronal innervation
that was typified by an unambiguous feature, the presence of distinct motor axons converging
to a unique endplate (convergent innervation), as shown in Figure 2 (Ca, Cb, Cc).

Figure 2. The pattern of innervation and endplates imaged at high magnification with a confocal
microscope from a small part of the Orbicularis oculi-mount surgical waste muscle fragment shown
in Figure 1. In (A), axons and nerve terminal immunostained for neurofilaments (in red). Shown
in (B) are immunostained axons and terminals innervating three different endplates labeled with
fluorescent a-bungarotoxin (a, b, ¢, in green). Shown in (Ca,Cb,Cc) are enlarged (2.0 times) images of
(B), note the polyinnervated endplates. The numbers refer to the axonal inputs (yellow arrows) to the
same endplate. Note the different axonal calibers converging to single NM]Js.

Other examples of stable polyneuronal innervated NM]Js are depicted in Figures 3 and 4.
The ability of axons and nerve terminals to sprout new neuronal processes is not lost
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during the repeated injections of BONT/A, as shown in Figure 3B,b. In fact, sprouting was
abundant in BONT/A-treated muscle specimens from patients having received the last
toxin injection a few days to four months before the myectomy of the Orbicularis oculi. The
fluorescent staining and immuno-labeling of presynaptic proteins revealed the presence
of small and long sprouts. In general, these outgrowths come into view as thin filament
sprouts of variable length (2.2-40 um length), emerging from axonal regions (nodal sprouts),
sometimes reaching neighboring muscle fibers (collateral sprouts). Other sprouts originate
from nerve terminals (ultra-terminal sprouts), and most remain within the same muscle
fiber, as shown in Figure 3B,b. Axonal outgrowth was profuse in muscles from patients
injected during several years with BONT/A to the point that it was difficult to follow the
motor innervation of single neuromuscular junctions.

AL lf 20 pm
I Nodal Vo
/" sprout 5

Figure 3. Examples of stable NMJs innervated by two motor axons in BoONT/ A-treated Orbicularis
oculi muscles. In (A,a), two myelinated axons with distinct caliber (labeled 1 and 2) converge to a
unique endplate exhibiting relatively homogeneous staining with fluorescent a-bungarotoxin to label
the nAChRs. Note, in (a) the heminode region (end of the myelin sheath, red arrows) of both axon 1
and axon 2. Same calibration in (A,a). (B,b) displays another complex NMJ innervated by two distinct
axons. Note, in (B,b), several thin nerve terminals budding from the two axons, an ultraterminal

sprout (

nerve sprout (axon 1, yellow and black arrows, respectively), and a nodal sprout (axon 2, yellow and
red arrows, respectively).

Figure 4. (A) Confocal micrograph of a representative example of convergent innervation in an
Orbicularis oculi muscle fragment immunostained for neurofilaments and tubulin (blue) and stained
with fluorescent x-bungarotoxin conjugated with fluorescein (yellow). The patient was treated for
1 year with BoNT/A, and the last toxin injection was performed 6 weeks before the partial myectomy.
The two NM]J in (A), labeled (a,b), are shown at higher magnification in panels (a,b). The numbers
1-31in (a) and 1, 2 in (b) refer to the axonal inputs to the respective endplates. Note in (A) the presence
of oval structures connected to axons (yellow thin arrows) that may represent signs of synaptic
elimination and enlarged axonal areas (yellow arrowhead).
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In another frequent observation of polyinnervation, multiple axons innervated dif-
ferent sites of single muscle fibers so that the same muscle fiber had different endplates
separated by tens of micrometers. A typical example is shown in Figure 5.

A 4a

Figure 5. Confocal micrographs of the innervation pattern in a surgical-waste Orbicularis oculi mount-
muscle fragment, collected 6 weeks after the latest toxin injection, from a patient treated with BoNT/A
for 4 years. In (A,a—c) are shown two axons (blue arrowheads 1 and 2) innervating the same muscle
fiber at distinct sites. In (a), note the thin nodal sprout emerging from the enlarged pre-terminal
axon (red arrow) and the small terminal sprout (blue arrow). In (b) is also shown a nodal sprout (red
arrow) evolving from the main nerve trunk 2. Note in (c), another axon innervating the same muscle
fiber and the collateral sprout (blue arrow), budding from a nerve terminal branch. Note at the tip
of the collateral sprout, there is an oval structure resembling a retraction bulb. In (B,a—c), the same
image as in (A), showing the fluorescent staining with x-bungarotoxin and the different extension
and intensity of the labeled nAChRs (a—c). The two yellow arrows show nodal and collateral sprouts
on the same muscle fiber.

2.3. Pattern of Innervation of Orbicularis oculi Muscle from Control Patients

The control NMJs in Orbicularis oculi muscle fragments were always innervated in
a clear-cut manner by the motor axon terminal, which is usually located halfway along
the length of the fibers. Along these lines, NMJs were relatively simple and constantly
mono-innervated by a single motor axon. However, great variability in the junction’s
extension and shape outline was observed, as revealed by the typical nAChR array labeled
with fluorescent a-bungarotoxin.

Examples of control human NMJs are shown in Figure 6A-F. In contrast to BONT/ A-
treated junctions, the occurrence of polyneuronal innervation was extremely rare in control
muscles (1/186 junctions, 0.53% of the fibers examined, in N = 4 human donors). Similarly,
the incidence of nerve sprouting was exceptional among the NMJs examined, from patients
that had an upper blepharoplasty and a similar age to the blepharospasm patients treated
with BoNT/A. In only one out of 186 control NMJs examined (N = 4 human donors), two
short ultraterminal nerve sprouts were detected, as illustrated in Figure 6F.
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Figure 6. (A-F) Confocal micrographs of the innervation pattern of Orbicularis oculi mount-muscle
fragment collected from control patients that were submitted to upper blepharoplasty. These patients
had neither a history of neuromuscular diseases nor blepharospasm and had never been injected with
BoNT/A. Note the variability in NM]J profiles and the distinct extension of nAChR clusters labeled
with fluorescent a-bungarotoxin (in green). In (F), note the occurrence of two ultraterminal short
nerve sprouts (yellow arrowheads).

2.4. Statistical Analysis of Mono- and Poly-Innervated Neuromuscular Junctions

The marked differences between the BoNT/A-treated and control NMJs were clear
and obvious, as shown in Figures 2—6. To strengthen the validity of these findings, we
performed a blind statistical analysis of the polyinnervation present in NM]Js from control
and BoNT/A-treated patients using the non-parametric Kruskal-Wallis test.

As shown in Figure 7A, the use of the non-parametric Kruskal-Wallis test permitted
the two treatments with abobotulinumtoxinA (Dysport®) and with incobotulinumtoxinA
(Xeomin®) to be compared with the control group, without assuming that values are
normally distributed. Under these conditions, the percentage of polyinnervated NM]Js
in the two BoNT/A-treated patient groups was highly statistically different from that
of the control group of the patient (p = 0.0029). Similarly, the use of the non-parametric
Mann-Whitney U test allowed comparing the percentage of polyinnervated NMJs from all
patients (N = 14) treated with BoONT/A-containing pharmaceutical forms with the control
group of patients without assuming that values are normally distributed. As shown in
Figure 7B, again, the difference between the two groups was highly significant, p = 0.003.

Single NMJs from BoNT/A treated patients were innervated by 1-6 motor axons,
while the majority of control NM]Js (99.47 £ 1.06%) were innervated by 1 motor axon
(Figure 8). Mono-innervated junctions represented 25.16 £ 6.95% of all NM]Js analyzed
from BoNT/ A-treated patients (Figure 8, green and yellow columns). Junctions innervated
by 2 motor axons were the majority in BoNT/A-treated patients (36.03 & 10.93%), while
junctions innervated by 3 axons represented 26.31 £ 6.14%, and those innervated by 4 to
6 axons 12.50 & 4.57%. It is worth noting that NM]Js innervated by 3 or more axons were
never observed in junctions from control patients (Figure 8).
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Figure 7. Percentage of polyinnervated NM]Js from control patients and from patients treated with
BoNT/A. (A) Percentage of polyinnervated NM]Js from control patients (N = 4 donors; n = 186 NMJs
examined) and from patients treated either with abobotulinumtoxinA (Dysport®, green column;
N =7, n = 160 NM]Js) or with incobotulinumtoxinA (Xeomin®, yellow column; N =7; n = 195 NM]Js).
Each black circle in columns represents mean data sampled from 1 patient. Data are pre-
sented as the mean + SD. The difference between groups was statistically significant (p = 0.0029;
Kruskal-Wallis test). (B) Percentage of polyinnervated NM]Js from control patients (N = 4 donors;
n = 186 NMJs examined) and from patients treated with abobotulinumtoxinA (Dysport®) and with
incobotulinumtoxinA (Xeomin®) (Yellow Green column; N = 14, n = 355 NM]Js). Data are presented
as the mean =+ SD. The difference between the control and BoNT/A-treated polyinnervated NM]J
group was statistically significant (***) p = 0.0003); Mann-Whitney U-test.

