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Preface

This book collates 13 scientific articles, covering both animal studies and clinical reports,
derived from laboratories involved in studies in which the use of botulinum neurotoxins as a
therapeutic drug is extensively investigated. It is well known that the therapeutic efficacy of
botulinum neurotoxins in many pathologies lies in their biological activity as inhibitors of cholinergic
transmission neuromuscular junction level. These insights have allowed extraordinary developments
in the clinical use of BoNTs in a variety of pathologies, which are characterized by excessive muscle
contractions and hypercholinergic dysfunctions, as well as being poorly treated by conventional
drugs. Nowadays, the list of human pathologies in which treatment using botulinum neurotoxins
produces beneficial effects is constantly growing. This book, entitled “Botulinum Neurotoxins: New
Uses in the Treatment of Diseases”, is the printed version of a Special Issue (the third in a series of
three Special Issues) published by Toxins regarding the new therapeutic applications of botulinum
neurotoxins. This Special Issue is an updated version of the previous two editions: “Botulinum
Neurotoxins in the Nervous System: Future Challenges for Novel Indications” and “Effects of
Botulinum Toxin on Functional Recovery after Injuries of Nervous System”. This book is targeted
at an audience that may not be familiar with the action of botulinum neurotoxins; therefore, readers
will gain new insights into the multiple applications of this neurotoxin. On the other hand, for
professional purposes, this book provides an updated picture of the state of the art regarding the

possible development of new therapeutic treatments involving botulinum neurotoxins.

Siro Luvisetto
Editor
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Studies on animals and humans have amply demonstrated the therapeutic efficacy of
botulinum neurotoxins (BoNTs) in many pathologies. BoNTs act as blockers of cholinergic
transmission at the neuromuscular junction (NMJ). This has led to the development of
their clinical use in a variety of hypercholinergic disorders, such as dystonia, torticollis,
blepharospasm and many others characterized by an abnormal release of acetylcholine at
the NMJ. In the last decade, many studies have provided evidence of the efficacy of BoNTs
in the treatment of pathologies where the expected therapeutic action is not limited only
to NMJ, but is also attributable to the interaction of BoNTs with other structures or with
neurotransmitters other than acetylcholine. Nowadays, the list of human pathologies in
which treatment with BoNT produces beneficial effects is constantly increasing.

This Special Issue (SI), entitled: “Botulinum neurotoxins: new uses in the treatment
of diseases”, is the third SI published by Toxins of which I am honored to be the Guest
Editor. The previous SIs were dedicated to “Botulinum neurotoxins in the nervous system:
future challenges for new indications” [1] and the “Effects of botulinum toxin on functional
recovery after nervous system injuries”, whereby this SI, containing a collection of research
on new therapy with BoNTs (mainly of the serotype A, BONT/A), represents an update.
This Editorial intends to introduce the 13 articles collected in this SI, which I strongly
recommend reading in their original version.

The first contribution is a research article from Mueller et al. [2] reporting a human
study on the effects of Xeomin® (IncobotulinumtoxinA; a BONT/A formulation specifi-
cally approved for the treatment of sialorrhea), concomitantly used with the radioligand
actinium-225-PSMA in the therapy of prostate cancer metastases [2]. Cancer therapy with
this radioligand compound is highly effective, as is its counterpart sialotoxic at the level
of the parotid and submandibular glands, which regulate salivary secretions. Starting
from the consideration that the injection into the salivary glands of Xeomin® represents
the elective therapy for chronic drooling, the authors had the excellent idea of using it
to prevent excessive salivation during cancer therapy. The presented data demonstrated
that an injection of a high dose, up to a total dose of 250 units of Xeomin®, into the sali-
vary glands is well tolerated without causing severe systemic side effects. These findings
paved the road to future trials that have included BoNT/A as a component for salivary
gland protection in all of the radioligand cancer therapies, inducing permanent salivary
gland dysfunction.