100 - . Il Control
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= 40
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20

1axon 2axons 3axons 4-6 axons

Figure 8. Percentage of NMJs innervated by 1 to 6 motor axons in control patients (N = 4 donors, black
column), and in patients treated with abobotulinumtoxinA (Dysport®) (N = 7; green columns), and
with incobotulinumtoxinA (Xeomin®) (N = 7; yellow columns. Data is expressed as the mean + SD.
Note the significant difference between control and BoNT/A-treated NM]Js innervated by 1 and
2 axons and the absence of innervation by 3 and 4-6 axons in control NM]Js. No significant statistical
difference was detected between the two pharmaceutical brands studied containing BoNT/A.

2.5. Morphological Signs of Synapse Elimination in BONT/A-Treated NM]Js

Some morphological correlates of synapse elimination were detected in the Orbicularis
oculi muscle from two out of fourteen blepharospasm patients (14.28%) responding poorly
to BoNT/A treatment.

In the BoNT/A-treated muscles, the spatial intramuscular axonal distribution re-
vealed segregated axons, which was characteristic of the presence of thin separated axonal
branches that ended in distal swollen tip structures (Figure 9A-D). In addition, synaptic
rearrangements were visualized at single NM]Js, as depicted in Figures 9A,B and 10. The
presence of the so-called “retraction bulbs” at the tip of axons and nerve terminals was
reminiscent of those described during the transition from multiple to single innervation at
developing rodent neuromuscular junctions [51,52].
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Figure 9. (A-D) Signs of synaptic elimination in BONT/A-treated O. oculi NM]Js. (A,C) Presence
of retraction bulbs (red arrows) with thin axonal terminals in close proximity to small clusters of
nAChRs (yellow arrowheads). Note that from the six retraction bulbs, only three of them show a
small nAChR cluster. (C) In the same image as in (A), the numbers indicate the axonal count in
the synaptic region. (B) Two polyinnervated NM]Js from another BONT/A-treated patient showed
nAChR clusters (yellow arrowheads) and some retraction bulbs, some of which are devoid of nAChR
clusters (red arrows). (D) Unique retraction bulb (red arrow) attached to an atrophied thin axonal
extension emerging from a polyaxonal intramuscular nerve trunk.

Figure 10. (A,B) Single NMJ innervated by three distinct axons (numbered 1-3) showing a retraction
bulb (red and turquoise arrows in (A,B), respectively) located in between innervated nAChR clusters
stained with fluorescent a-bungarotoxin (yellow arrowheads). Note in (B) that the retraction bulb is
connected to at least two nodal axonal branches emerging from the axon 1 (indicated by the yellow
arrows labeled a and b, respectively).

At human BoNT/A-treated NMJs, the retraction bulbs likely represent the common
morphological sign of motor nerve terminals (Figure 9A,B) or intramuscular axons under-
going elimination (Figure 9D). It should be noted that retraction bulbs within NM]Js had
similar morphological characteristics to terminal bulbs of intramuscular axons.

A striking feature was the loss of nAChR staining in the muscle fiber membrane,
specifically underneath the retraction bulbs (Figure 9A,B). At some endplates, the small
and reduced nAChR patches were faintly stained (Figures 9A,B and 10). Interestingly,
nAChRs seemed to be removed earlier than the overlying retraction bulbs from motor
nerve terminals.
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3. Discussion

The use of confocal laser scanning microscopy and fluorescent immunostaining al-
lowed us to study surgical-waste Orbicularis oculi muscle fragments from blepharospasm
patients responding poorly to BONT/A and from aged-matched control patients naive of
the toxin. The quantitative morphological study revealed that the innervation pattern of
motor nerve terminals and the NM]Js were quite different and more complex in muscles
treated with repeated injections of BONT/A than in control human O. oculi muscle frag-
ments. These results are consistent with previous studies reporting a significant increase
in the number of nerve fibers and NM]Js in human O. oculi muscles from blepharospasm
patients treated with repeated BoNT/A injections when compared to untreated control
muscles [53]. Similar effects have been described following BoNT/ A injection into rabbit
eyelids, in which the histological density of NMJs was increased in the weeks follow-
ing toxin treatment [54]. Such changes can be related to the motor nerve sprouting and
the synaptic remodeling characterizing murine skeletal muscles treated with BoNT/A
toxin [21,55-60]. Prior investigations assessing the morphology of single NM]Js in patients
with blepharospasm and recurrent BONT/ A injections revealed nerve sprouting of motor
axons and nerve terminals in the removed Orbicularis oculi muscles [61]. Furthermore, in
humans, the permanency of nerve terminal sprouts for three years has been recognized
after repeated BoONT/ A injections [62].

A conspicuous finding in the results obtained in the present study was that BONT/ A-
treated muscles exhibited a stable polyneuronal and convergent innervation of the muscle
fibers. Indeed, multiple axons innervating a single endplate or multiple endplates in-
nervated by different axons on individual muscle fibers were prominent features in the
morphological observations (Figures 2-8). In marked contrast to control Orbicularis oculi
muscles that were consistently innervated by a single axon (Figures 6-8), as it has been
reported previously in the Orbicularis oculi muscle [61], and in other human skeletal mus-
cles [63-65].

In the present work, we found that polyneuronal innervation had an extremely rare
occurrence (0.53%) in the NMJs of the control muscles studied, which is in good agreement
with previous work done in human dissected Orbicularis oculi myofibers [61,66].

Developmental polyneuronal innervation has been described for the first time by J.F.
Tello in 1907 [67] (a student and collaborator of Santiago Ramoén y Cajal) in immature
animals. Later, this process was rediscovered in newborn rat diaphragms in the 1970s [68]
and in other skeletal muscles (reviewed in [69]). Since then, polyneuronal innervation has
been demonstrated by visualizing motor axons and NM]Js with histological techniques
and/or by recording intracellular compound endplate potentials evoked by nerve stimula-
tion [69,70]. In rodents, during the early stages of innervation, the axonal terminals from a
number of motor neurons form numerous junctions on a small area (motor endplate) of
every muscle fiber. Afterward, as maturation progresses, the amount of neuronal inputs at
the endplate region markedly diminishes so that, at mature junctions, each muscle fiber
is mono-innervated by terminals of a unique motor neuron. In rodents, polyneuronal
innervation of muscle fibers is removed within the first three weeks of perinatal maturation
(reviewed in [70-72]).

All cellular components of mammalian NM]Js, including the presynaptic motor nerve
terminals, the non-myelinating perisynaptic Schwann cells, and the postsynaptic skeletal
muscle fibers, take part in the complex and multifactorial, and most probably polygenic
processes involving synapse elimination during development [70-72].

The enhancement of activity by either nerve or muscle stimulation decreases polyneu-
ronal innervation at the NMJ [73-75]. In contrast, the skeletal muscle paralysis produced
by BoNT/A delays the removal of polyneuronal innervation, and paralyzed muscles by
the toxin become accessible to innervation by a foreign nerve, comparable to what occurs
in denervated muscles [75,76]. Similarly, the block of nerve conduction by tetrodotoxin was
reported to lengthen synapse elimination, as well as the block of postsynaptic nAChRs with
a-bungarotoxin or d-tubocurarine (through a postsynaptic action) also delayed the elimi-
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nation of developmental polyneuronal innervation (reviewed in ref. [76]). Thus, during
development, the structures composing the NMJ undergo rapid formation and elimination
of unnecessary junctions (reviewed in [70-72,75-78].

Polyneuronal innervation can also occur in adult rodent skeletal muscle during the rein-
nervation of a muscle by its own nerve (following nerve crush) or during cross-innervation
by a foreign nerve in an ectopic region after sectioning the original nerve [69-72]. In an adult
rat model of ischemic stroke, an increased frequency of polyaxonal innervation has been
reported at paretic NM]Js. Interestingly, mechanical therapy prevented the stroke-induced
rise in polyaxonal innervation [79].

To date, a few studies have been performed with repeated BoNT/ A injections in vivo
in experimental animals [80]. Similarly, there have been few reports on in vivo BoNT/A
injections and ex vivo analyses of single NM]Js. This is in part due to the abundant prolifer-
ation of sprouts in motor axons and nerve terminals, enlarging their field of innervation
over the muscle fibers [58], thus making problematic the visualization of the presynaptic
component of each single NMJ. When two or three BONT/ A injections were administered
to mouse epitrochleoanconeus muscle at three to four month intervals, the recovery of
quantal release to normal values was found to occur more slowly than after a single in-
jection [55]. Furthermore, it was shown, using extracellular focal current recordings, that
during the recovery from BoNT/A action, the area of the original NM]J released consid-
erably more quanta than the newly formed terminals. This would not be surprising if
polyneuronal convergent innervation of NMJs was present under those conditions. Even
when no morphological evidence for polyneuronal innervation was reported at the NMJs,
the fact that populations of endplate potentials were recorded upon nerve stimulation [55]
gives support to the presence of polyinnervation following two or three BONT/A injections
in mouse NMJs.

The perisynaptic Schwann cells are involved in the removal of the superfluous junctions
and are known to participate in synapse elimination but are not involved in selecting the motor
axon that is finally maintained on each individual muscle fiber (reviewed in [70-72,77,78].

Only limited knowledge is available on polyneuronal innervation and its regression in
developing human skeletal muscles (quadriceps femoris and psoas muscles [81-83].

Our results support the view that changes in the innervation of the Orbicularis oculi
muscle may occur in mature human NM]Js in response to repeated injections of BoONT/A.
Signs of synapse elimination were observed in NM]Js (Figures 9 and 10) of a small proportion
(14.28%) of muscles from the BoNT/A-treated patient responding poorly to the toxin.
Our results raise an obvious question of why signs of synapse elimination were not more
frequently observed in the BONT/A-treated NMJ specimens. Whether this small proportion
detected may reflect some heterogeneity in the patient’s blepharospasm pathology requires
further exploration.

A striking feature in those mature junctions was the fact that postsynaptic nAChRs
withdrawal occurred at a time when retraction bulbs in motor nerve terminals were still
present (Figure 9). These results suggest that the loss of nAChRs may precede that of
nerve terminals and point to a distinct signaling mechanism for the pre- and post-synaptic
components of the NM]J. Furthermore, these results are in marked contrast to what is
observed in permanently denervated mouse muscles that do not lose postsynaptic nAChR
areas for long periods of time [84]. Similar effects have been reported in human denervated
skeletal muscle in which nAChRs of the motor endplate persisted for more than six months
after nerve injury [85].

Whether the maintenance of the polyneuronal innervation is due to the BoNT/A
treatment or related to the inherent evolution of the blepharospasm-pathology of the
patients remains to be determined. Whatever the origin is, it is worth noting that no
difference was detected in the Orbicularis oculi muscle specimens from patients who
received either abobotulinumtoxinA (Dysport®)- or incobotulinumtoxinA (Xeomin®)
treatment. In addition, it should be noted that the severity of the blepharospasm has been
reported, in a 5-year longitudinal follow-up study, to increase consistently in patients aged
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68-73 years [86]. The worsening is manifested in the patients by an increased occurrence
of muscle spasms of long duration. Thus, aging seems to play a role in the progression of
blepharospasm.

The pathophysiological origin of the reduction in clinical efficacy of BONT/A remains
unclear.

From a physiological point of view, one can anticipate that the functioning of a muscle
fiber controlled by a single axon should be significantly different from that of a fiber
innervated by several axons. In fact, such individual motor axons may asynchronously
fire synaptic potentials (endplate potentials) and action potentials (due to distinct nerve
conduction parameters, depending on their maturity) and evoke neurotransmitter release
at the terminals, which in turn would trigger asynchronous muscle action potentials
and ultimately asynchronous muscle contractions. Definitely, such type of asynchronous
contractions would be physiologically unfavorable when compared to phasic contractions
occurring under normal conditions.

Our study has several limitations. Primarily, these limitations are due to the fact that
we have not included a group of patients with essential blepharospasm that have never
been treated with BoONT/A. Due to ethical problems related to performing the surgical
myectomy before knowing if BONT/A is active in the patient, this group of patients is
lacking in our study. However, it is worth noting that in a previous report on Orbicularis
oculi muscle specimens from two patients with blepharospasm who were never injected
with BoNT/A, it was shown that the observed nerve terminals and motor endplates were
similar to normal control Orbicularis oculi muscles [61].

In addition, to disclose whether the changes here reported at the NMJ may be a direct
effect of repeated BoNT/ A injections or related to the lack of response to the treatment. It
would be ideal to include a group of BoNT/A-treated patients who continue responding to
the toxin. However, such type of study is not ethically feasible.

An additional limitation was the small number of control patients in our study, which
is, in part, due because the ophthalmology department is not a referral center for aging or
aesthetic eyelid problems and because it was difficult recruiting control patients matching
the age of the BONT/A-treated blepharospasm patients. Despite that only four control
patients were recruited, the marked differences between the BoNT/A-treated and control
NMJs (see Figures 7 and 8) were well-defined and highly statistically significant using the
non-parametric Kruskal-Wallis test and Mann-Whitney U-test.

To the best of our knowledge, the results here reported for the first time raise a number
of questions on the origin and factors contributing to the synaptic plasticity changes
observed, and in particular on synapse elimination. Synaptic plasticity at the NM]J depends
in part on perisynaptic Schwann cells, which play an important role in developmental
polyinnervation elimination, and in the sprouting process. The fact that BONT/A treated
junctions have a stable polyneuronal innervation strongly suggests that the Schwann cell is
unable to eliminate polyneuronal innervation in NM]Js.

Important questions remaining to be addressed include:

(i) What are the cell signaling mediators allowing both polyneuronal innervation and
the formation of multiple endplates in a single mature skeletal muscle fiber treated
with BoNT/A?

(i) Does polyneuronal innervation affect the pattern of motor neuron activity, synaptic
transmission, and skeletal muscle contraction in BONT/A-treated muscles?

(iii) How is synapse elimination altered in polyneuronal innervated BoNT/A treated
muscles, and are the number and activity of the perisynaptic Schwann cell in situ
modified in polyinnervated BoNT/A-treated NM]s?

These will be fruitful areas of work for the future. The answer to these questions will
certainly expand our understanding of why, in a low percentage of cases, BONT/A is no
longer effective in treating blepharospasm in humans.
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4. Conclusions

The present study provides novel insight into the presynaptic morphological charac-
terization of axons and nerve terminals, as well as of postsynaptic nAChR of junctions from
blepharospasm patients responding poorly to repeated injections of BONT/A.

Our main conclusions are the following:

(i) Changes in the innervation pattern of Orbicularis oculi muscle were present in mature
single NM]J in response to treatment with repeated BoNT/ A injections.

(i) A conspicuous finding of BONT/A-treated Orbicularis oculi muscles was a stable
polyneuronal convergent innervation of single muscle fibers, in marked contrast to
control muscle fibers that were consistently monoinnervated.

(iii) It remains to be determined if the polyneuronal innervation detected is due to the
BoNT/A treatment or is related to the inherent patient’s blepharospasm pathology.
Whatever the origin is, no difference was detected in the muscle specimens from
patients receiving either abobotulinumtoxinA (Dysport®)- or incobotulinumtoxinA
(Xeomin®)-treatment.

(iv) The capacity to sprout new neuronal processes is still present and is not suppressed
in patients with blepharospasm treated with repeated BONT/A injections, for which
the toxin is less effective.

(v) Signs of synaptic elimination were observed in BONT/A-treated muscles as evidenced
by the presence of retraction bulbs, which are a recurrent morphological sign of motor
nerve terminals undergoing elimination within the NMJ domain and intramuscular
axons, but most probably the pruning of axons and nerve terminals cannot cope,
suggesting alterations in perisynaptic Schwann cell activity and signaling.