The next article, by Munoz-Lora et al. [3], presents new findings on the effect of
BoNT/A in pain therapy, another booming BoNT/A therapeutic treatment. The authors
analyzed the mechanism through which BoNT/A exerts antinociceptive effects on a rat
model of temporomandibular joint (TM]) rheumatoid arthritis, a chronic inflammatory pain
model induced by repeated intra-articular injections of methylated bovine serum albumin
in TMJ. The efficacy of two commercial pharmaceutical formulations of BONT/A, namely
Dysport® (AbobotulinumtoxinA) and Botox® (OnabotulinumtoxinA), was tested. Both
formulations were able to reduce the pain-related behavior and the mechanical allodynia
of the hypernociceptive rats. The antinociceptive effects of BONT/A were correlated with

Toxins 2023, 15, 540. https:/ /doi.org/10.3390/toxins15090540
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the appearance of cleaved-SNAP-25 in the trigeminal nucleus caudalis, demonstrating an
axonal transport of toxins to the central nociceptive sensory areas, together with reductions
in c-Fos and GFAP upregulation, demonstrating a reduction in neuronal and glial activation.

Two other studies, by Yi et al. [4,5], provide anatomical information on the intramus-
cular neural arborization of the serratus anterior muscle, which is commonly injected with
BoNTs for the treatment of myofascial pain syndrome, and various muscles surrounding
the nasal region, which are frequently injected with BoNTs to increase effectiveness in
removing wrinkles in the nose region. These two articles do not suggest a new BoNT
treatment. However, they help to identify the exact anatomical distribution of specific
muscles, such as the serratus anterior and the muscles of the nose region, which aids
clinicians in electromyographic guidance of BoNT injections with the specific purpose of
carefully targeting the correct muscles, avoiding adverse effects due to the probable spread
of the toxin, especially after repeated treatments.

Another contribution of the present SI on the effects of BoNTs in the treatment of
pain comes from a review article by Lippi et al. [6]. The authors reported a comparative
analysis of 12 human studies published between 2006 and 2020, showing a significant
effect of administering BONT/ A, various commercial preparations, or BONT/B in patients
suffering from neuropathic pain due to post-herpetic neuralgia, spinal cord injury, periph-
eral nerves, diabetic neuropathy, post-traumatic/post-operative neuropathies and carpal
tunnel syndrome.

An innovative contribution regards the use of Botox® (OnabotulinumtoxinA) in the
field of dental occlusal treatment, specifically in a clinical application of the toxin to
reconstruct the physiological homeostasis of the masticatory complex in patients affected
by short-faced syndrome, presented by Li et al. [7]. The authors showed that by means of
targeted injections of Botox® into masseter muscle, to relax excessive powerful and thick
muscle in short-faced patients, it was possible to restore the physiological homeostasis
of the masticatory complex avoiding dental complications, such as temporomandibular
disorders, bruxism, periodontitis, etc., often observed with other treatments.

A very exhaustive review, presented by Gazerani [8], is devoted to the effects of
BoNTs in counteracting pruritus in a variety of conditions in which chronic itch is the
main symptom. In the review, evidence of the beneficial effects of BONTs is systematically
analyzed using studies of both animal models or with healthy volunteers subjected to
various forms of induced pruritus, or using off-label studies with humans subjected to
chronic itchy conditions originating from different pathologies, whether dermatological or
not. A mechanism of action of BoNTs is proposed, based on the blockade of the peripheral
components of pruritus, i.e., the release of pruritic mediators and the activation of immune
cells, blocking the vasomotor and autonomic components of pruritus.

A review article from Luvisetto [9] collected data on the interaction of BONT/A with
glial cells, both at the central (astrocytes, microglia and oligodendrocytes) and peripheral
level (Schwann cells and satellite glial cells). An analysis of the data confirmed that BONT/A
can block the release of neuroactive substances not only from neuronal cells but also from
glial cells. This effect is not limited to microglia and astrocytes but is also demonstrated
in Schwan cells and oligodendrocytes, non-neuronal cells involved in the reconstruction
of the myelin sheath damaged by traumatic injury. These results pave the way for an
extraordinary application of BONT/A in the treatment of spinal cord injuries, which will be
the subject of further experimental research presented in this SI.