5. Materials and Methods
5.1. Patients with Blepharospasm

A small number of patients suffering from essential blepharospasm and treated at the
ophthalmology department of the Tenon Hospital responded poorly to BONT/A treatment.
It should be noted that none of the patients in question exhibited any signs of “resistance”
to BONT/A or “non-responsiveness” to BONT/A injections. In specific cases, their muscles
were abnormally stimulated by very disabling dystonia, requiring more BoONT/ A units with
a shortened reinjection time. These patients were clinically examined, and blood samples
were obtained for testing the absence of BONT/ A neutralizing antibodies. Additionally,
the effectiveness of BONT/A was evaluated by injecting the BONT/ A into the upper part
of the hemi-frontalis muscle. Patients were examined ten days later by comparing the
injected with the contralateral non-injected hemi-frontalis muscle. Once these two tests
were carried out (absence of neutralizing antibodies and effectiveness of the toxin on a
muscle not affected by the disease), a BONT/A injection session was conducted. The
BoNT/A concentration was doubled, and an increased number of injection points were
used. The standardized “Jankovic Rating Scale” [87] was used to assess the BONT/A
treatment response in patients with blepharospasm. The two blepharospasm parameters,
severity, and frequency (both scored 0—4), were evaluated. Patients to whom myectomy
surgery was proposed had a score of 4 in blepharospasm severity (severe, incapacitating
spasm of eyelids) and a score of 4 in blepharospasm frequency (functionally blind due to
persistent eyelid closure for more than 50% of the waking time). In cases where the BONT/A
concentration needed to be doubled and/or injection points needed to be multiplied,
associated with a shortening of intervals between two re-injection times, the partial upper
Orbicularis oculi myectomy was considered for improving the treatment. In those cases, the
myectomy surgery was explained to patients, including a comprehensive overview of the
potential benefits and risks. This outdoor surgery was performed under local anesthesia.
Scheduled BoNT/ A re-injections after surgery were also explained to the patient. Under
any circumstances, it was suggested that the surgery could cure the disease. Once the
patient had provided informed consent for the surgery, they were informed of the use
of surgical waste muscle fragments for immuno-histology research. The present study
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included patients who had approved the proposed therapeutic strategy. Those patients
who refused surgery were not included in the study. Furthermore, patients who underwent
a treatment change in the BONT/ A pharmaceutical form prior to the surgical myectomy
were not included in the study. After their consent, the surgery was performed, and muscle
waste samples were prepared, as detailed here below.

5.2. Orbicularis oculi Surgical-Waste Muscle Fragments

Orbicularis oculi muscle fragments were obtained from fourteen patients undergoing
surgical myectomy for essential blepharospasm at the Tenon Hospital (Paris, France). In ad-
dition, four patients undergoing upper blepharoplasty (eyelid lift) to cure unaesthetic ptosis
and who had never been exposed to BoNT/A and had no focal dystonia (blepharospasm)
or antecedents of neuromuscular diseases were considered as controls.

The blepharospasm patients had been previously injected, for varying times, with
two commercially available BONT/A pharmaceutical products, either abobotulinumtoxinA
(Dysport®, Ipsen Ltd., Berkshire, UK) or incobotulinumtoxinA (Xeomin®, Merz, Pharma-
ceuticals GmbH, Frankfurt, Germany) and the last toxin injection ranged from four days
to three months before myectomy. Each injection consisted of 0.1 mL of either incobo-
tulinumtoxinA (100 Xeomin units/mL) or abobotulinumtoxinA (250 Speywood units/mL)
administered in internal and external upper pretarsal and temporal upper preseptal Orbicu-
laris oculi muscle, for the area involved by eyelid surgery. The surgical removal of upper O.
oculi muscle fragments was always performed by B.G., one of us, and is described in some
detail in Appendix A.

The waste muscle samples obtained by the surgery were immediately pinned flat on
silicon-embedded Petri dishes at the resting length and washed repeatedly first, with a
physiological mammalian oxygenated Krebs-Ringer solution containing (in mM) 135 NaCl,
5 KCl, 2 CaClp, 2 MgCl,, 10 glucose, and 10 HEPES buffer solution (adjusted to pH
7.4). Thereafter, muscle fragments were washed with a solution containing Phosphate
Buffer Saline (PBS, Thermo Fisher 14190-144, Illkirch, France) to eliminate the remaining
blood adhering to samples. Fixation was done with 4% paraformaldehyde (Electron
Microscopy Sciences, Hatfield, PA, USA) in PBS for 30 min at room temperature (20-22 °C)
and transferred to the laboratory. After two subsequent PBS washes, autofluorescence
was quenched with 50 mM NH,4Cl (Euromedex, Souffelweyersheim, France) for 30 min,
and muscle fragment samples were rinsed in PBS before dissection under a binocular
microscope to carefully remove connective and fat tissues, and therefore bring-down
possible background staining. Small bundles of fibers were teased out from the muscle
fragments for whole-mount preparation.

5.3. Nerve Terminal Immuno-Labelling and Muscle Staining

Immuno-fluorescence labeling or staining was achieved on whole-mount micro-
dissected muscle fragment preparations permeabilized by incubation for 2 h with 2%
Triton X-100 (Sigma-Aldrich, Saint-Quentin-Fallavier, France) in PBS and blocked by in-
cubation for 2 h at room temperature with 2% bovine serum albumin (Sigma-Aldrich)
(permeabilization /saturation buffer). Muscle preparations were then processed with anti-
neurofilament 160/200 kDa antibodies (mouse monoclonal, Sigma-Aldrich, 1:100 dilution)
and anti-B-III tubulin (Rabbit monoclonal, Tujl, BioLegend, San Diego, CA, USA; MRB
435P, 1:200 dilution) incubated overnight at 4 °C in permeabilization/saturation buffer).
After three PBS washes, samples were incubated overnight at 4 °C with Alexa Fluor 555
labeled goat anti-mouse IgG (A-21422, 1:500 dilution, Thermo Fisher, Illkirch, France),
Alexa Fluor 647 labeled goat anti-rabbit IgG (A-21244, 1:500 dilution, Thermo Fisher), Alexa
Fluor 488 labeled a-bungarotoxin (B-13422, 20 pg/mL, Thermo Fisher), and 4’ 6-diamidino-
2-phenylindole (Sigma-Aldrich, 5 ug/mL). After three PBS washes, muscle samples were
flat-mounted in Mowiol® 4-88 mounting medium (Sigma-Sigma-Aldrich) between the slide
and coverslip and kept at 4 °C before imaging.
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5.4. Image Acquisition and Processing

Images were acquired with multiphoton scanning confocal microscopes Zeiss LSM
510 META (Carl Zeiss, Jena, Germany) or Leica TCS SP8 (Leica Mikrosysteme Vertrieb
GmbH, Wetzlar, Germany) and controlled through the manufacturer-supplied software
and workstations. The confocal images presented herein comprise single projected images
obtained by superimposing collected z-stack sets. Z-stack images (1024 x 1024 pixels)
were obtained from a series of optical sections (0.5 um) with a Plan-Apochromat 10 x/0.4
numerical aperture (NA), or 63 x/1.4 NA oil objectives, and projections were made and
analyzed using the Java image processing software Image]J version 1.54 (https://imagej.
nih.gov/ij/; accessed on 23 January 2023). Polyinnervation was assessed by counting the
number of independent axonal inputs contacting a single NMJ endplate. Individual NM]Js
were then classified as mono- or poly-innervated.

5.5. Statistics and Data Processing

All data was managed anonymously. Numbers and colors replaced patient’s names
and BoNT/A containing pharmaceutical form names, respectively. Unless otherwise
stated, data are presented as the mean + SD. Comparison between data was completed
using the non-parametric Kruskal-Wallis test that allowed the two treatments, either with
abobotulinumtoxinA (Dysport®) or incobotulinumtoxinA (Xeomin®), to be compared with
the control group without assuming that values are normally distributed. In addition, the
Mann-Whitney U-test was used to compare BoNT/A-treated patients with the control
group. Differences were considered statistically significant at p < 0.05. N represented the
number of donor patients; n was the number of junctions examined. Statistical analyses
were performed using GraphPad Prism 9.0 software (GraphPad Software Inc., San Diego,
CA, USA).
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Appendix A.
Appendix A.1. General Procedures for BONT/A Injection, Local Anesthesia, and Suture

Figure Al. (A), Outline of the injection sites of BONT/A (white dots) in patients with essential
blepharospasm at the Tenon Hospital in Paris. Note that toxin injections were done bilaterally.
(B), Local anesthesia with Lidocaine injection in the drawn area. (C), Continuous cutaneous suture.

Appendix A.2. Surgical Procedure

After a palpebral incision in the upper palpebral crease, a careful dissection of the
upper pretarsal and preseptal Orbicularis oculi muscle was done to remove it bilaterally.

Figure A2. Accurate dissection of cutaneous and muscular layers to isolate and remove the preseptal
Orbicularis oculi muscle above the septum.

It was not necessary to remove the orbital part of the Orbicularis oculi muscle, the
procerus, and the corrugator muscles because of poor aesthetic consequences and because
cerebral dystonia remains and still needs to be treated with BoNT injections. As soon as
muscle resection was performed, the two semilunar wasted muscles were meticulously
placed in a Petri dish as described in the Section 5. Electrical coagulation was carefully
performed, and a semilunar skin excision was adapted to the palpebral shape. Finally,
the skin was sutured, incorporating small fibers of aponeurosis to reshape the palpebral
crease [44].



Toxins 2024, 16, 506 17 of 20

References

1. Pirazzini, M.; Montecucco, C.; Rossetto, O. Toxicology and pharmacology of botulinum and tetanus neurotoxins: An update.
Arch. Toxicol. 2022, 96, 1521-1539. [CrossRef] [PubMed]

2. Cai, S;; Kumar, R,; Singh, B.R. Clostridial Neurotoxins: Structure, Function and Implications to Other Bacterial Toxins. Microorgan-
isms 2021, 9, 2206. [CrossRef] [PubMed] [PubMed Central]

3. Poulain, B.; Popoff, M.R. Why Are Botulinum Neurotoxin-Producing Bacteria So Diverse and Botulinum Neurotoxins So Toxic?
Toxins 2019, 11, 34. [CrossRef] [PubMed]

4. Hill, KK,; Xie, G.; Foley, B.T.; Smith, T.J. Genetic diversity within the botulinum neurotoxin-producing bacteria and their
neurotoxins. Toxicon 2015, 107 Pt A, 2-8. [CrossRef] [PubMed]

5. Johnson, E.A. Clostridial toxins as therapeutic agents: Benefits of nature’s most toxic proteins. Annu. Rev. Microbiol. 1999, 53,
551-575. [CrossRef] [PubMed]

6.  Rossetto, O.; Montecucco, C. Tables of Toxicity of Botulinum and Tetanus Neurotoxins. Toxins 2019, 11, 686. [CrossRef] [PubMed]

7. Dressler, D. Clinical Pharmacology of Botulinum Toxin Drugs. Handb. Exp. Pharmacol. 2021, 263, 93-106. [CrossRef] [PubMed]

8.  Ovsepian, S.V,; O'Leary, V.B.; Ayvazyan, N.M.; Al-Sabi, A.; Ntziachristos, V.; Dolly, ].O. Neurobiology and therapeutic applications
of neurotoxins targeting transmitter release. Pharmacol. Ther. 2019, 193, 135-155. [CrossRef] [PubMed]

9.  Pirazzini, M.; Rossetto, O.; Eleopra, R.; Montecucco, C. Botulinum neurotoxins: Biology, pharmacology, and toxicology. Pharmacol.
Rev. 2017, 69, 200-235. [CrossRef]

10. Carruthers, J.; Burgess, C.; Day, D.; Fabi, S.G.; Goldie, K.; Kerscher, M.; Nikolis, A.; Pavicic, T.; Rho, N.K,; Rzany, B.; et al.
Consensus Recommendations for Combined Aesthetic Interventions in the Face Using Botulinum Toxin, Fillers, and Energy-
Based Devices. Dermatol. Surg. 2016, 42, 586-597. [CrossRef] [PubMed]

11.  Montecucco, C.; Molgo, J. Botulinal neurotoxins: Revival of an old killer. Curr. Opin. Pharmacol. 2005, 5, 274-279. [CrossRef]
[PubMed]

12.  Yoshida, K. Botulinum Toxin Therapy for Oromandibular Dystonia and Other Movement Disorders in the Stomatognathic System.
Toxins 2022, 14, 282. [CrossRef] [PubMed]

13. Hammoud, N.; Jankovic, J. Botulinum Toxin in the Treatment of Cervical Dystonia: Evidence Based Review. Dystonia 2022,
1, 10655. [CrossRef]

14. Anandan, C.; Jankovic, J. Botulinum Toxin in Movement Disorders: An Update. Toxins 2021, 13, 42. [CrossRef]

15. Camargo, C.H.E; Teive, H.A.G. Use of botulinum toxin for movement disorders. Drugs Context 2019, 8, 1-14. [CrossRef] [PubMed]
[PubMed Central]

16. Albanese, A.; Di Giovanni, M.; Lalli, S. Dystonia: Diagnosis and management. Eur. |. Neurol. 2019, 26, 5-17. [CrossRef] [PubMed]

17. Hallett, M.; Albanese, A.; Dressler, D.; Segal, K.R.; Simpson, D.M.; Truong, D.; Jankovic, J. Evidence-based review and assessment
of botulinum neurotoxin for the treatment of movement disorders. Toxicon 2013, 67, 94-114. [CrossRef] [PubMed]

18. Poulain, B.; Molgé, J.; Popoff, M.R. Clostridial neurotoxins: From the cellular and molecular mode of action to their therapeutic use.
In The Comprehensive Sourcebook of Bacterial Protein Toxins, 4th ed.; Alouf, J., Ladant, D., Popoff, M.R., Eds.; Elsevier: Amsterdam,
The Netherlands, 2015; pp. 287-336.

19. Poulain, B.; Popoff, M.R.; Molgo, ]. How do the botulinum neurotoxins block neurotransmitter release: From botulism to the
molecular mechanism of action. Botulinum J. 2008, 1, 14-87. [CrossRef]

20. Schiavo, G.; Matteoli, M.; Montecucco, C. Neurotoxins affecting neuroexocytosis. Physiol. Rev. 2000, 80, 717-766. [CrossRef]
[PubMed]

21. Molgo, J.; Comella, ].X.; Angaut-Petit, D.; Pécot-Dechavassine, M.; Tabti, N.; Faille, L.; Mallart, A.; Thesleff, S. Presynaptic actions
of botulinal neurotoxins at vertebrate neuromuscular junctions. J. Physiol. Paris 1990, 84, 152-166. [PubMed]

22.  Duchen, L.W. An electron microscopic study of the changes induced by botulinum toxin in the motor end-plates of slow and fast
skeletal muscle fibres of the mouse. J. Neurol. Sci. 1971, 14, 47-60. [CrossRef] [PubMed]

23. Rummel, A. Two Feet on the Membrane: Uptake of Clostridial Neurotoxins. Curr. Top. Microbiol. Immunol. 2017, 406, 1-37.
[CrossRef] [PubMed]

24. Dong, M.; Masuyer, G.; Stenmark, P. Botulinum and Tetanus Neurotoxins. Annu. Rev. Biochem. 2019, 88, 811-837. [CrossRef]
[PubMed]

25.  Montal, M. Botulinum neurotoxin: A marvel of protein design. Annu. Rev. Biochem. 2010, 79, 591-617. [CrossRef] [PubMed]

26. Benoit, R.M.; Frey, D.; Hilbert, M.; Kevenaar, ].T.; Wieser, M.M.; Stirnimann, C.U.; McMillan, D.; Ceska, T.; Lebon, E; Jaussi,
R.; et al. Structural basis for recognition of synaptic vesicle protein 2C by botulinum neurotoxin A. Nature 2014, 505, 108-111.
[CrossRef] [PubMed]

27. Stenmark, P; Dupuy, J.; Imamura, A.; Kiso, M.; Stevens, R.C. Crystal structure of botulinum neurotoxin type A in complex with
the cell surface co-receptor GT1b-insight into the toxin-neuron interaction. PLoS Pathog. 2008, 4, €1000129. [CrossRef] [PubMed]

28. Dong, M.; Yeh, F; Tepp, WH.; Dean, C.; Johnson, E.A,; Janz, R.; Chapman, E.R. SV2 is the protein receptor for botulinum
neurotoxin A. Science 2006, 312, 592-596. [CrossRef] [PubMed]

29. Joensuu, M.; Syed, P,; Saber, S.H.; Lanoue, V.; Wallis, T.P; Rae, J.; Blum, A.; Gormal, R.S.; Small, C.; Sanders, S.; et al. Presynaptic

targeting of botulinum neurotoxin type A requires a tripartite PSG-Syt1-SV2 plasma membrane nanocluster for synaptic vesicle
entry. EMBO J. 2023, 42, €112095. [CrossRef] [PubMed] [PubMed Central]