In another contribution, Wenninger et al. [10] analyzed the frequency of hemorrhagic
side effects after BONT/ A injections, of different commercial preparations, for the treatment
of benign essential blepharospasm and hemifacial spasm in patients taking antithrombotic
drugs. The authors observed that, during the treatment of blepharospasm and hemifacial
spasm with BONT/A in patients undergoing concomitant treatment with antithrombotic
drugs, the unwanted side effects, such as hematoma frequency, were not significantly
different between patients treated with antithrombotic drugs or not. The main conclusion
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of this report was that the two treatments, both antithrombotic drugs and BoONT/A injection,
can be safely performed together.

The next article is concerned with human studies combining the effect of BoONTs and
the aid of electronic devices. Bertoncelli et al. [11] explained the use of a statistical machine
learning algorithm, named BTX-PredictMed. The algorithm is based on a model that
identifies clinical phenotypes for the prognosis of cerebral palsy in children that can benefit
from an injection of BoNTs. The clinical features that the algorithm analyzes comprise
neuromuscular scoliosis, equine foots, upper limbs and trunk muscle tone disorders, and
the presence of other forms of spasticity, dystonia and dysplasia. The importance of this
algorithm resides in the fact that it could be very helpful for professionals needing to make
informed medical decisions.

In another study, Schulte-Baukloh et al. [12] reported an analysis of the exact onset
of the action of Botox® in patients affected by an overactive bladder. By means of a Diary
Pod app, automated bladder diary equipment essentially constituting a measuring device
connected through a mobile app to the remote dashboard of the clinical portal, the voiding
frequency was accurately documented. A trend of reduction was observed 4 days after
treatment with the toxin, with a significant change from the 5th day after toxin injection.

The extraordinary role of BONT/A as an inducer of nerve regeneration in a mouse
model of spinal cord injury was presented in the research article of Mastrorilli et al. [13].
In this study, a single dose of Xeomin®, injected directly into the spinal cord during the
acute phase of traumatic injury, was able to induce complete regeneration and functional
recovery, with the restoration of walking capacity, in paraplegic mice.

Finally, Beret et al. [14] show the effect of an intra-articular injection of Xeomin® in
a rat model of TM] osteoarthritis induced via an intra-articular injection of monosodium
iodoacetate. Behavioral, histological and radiographic analyses, with the latter performed
using positron emission tomography imaging, showed reduced pain and decreased joint
inflammation in the BoNT/A-treated animals.

In conclusion, the research and review articles included in this SI of Toxins contribute
to advancing the state of the art on the novel therapeutic uses of BoNTs. Furthermore,
many of the published studies focus on emerging or less-investigated applications of
BoNTs in uncommon pathologies, thus providing the scientific community with new data
supporting better knowledge of the contribution that can be made by BoNTs in improving
human health.
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Abstract: Botulinum Toxin injections into salivary glands (SG) up to a total dose of 100 units Incobo-
tulinumtoxinA (IncoA) represent the treatment of choice for sialorrhea. However, BTX might also
protect SG against sialotoxic radioligand cancer therapies. The radioligand Actinium-225-PSMA effec-
tively targets Prostate Cancer (PCa) metastases but inevitably destroys SG due to unintended gland
uptake. A preliminary case series with regular-dose IncoA failed to reduce SG PSMA-radioligand
uptake. We therefore increased IncoA dosage in combination with transdermal scopolamine until
a clinically relevant SG PSMA-radioligand uptake reduction was achieved. Ten consecutive men
with metastasized PCa refractory to all other cancer therapies received gradually increasing IncoA
dosages as part of a compassionate use PSMA-radioligand-therapy trial. The parotid gland received
six and the submandibular gland three injection points under ultrasound control, up to a maximum
of 30 units IncoA per injection point. A maximum total dose of 250 units IncoA was applied with up
to 170 units per parotid and 80 units per submandibular gland. Treatment was well tolerated and
all side-effects were non-serious. The most frequent side-effect was dry mouth of mild severity. No
dysphagia, facial weakness, chewing difficulties or systemic side-effects were observed. SG injections
with IncoA up to a total dose of 250 units are safe when distributed among several injection-points
under ultrasound control by an experienced physician. These preliminary findings lay the basis for
future trials including BTX as major component for SG protection in established as well as newly
emerging radioligand cancer therapies.

Keywords: high-dose botulinum toxin; salivary glands; radioprotection

Key Contribution: Safety of high-dose incobotulinum toxin for salivary gland radioprotection.

1. Background

In healthy adults, the parotid and submandibular glands account for 95% of the total
salivary secretion. Botulinum Toxin (BTX) injections into these major salivary glands are
considered the treatment of choice for chronic neurogenic sialorrhea [1]. Among the type-
A botulinum toxin preparations, only IncobotulinumtoxinA (IncoA) is approved for the
treatment of sialorrhea in the US and EU. The recommended total dose is 75 to 100 units
IncoA, with up to 30 units given to each parotid and up to 20 units to each submandibular
gland. Apart from neurological indications, the use of BTX as a salivary gland protective
agent in cancer patients with normal salivary gland function might emerge as a promising
new BTX-indication. Radioligand therapies against prostate or thyroid cancer frequently
induce gland destruction due to unintended radioligand-uptake into the healthy salivary
glands. Severe sialotoxicity represents the treatment-limiting side-effect of the highly
effective prostate cancer radioligand therapy with Actinium-225-PSMA (Ac-PSMA) [2,3].

Toxins 2022, 14, 64. https:/ /doi.org/10.3390/ toxins14010064
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All previous attempts with various drugs including monotherapy with anticholinergics
failed to overcome this therapy-limiting side-effect [3,4]. Patients with differentiated
thyroid cancer treated with radioactive iodine (*311) are also at risk of permanent xerostomia.
Selvakumar et al. reported that almost 50% of patients from a nationwide study in the
Netherlands suffered from permanent salivary gland dysfunction with moderate to severe
xerostomia in 35% at median 11 years following radioiodine therapy with 1 [5]. Salivary
gland destruction is associated with severe xerostomia inducing a plethora of complications
resulting in a significant reduction in quality of life.

A recent publication proved the relationship between salivary gland activity and
salivary gland uptake of Prostate-Specific Membrane Antibody (PSMA) radioligands [6].

BTX reduces salivary gland activity in a dose-dependent manner with subsequent and
fully reversible ductal and acinar apoptosis [7,8]. However, in a preliminary case series with
regular-dose IncoA distributed across the submandibular and parotid glands we observed
no reduction of Lutetium-144-PSMA (Lu-PSMA) radioligand uptake in any of the injected
glands. Therefore, the present study intended to assess safety and tolerability of gradually
increasing SG BTX-A doses required to achieve a clinically relevant PSMA-uptake reduction.
Toxic Ac-PSMA salivary gland uptake correlates with the amount of gland destruction and
clinical xerostomia [9] occurs when salivary gland function is reduced by about 50% [10].
Here, we report and discuss the preliminary safety data from 10 advanced prostate cancer
(PCa) patients who received increasing IncoA dosages as part of a compassionate use
PSMA-radioligand therapy trial. The oncological and Positron emission tomography (PET)
outcome data will be reported elsewhere (manuscript in preparation).

2. Patients and Methods

10 consecutive men with a mean age of 68 years [range 53-80] were treated with
increasing dosages of IncoA by means of a compassionate use trial. All men suffered
from advanced metastasized PCa for whom all other treatment options had failed. All
patients were refractory to previous surgery, external radiation, hormone- and various
chemotherapies as well as to previous radioligand monotherapies with Lu-PSMA and
thus scheduled for a compassionate use trial with a combined Lu-PSMA plus Ac-PSMA
“tandem” radioligand therapy. Since Ac-PSMA therapy is known to induce immediate
complete and irreversible salivary gland destruction as side-effect and no established gland
protective therapy has been available, patients were offered BTX injections as part of the
compassionate trial. All patients gave written informed consent following detailed expla-
nation of the procedure and possible side-effects—in particular dysphagia. All procedures
were conducted in accordance with the Declaration of Helsinki.