https://doi.org/10.1007/s00204-022-03271-9
https://www.ncbi.nlm.nih.gov/pubmed/35333944
https://doi.org/10.3390/microorganisms9112206
https://www.ncbi.nlm.nih.gov/pubmed/34835332
https://pmc.ncbi.nlm.nih.gov/articles/PMC8618262
https://doi.org/10.3390/toxins11010034
https://www.ncbi.nlm.nih.gov/pubmed/30641949
https://doi.org/10.1016/j.toxicon.2015.09.011
https://www.ncbi.nlm.nih.gov/pubmed/26368006
https://doi.org/10.1146/annurev.micro.53.1.551
https://www.ncbi.nlm.nih.gov/pubmed/10547701
https://doi.org/10.3390/toxins11120686
https://www.ncbi.nlm.nih.gov/pubmed/31771110
https://doi.org/10.1007/164_2019_273
https://www.ncbi.nlm.nih.gov/pubmed/32886157
https://doi.org/10.1016/j.pharmthera.2018.08.016
https://www.ncbi.nlm.nih.gov/pubmed/30149105
https://doi.org/10.1124/pr.116.012658
https://doi.org/10.1097/DSS.0000000000000754
https://www.ncbi.nlm.nih.gov/pubmed/27100962
https://doi.org/10.1016/j.coph.2004.12.006
https://www.ncbi.nlm.nih.gov/pubmed/15907915
https://doi.org/10.3390/toxins14040282
https://www.ncbi.nlm.nih.gov/pubmed/35448891
https://doi.org/10.3389/dyst.2022.10655
https://doi.org/10.3390/toxins13010042
https://doi.org/10.7573/dic.212586
https://www.ncbi.nlm.nih.gov/pubmed/31258617
https://pmc.ncbi.nlm.nih.gov/articles/PMC6586173
https://doi.org/10.1111/ene.13762
https://www.ncbi.nlm.nih.gov/pubmed/30035844
https://doi.org/10.1016/j.toxicon.2012.12.004
https://www.ncbi.nlm.nih.gov/pubmed/23380701
https://doi.org/10.1504/TBJ.2008.018951
https://doi.org/10.1152/physrev.2000.80.2.717
https://www.ncbi.nlm.nih.gov/pubmed/10747206
https://www.ncbi.nlm.nih.gov/pubmed/2290130
https://doi.org/10.1016/0022-510X(71)90129-8
https://www.ncbi.nlm.nih.gov/pubmed/5119451
https://doi.org/10.1007/82_2016_48
https://www.ncbi.nlm.nih.gov/pubmed/27921176
https://doi.org/10.1146/annurev-biochem-013118-111654
https://www.ncbi.nlm.nih.gov/pubmed/30388027
https://doi.org/10.1146/annurev.biochem.051908.125345
https://www.ncbi.nlm.nih.gov/pubmed/20233039
https://doi.org/10.1038/nature12732
https://www.ncbi.nlm.nih.gov/pubmed/24240280
https://doi.org/10.1371/journal.ppat.1000129
https://www.ncbi.nlm.nih.gov/pubmed/18704164
https://doi.org/10.1126/science.1123654
https://www.ncbi.nlm.nih.gov/pubmed/16543415
https://doi.org/10.15252/embj.2022112095
https://www.ncbi.nlm.nih.gov/pubmed/37226896
https://pmc.ncbi.nlm.nih.gov/articles/PMC10308369

Toxins 2024, 16, 506 18 of 20

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Colasante, C.; Rossetto, O.; Morbiato, L.; Pirazzini, M.; Molgo, J.; Montecucco, C. Botulinum neurotoxin type A is internalized and
translocated from small synaptic vesicles at the neuromuscular junction. Mol. Neurobiol. 2013, 48, 120-127. [CrossRef] [PubMed]
Blasi, J.; Chapman, E.R.; Link, E.; Binz, T.; Yamasaki, S.; De Camilli, P; Stidhof, T.C.; Niemann, H.; Jahn, R. Botulinum neurotoxin
A selectively cleaves the synaptic protein SNAP-25. Nature 1993, 365, 160-163. [CrossRef] [PubMed]

Bologna, M.; Paparella, G.; Valls-Sol¢, J.; Hallett, M.; Berardelli, A. Neural control of blinking. Clin. Neurophysiol. 2024, 161, 59-68.
[CrossRef] [PubMed]

Teng, X.; Qu, Q.; Shu, Y.; Gong, ].; Xu, B.; Qu, J. Genetic screening in patients of Meige syndrome and blepharospasm. Neurol. Sci.
2022, 43, 3683-3694. [CrossRef] [PubMed]

Ma, H.; Qu, J.; Ye, L.; Shu, Y.; Qu, Q. Blepharospasm, Oromandibular Dystonia, and Meige Syndrome: Clinical and Genetic
Update. Front. Neurol. 2021, 12, 630221. [CrossRef] [PubMed]

Wabbels, B.; Fimmers, R.; Roggenkdmper, P. Ultra-Long-Term Therapy of Benign Essential Blepharospasm with Botulinumtoxin
A-30 Years of Experience in a Tertiary Care Center. Toxins 2022, 14, 120. [CrossRef] [PubMed]

Jochim, A.; Meind]l, T.; Huber, C.; Mantel, T.; Zwirner, S.; Castrop, F.; Haslinger, B. Treatment of blepharospasm and Meige’s
syndrome with abo- and onabotulinumtoxinA: Long-term safety and efficacy in daily clinical practice. J. Neurol. 2020, 67, 267-275.
[CrossRef]

Kollewe, K.; Mohammadi, B.; Kohler, S.; Pickenbrock, H.; Dengler, R.; Dressler, D. Blepharospasm: Long-term treatment with
either Botox®, Xeomin® or Dysport®. J. Neural. Transm. 2015, 122, 427-431. [CrossRef]

Ababneh, O.H.; Cetinkaya, A.; Kulwin, D.R. Long-term efficacy and safety of botulinum toxin A injections to treat blepharospasm
and hemifacial spasm. Clin. Exp. Ophthalmol. 2014, 42, 254-261. [CrossRef] [PubMed]

Czyz, C.N,; Burns, ]J.A,; Petrie, T.P.; Watkins, J.R.; Cahill, K.V.; Foster, ].A. Long-term botulinum toxin treatment of benign essential
blepharospasm, hemifacial spasm, and Meige syndrome. Am. |. Ophthalmol. 2013, 156, e173—e177.e2. [CrossRef]

Brin, M.E,; Burstein, R. Botox (onabotulinumtoxinA) mechanism of action. Medicine 2023, 102, €32372. [CrossRef] [PubMed]
[PubMed Central]

Truong, D.D.; Gollomp, S.M.; Jankovic, J.; LeWitt, P.A.; Marx, M.; Hanschmann, A.; Fernandez, H.H. Xeomin US Blepharospasm
Study Group. Sustained efficacy and safety of repeated incobotulinumtoxinA (Xeomin(®) injections in blepharospasm. J. Neural.
Transm. 2013, 120, 1345-1353. [CrossRef] [PubMed]

Tang, M.; Li, W.; Ji, E; Li, X.; Zhang, Y.; Liu, P. Impact of botulinum toxin injections on quality of life and self-esteem in patients
with blepharospasm. Psychol. Health Med. 2019, 24, 513-518. [CrossRef] [PubMed]

Yen, M.T. Developments in the treatment of benign essential blepharospasm. Curr. Opin. Ophthalmol. 2018, 29, 440—444. [CrossRef]
[PubMed]

Kent, T.L.; Petris, C.K.; Holds, J.B. Effect of upper eyelid myectomy on subsequent chemodenervation in the management of
benign essential blepharospasm. Ophthalmic Plast. Reconstr. Surg. 2015, 31, 222-226. [CrossRef] [PubMed]

Pariseau, B.; Worley, M.W.; Anderson, R.L. Myectomy for blepharospasm 2013. Curr. Opin. Ophthalmol. 2013, 24, 488-493.
[CrossRef] [PubMed]

Bates, A.K; Halliday, B.L.; Bailey, C.S.; Collin, J.R.; Bird, A.C. Surgical management of essential blepharospasm. Br. ]. Ophthalmol.
1991, 75, 487-490. [CrossRef]

Gillum, W.N.; Anderson, R.L. Blepharospasm surgery. An anatomical approach. Arch. Ophthalmol. 1981, 99, 1056-1062. [CrossRef]
[PubMed]

Girard, B.; Couesnon, A.; Girard, E.; Molgg, J. Polyneural Innervation and Synapse Elimination in Orbicularis oculi Muscles
from Blepharospasm Patients Responding Poorly to Recurrent Botulinum Type-A Neurotoxin Injections: A Morphological Study.
Toxicon 2024, 237, 107402. [CrossRef]

Girard, B.; Couesnon, A.; Popoff, M.R.; Molgo, ]. Neuromuscular junctions from patients treated with botulinum toxin type-A for
blepharospasm after myectomy of their Orbicularis oculi muscle. Investig. Ophthalmol. Vis. Sci. 2018, 59, 2170.

Girard, B.; Couesnon, A.; Popoff, M.-R.; Molgo, ]. Motor nerve sprouting and neuromuscular junction remodeling of orbicularis
oculi muscles from patients with blepharospasm treated with botulinum neurotoxin type A. Toxicon 2018, 156, S40. [CrossRef]
Riley, D.A. Spontaneous elimination of nerve terminals from the endplates of developing skeletal myofibers. Brain Res. 1977, 134,
279-285. [CrossRef]

Bernstein, M.; Lichtman, J.W. Axonal atrophy: The retraction reaction. Curr. Opin. Neurobiol. 1999, 9, 364-370. [CrossRef]
[PubMed]

Olson, R.M.; Mokhtarzadeh, A.; McLoon, L.K,; Harrison, A.R. Effects of Repeated Eyelid Injections with Botulinum Toxin A on
Innervation of Treated Muscles in Patients with Blepharospasm. Curr. Eye Res. 2019, 44, 257-263. [CrossRef] [PubMed]
Harrison, A.R.; Berbos, Z.; Zaldivar, R.A.; Anderson, B.C.; Semmer, M.; Lee, M.S.; McLoon, L.K. Modulating neuromuscular
junction density changes in botulinum toxin-treated orbicularis oculi muscle. Investig. Ophthalmol. Vis. Sci. 2011, 52, 982-986.
[CrossRef] [PubMed]

Rogozhin, A.A.; Pang, K.K.; Bukharaeva, E.; Young, C.; Slater, C.R. Recovery of mouse neuromuscular junctions from single and
repeated injections of botulinum neurotoxin A. J. Physiol. 2008, 586, 3163-3182. [CrossRef] [PubMed]

Meunier, FA.; Schiavo, G.; Molgé, J. Botulinum neurotoxins: From paralysis to recovery of functional neuromuscular transmission.
J. Physiol. Paris 2002, 96, 105-113. [CrossRef] [PubMed]


https://doi.org/10.1007/s12035-013-8423-9
https://www.ncbi.nlm.nih.gov/pubmed/23471747
https://doi.org/10.1038/365160a0
https://www.ncbi.nlm.nih.gov/pubmed/8103915
https://doi.org/10.1016/j.clinph.2024.02.023
https://www.ncbi.nlm.nih.gov/pubmed/38447495
https://doi.org/10.1007/s10072-022-05900-8
https://www.ncbi.nlm.nih.gov/pubmed/35044558
https://doi.org/10.3389/fneur.2021.630221
https://www.ncbi.nlm.nih.gov/pubmed/33854473
https://doi.org/10.3390/toxins14020120
https://www.ncbi.nlm.nih.gov/pubmed/35202148
https://doi.org/10.1007/s00415-019-09581-w
https://doi.org/10.1007/s00702-014-1278-z
https://doi.org/10.1111/ceo.12165
https://www.ncbi.nlm.nih.gov/pubmed/23844601
https://doi.org/10.1016/j.ajo.2013.02.001
https://doi.org/10.1097/MD.0000000000032372
https://www.ncbi.nlm.nih.gov/pubmed/37499078
https://pmc.ncbi.nlm.nih.gov/articles/PMC10374191
https://doi.org/10.1007/s00702-013-0998-9
https://www.ncbi.nlm.nih.gov/pubmed/23435927
https://doi.org/10.1080/13548506.2018.1549740
https://www.ncbi.nlm.nih.gov/pubmed/30463432
https://doi.org/10.1097/ICU.0000000000000500
https://www.ncbi.nlm.nih.gov/pubmed/29916840
https://doi.org/10.1097/IOP.0000000000000263
https://www.ncbi.nlm.nih.gov/pubmed/25192329
https://doi.org/10.1097/ICU.0b013e3283645aee
https://www.ncbi.nlm.nih.gov/pubmed/23925062
https://doi.org/10.1136/bjo.75.8.487
https://doi.org/10.1001/archopht.1981.03930011056015
https://www.ncbi.nlm.nih.gov/pubmed/7236103
https://doi.org/10.1016/j.toxicon.2024.107402
https://doi.org/10.1016/j.toxicon.2018.11.097
https://doi.org/10.1016/0006-8993(77)91073-3
https://doi.org/10.1016/S0959-4388(99)80053-1
https://www.ncbi.nlm.nih.gov/pubmed/10395581
https://doi.org/10.1080/02713683.2018.1543707
https://www.ncbi.nlm.nih.gov/pubmed/30380945
https://doi.org/10.1167/iovs.10-6427
https://www.ncbi.nlm.nih.gov/pubmed/21087967
https://doi.org/10.1113/jphysiol.2008.153569
https://www.ncbi.nlm.nih.gov/pubmed/18467364
https://doi.org/10.1016/S0928-4257(01)00086-9
https://www.ncbi.nlm.nih.gov/pubmed/11755789

Toxins 2024, 16, 506 19 of 20

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.
70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

De Paiva, A.; Meunier, EA.; Molgé, J.; Aoki, K.R.; Dolly, J.O. Functional repair of motor endplates after botulinum neurotoxin
type A poisoning: Biphasic switch of synaptic activity between nerve sprouts and their parent terminals. Proc. Natl. Acad. Sci.
USA 1999, 96, 3200-3205. [CrossRef] [PubMed]

Juzans, P.; Comella, ] X.; Molgg, J.; Faille, L.; Angaut-Petit, D. Nerve terminal sprouting in botulinum type-A treated mouse
levator auris longus muscle. Neuromuscul. Disord. 1996, 6, 177-185. [CrossRef] [PubMed]

Angaut-Petit, D.; Molgo, J.; Comella, ].X.; Faille, L.; Tabti, N. Terminal sprouting in mouse neuromuscular junctions poisoned with
botulinum type A toxin: Morphological and electrophysiological features. Neuroscience 1990, 37, 799-808. [CrossRef] [PubMed]
Duchen, L.W,; Strich, S.J. The effects of botulinum toxin on the pattern of innervation of skeletal muscle in the mouse. Q. J. Exp.
Physiol. Cogn. Med. Sci. 1968, 53, 84-89. [CrossRef] [PubMed]

Alderson, K.; Holds, J.B.; Anderson, R.L. Botulinum-induced alteration of nerve-muscle interactions in the human orbicularis
oculi following treatment for blepharospasm. Neurology 1991, 41, 1800-1805. [CrossRef] [PubMed]

Holds, J.B.; Alderson, K.; Fogg, S.G.; Anderson, R.L. Motor nerve sprouting in human orbicularis muscle after botulinum A
injection. Investig. Ophthalmol. Vis. Sci. 1990, 31, 964-967. [PubMed]

Jones, R.A.; Harrison, C.; Eaton, S.L.; Llavero Hurtado, M.; Graham, L.C.; Alkhammash, L.; Oladiran, O.A.; Gale, A.; Lamont,
D.J.; Simpson, H.; et al. Cellular and Molecular Anatomy of the Human Neuromuscular Junction. Cell. Rep. 2017, 21, 2348-2356.
[CrossRef] [PubMed]

Boehm, I; Alhindi, A.; Leite, A.S.; Logie, C.; Gibbs, A.; Murray, O.; Farrukh, R.; Pirie, R.; Proudfoot, C.; Clutton, R.; et al.
Comparative anatomy of the mammalian neuromuscular junction. J. Anat. 2020, 237, 827-836. [CrossRef] [PubMed] [PubMed
Central]

Slater, C.R.; Lyons, P.R.; Walls, T.].; Fawcett, PR.; Young, C. Structure and function of neuromuscular junctions in the vastus
lateralis of man. A motor point biopsy study of two groups of patients. Brain 1992, 115, 451-478. [PubMed]

Lander, T.; Wirtschafter, ].D.; McLoon, L.K. Orbicularis oculi muscle fibers are relatively short and heterogeneous in length.
Investig. Ophthalmol. Vis. Sci. 1996, 37, 1732-1739. [PubMed]

Tello, J.E. Dégénération et régénération des plaques motrices apres la section des nerfs. Trav. Du Lab. De Rech. Biol. De L'université
De Madr. 1907, 5, 117-149.