Measures of saliva production were performed prior to IncoA and after radioligand
therapies. Unprovoked salivary flow was measured with four dental rolls placed in the
orifice of the mouth and then retained there for five minutes. Provoked salivary flow was
measured by chewing on a folded compress placed on the tongue for two minutes [11].
The difference in weight between the dry and wet rolls was calculated in grams (g) and
both measures were added up.

Each 100 unit IncoA (Xeomin®, Merz Pharmaceuticals, Frankfurt, Germany) vial
was reconstituted with 1 mL normal 0.9% saline using a 1 mL syringe. BTX was injected
percutaneously (26 G, 25 mm needle length) into the salivary glands under ultrasound
control using a GE 7.5 MHz Linear Array Ultrasound Probe (GE Health Care, Chicago,
IL, USA). The parotid gland received six injection points (between-point distance around
10 mm, each injection point with the same dose). The submandibular gland received three
injection points, each with the same dose. A maximum dose of 30 units IncoA per injection
point was not exceeded.

All patients received IncoA-injections into two of the four main salivary glands (right
parotid plus contralateral left submandibular gland). Injections were performed median
14 days [range 5-33 days] before tandem-PSMA radioligand therapy by a neurologist with
more than 25 years of experience with BTX.
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Patients were closely monitored by phone interviews and repeat clinical follow-
up visits. Predefined adverse events of special interest were dry mouth, dysphagia,
facial weakness, eyelid-drop, conjunctivitis, stomatitis, chewing and breathing difficul-
ties as well as generalized weakness. Side-effects were recorded using a 0 to 3 scale
(none/mild/moderate/severe). The concomitant permanent medication was recorded at
the time of BTX injection.

3. Results

Table 1 summarizes BTX treatment details and side-effects for each patient. A maxi-
mum total dose of 250 units IncoA was applied with up to 170 units into a single parotid
gland and 80 units IncoA into a single submandibular gland. Treatment was well tolerated
and all side-effects were non-serious.

Table 1. Botulinum Toxin (IncoA) treatment details and adverse events.

Patient PG Right IncoA (Units) SMG Left IncoA (Units) Total Dose IncoA (Units) Adverse Event AE Severity
1 100 50 150 Painful swallowing Mild
2 100 50 150 - -
3 120 70 190 Dry mouth Mild
4 120 70 190 - -
5 130 70 200 Dry mouth Mild
6 170 80 250 Dry mouth * Moderate *
7 170 80 250 Dry mouth Mild
8 170 80 250 Dry mouth * Moderate *
9 170 80 250 Dry mouth Mild
10 170 80 250 Dry mouth Mild

PG = Parotid gland, SMG = Submandibular gland, * moderate pre-existing xerostomia.

Mild to moderate injection pain was experienced by all patients and resolved imme-
diately. Injection pain was more pronounced in the parotid glands. One injection-related
local hematoma occurred in a patient with thrombocytopenia.

The most frequent BT X-related side-effect was dry mouth of mild severity. Patient 1
who received a total dose of 150 units IncoA reported a mild flu-like painful swallowing
episode which lasted for one week and resolved without intervention. Patients 6 + 8
had pre-existing moderate xerostomia after previous chemo- and radiation therapies that
remained unchanged (see Table 1).

No dysphagia, facial weakness, eyelid-drop, conjunctivitis, stomatitis, chewing or
breathing difficulties were observed. No patient showed distant or systemic side-effects.