Redfern, P.A. Neuromuscular transmission in new-born rats. J. Physiol. 1970, 209, 701-709. [CrossRef] [PubMed] [PubMed
Central]

Brown, M.C.; Holland, R.L.; Hopkins, W.G. Motor nerve sprouting. Ann. Rev. Neurosci. 1981, 4, 17-42. [CrossRef]

Li, L.; Xiong, W.C.; Mei, L. Neuromuscular Junction Formation, Aging, and Disorders. Annu. Rev. Physiol. 2018, 80, 159-188.
[CrossRef] [PubMed]

Tintignac, L.A.; Brenner, H.-R.; Riiegg, M.A. Mechanisms Regulating Neuromuscular Junction Development and Function and
Causes of Muscle Wasting. Physiol. Rev. 2015, 95, 809-852. [CrossRef] [PubMed]

Sanes, J.R.; Lichtman, J.W. Development of the vertebrate neuromuscular junction. Annu. Rev. Neurosci. 1999, 22, 389-442.
[CrossRef] [PubMed]

Lee, Y.I. Developmental neuromuscular synapse elimination: Activity-dependence and potential downstream effector mecha-
nisms. Neurosci. Lett. 2020, 718, 134724. [CrossRef] [PubMed] [PubMed Central]

Favero, M.; Busetto, G.; Cangiano, A. Spike timing plays a key role in synapse elimination at the neuromuscular junction. Proc.
Natl. Acad. Sci. USA 2012, 109, E1667-E1675. [CrossRef] [PubMed]

Thompson, W. Synapse elimination in neonatal rat muscle is sensitive to pattern of muscle use. Nature 1983, 302, 614-616.
[CrossRef] [PubMed]

Thesleff, S.; Molgo, J.; Tagerud, S. Trophic interrelations at the neuromuscular junction as revealed by the use of botulinal
neurotoxins. J. Physiol. Paris 1990, 84, 167-173. [PubMed]

Lanuza, M.A,; Tomas, J.; Garcia, N.; Cilleros-Mafié, V.; Just-Borras, L.; Tomas, M. Axonal competition and synapse elimination
during neuromuscular junction development. Curr. Opin. Physiol. 2018, 4, 25-31. [CrossRef]

Lee, Y.I; Thompson, W.J.; Harlown, M.L. Schwann cells participate in synapse elimination at the developing neuromuscular
junction. Curr. Opin. Neurobiol. 2017, 47, 176-181. [CrossRef] [PubMed] [PubMed Central]

Balch, M.H.H.; Harris, H.; Chugh, D.; Gnyawali, S.; Rink, C.; Nimjee, S.M.; Arnold, W.D. Ischemic stroke-induced polyaxonal
innervation at the neuromuscular junction is attenuated by robot-assisted mechanical therapy. Exp. Neurol. 2021, 343, 113767.
[CrossRef] [PubMed] [PubMed Central]

Byun, J.; Kwak, S.; Kwon, ].H.; Shin, M.; Lee, D.K.; Rhee, C.H.; Kang, W.H.; Oh, ].W.; Cruz, D.].M. Comparative Pharmacodynam-
ics of Three Different Botulinum Toxin Type A Preparations following Repeated Intramuscular Administration in Mice. Toxins
2022, 14, 365. [CrossRef] [PubMed Central]

Gramsbergen, A.; IJkema-Paassen, J.; Nikkels, P.G.; Hadders-Algra, M. Regression of polyneural innervation in the human psoas
muscle. Early Hum. Dev. 1997, 49, 49-61. [CrossRef] [PubMed]

Fidzianska, A. Human ontogenesis. I. Ultrastructural characteristics of developing human muscle. J. Neuropathol. Exp. Neurol.
1980, 39, 476-486. [CrossRef] [PubMed]

Fidziariska, A. Human ontogenesis. II. Development of the human neuromuscular junction. J. Neuropathol. Exp. Neurol. 1980, 39,
606-615. [CrossRef] [PubMed]


https://doi.org/10.1073/pnas.96.6.3200
https://www.ncbi.nlm.nih.gov/pubmed/10077661
https://doi.org/10.1016/0960-8966(96)00041-7
https://www.ncbi.nlm.nih.gov/pubmed/8784806
https://doi.org/10.1016/0306-4522(90)90109-H
https://www.ncbi.nlm.nih.gov/pubmed/1701041
https://doi.org/10.1113/expphysiol.1968.sp001948
https://www.ncbi.nlm.nih.gov/pubmed/4297234
https://doi.org/10.1212/WNL.41.11.1800
https://www.ncbi.nlm.nih.gov/pubmed/1944912
https://www.ncbi.nlm.nih.gov/pubmed/2335457
https://doi.org/10.1016/j.celrep.2017.11.008
https://www.ncbi.nlm.nih.gov/pubmed/29186674
https://doi.org/10.1111/joa.13260
https://www.ncbi.nlm.nih.gov/pubmed/32573802
https://pmc.ncbi.nlm.nih.gov/articles/PMC7542190
https://pmc.ncbi.nlm.nih.gov/articles/PMC7542190
https://www.ncbi.nlm.nih.gov/pubmed/1351415
https://www.ncbi.nlm.nih.gov/pubmed/8759340
https://doi.org/10.1113/jphysiol.1970.sp009187
https://www.ncbi.nlm.nih.gov/pubmed/5499804
https://pmc.ncbi.nlm.nih.gov/articles/PMC1395553
https://pmc.ncbi.nlm.nih.gov/articles/PMC1395553
https://doi.org/10.1146/annurev.ne.04.030181.000313
https://doi.org/10.1146/annurev-physiol-022516-034255
https://www.ncbi.nlm.nih.gov/pubmed/29195055
https://doi.org/10.1152/physrev.00033.2014
https://www.ncbi.nlm.nih.gov/pubmed/26109340
https://doi.org/10.1146/annurev.neuro.22.1.389
https://www.ncbi.nlm.nih.gov/pubmed/10202544
https://doi.org/10.1016/j.neulet.2019.134724
https://www.ncbi.nlm.nih.gov/pubmed/31877335
https://pmc.ncbi.nlm.nih.gov/articles/PMC7144835
https://doi.org/10.1073/pnas.1201147109
https://www.ncbi.nlm.nih.gov/pubmed/22619332
https://doi.org/10.1038/302614a0
https://www.ncbi.nlm.nih.gov/pubmed/6835395
https://www.ncbi.nlm.nih.gov/pubmed/2290131
https://doi.org/10.1016/j.cophys.2018.04.001
https://doi.org/10.1016/j.conb.2017.10.010
https://www.ncbi.nlm.nih.gov/pubmed/29121585
https://pmc.ncbi.nlm.nih.gov/articles/PMC5732880
https://doi.org/10.1016/j.expneurol.2021.113767
https://www.ncbi.nlm.nih.gov/pubmed/34044000
https://pmc.ncbi.nlm.nih.gov/articles/PMC8286354
https://doi.org/10.3390/toxins14060365
https://pmc.ncbi.nlm.nih.gov/articles/PMC9227525
https://doi.org/10.1016/S0378-3782(97)01876-8
https://www.ncbi.nlm.nih.gov/pubmed/9179538
https://doi.org/10.1097/00005072-198007000-00006
https://www.ncbi.nlm.nih.gov/pubmed/7217996
https://doi.org/10.1097/00005072-198009000-00009
https://www.ncbi.nlm.nih.gov/pubmed/7218002

Toxins 2024, 16, 506 20 of 20

84. Rich, M.M,; Lichtman, J.W. In vivo visualization of pre- and postsynaptic changes during synapse elimination in reinnervated
mouse muscle. J. Neurosci. 1989, 9, 1781-1805. [CrossRef] [PubMed]

85. Gupta, R; Chan, J.P,; Uong, J.; Palispis, W.A.; Wright, D.J.; Shah, S.B.; Ward, S.R.; Lee, T.Q.; Steward, O. Human motor endplate
remodeling after traumatic nerve injury. J. Neurosurg. 2020, 135, 220-227. [CrossRef] [PubMed]

86. Ferrazzano, G.; Conte, A.; Gigante, A.; Defazio, G.; Berardelli, A.; Fabbrini, G. Disease progression in blepharospasm: A 5-year
longitudinal study. Eur. J. Neurol. 2019, 26, 268-273. [CrossRef] [PubMed]

87. Jankovic, J.; Orman, J. Botulinum A toxin for cranial-cervical dystonia: A double-blind, placebo-controlled study. Neurology 1987,
37,616-623. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1523/JNEUROSCI.09-05-01781.1989
https://www.ncbi.nlm.nih.gov/pubmed/2542480
https://doi.org/10.3171/2020.8.JNS201461
https://www.ncbi.nlm.nih.gov/pubmed/32947259
https://doi.org/10.1111/ene.13832
https://www.ncbi.nlm.nih.gov/pubmed/30308706
https://doi.org/10.1212/WNL.37.4.616
https://www.ncbi.nlm.nih.gov/pubmed/3561773

	Introduction 
	Results 
	Collection of Surgical-Waste Orbicularis oculi Muscle Fragments 
	Pattern of Innervation of Orbicularis oculi Muscle in BoNT/A-Treated Patients 
	Pattern of Innervation of Orbicularis oculi Muscle from Control Patients 
	Statistical Analysis of Mono- and Poly-Innervated Neuromuscular Junctions 
	Morphological Signs of Synapse Elimination in BoNT/A-Treated NMJs 

	Discussion 
	Conclusions 
	Materials and Methods 
	Patients with Blepharospasm 
	Orbicularis oculi Surgical-Waste Muscle Fragments 
	Nerve Terminal Immuno-Labelling and Muscle Staining 
	Image Acquisition and Processing 
	Statistics and Data Processing 

	Appendix A
	General Procedures for BoNT/A Injection, Local Anesthesia, and Suture 
	Surgical Procedure 

	References