Follow-up: at the time of manuscript submission, four of the ten patients had com-
pleted two Ac-PSMA cycles and were scheduled for their third and fourth Actinium-225-
Prostate Specific Membrane Antigen (Ac-PSMA) radiotherapy (RT). Combined unprovoked
and provoked saliva production 16-20 weeks after the first IncoA injection resulted in a
mean 29% [range 25-31%] loss (or mean 71% preservation) of saliva production as com-
pared to around 60-70% salivary gland destruction following two cycles of unprotected
Ac-PSMA [3].

Concomitant medication: the concomitant medication is summarized in Table 2. All
patients received endocrine therapies and all patients used at least one pain medication
constantly. Seven patients received additional transdermal scopolamine during a period of
72 h prior PSMA-radioligand therapy.

Table 2. Concomitant permanent medication.

Any Drug Treatment

Antiandrogenes
GnRH-analogues
Steroids
RANK-ligand-Inhibitors
Bisphosphonates
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Table 2. Cont.
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=
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Any Drug Treatment

Opioids
NSAIDs/COX-2 inhibitors
Gabapentinoids
Antihypertensives
Statins
Erythropoietin
Antacids
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LLLLLGS

4. Discussion

To the best of our knowledge, these are the first data to report the safety and tolerability
of high-dose BTX-A injections into the salivary glands up to a total dose of 250 units IncoA.
The individual glands received four to five times the dose regularly used to treat sialorrhea.
Notably, the injected dosage of 170 units IncoA (Xeomin®) into a single parotid gland was
tolerated without any swallowing or chewing problems or systemic side-effects. Likewise,
injected dosages of 80 units IncoA into a single submandibular gland did not result in
swallowing problems. The latter result is of particular interest considering the glands
proximity to the supra-hyoidal muscles critical for swallowing function. Our results also
indicate that high-dose salivary gland treatment with IncoA under ultrasound guidance
using a maximum of 30 units per injection point is not associated with clinically relevant
local or systemic toxin spread. A mandatory requirement for the application of high-dose
BTX into salivary glands is ultrasound-guidance in the hand of an experienced neurologist
or Otolaryngologist. Previous studies demonstrated the superiority of ultrasound guided
injections over anatomical landmark-oriented injections. A post-mortem study showed
an almost doubled hit-rate of ultrasound-guided injections in the submandibular glands
compared to free-hand injections [12]. The high error-rate even of experienced injectors
might be attributable to the variance of submandibular gland size as well as to different
inter- and intra-individual distances between gland and mandible [1,13].

It remains a matter of debate whether more than one injection point per gland im-
proves outcome and/or reduces the risk of side-effects from local toxin spread. However,
histological analyses show that BTX affects mainly those salivary gland acinar cells located
around the site of injection [7]. BTX mediated salivary gland protection from radioligand
toxicity is intended to cover the gland tissue as completely as possible. Therefore, we
deliberately chose six injection points for each parotid and three injection points for each
submandibular gland and advocate this injection technique for salivary gland treatment,
especially with the use of higher BTX-dosages. The long-term safety of local BTX in-
jections has been proven for many years with full recovery of the target glands within
around 16 weeks following BTX injection. The prevalence of neutralizing antibodies was
not tested in this study but there is clear evidence for the particularly low antigenicity of
IncoA even with higher dosages used in patients with spasticity and dystonia as well as in
non-neurological indications [14-17].

Patients included in the present study were heavily pretreated and showed rapid
PCa progression after exhausting all established cancer therapies and thus safety as well
as tolerability of the gland protective BTX therapy was of primary importance. A recent
series of 26 patients treated with Ac-PSMA after failure of Lu-PSMA reported xerostomia
in 100% of patients and 23% stopped Ac-PSMA-RT because of intolerable xerostomia
following two RT cycles [18]. These results are in line with a previous report of around
66% loss of parotid and submandibular gland function following two unprotected Ac-
PSMA RT cycles [3]. By contrast, our preliminary data suggest that high-dose IncoA in
combination with transdermal scopolamine provides a clinically relevant SG protection
accompanied by good tolerability.

However, the modalities of SG-protective BTX therapies may vary depending on
cancer type and prognosis. In differentiated thyroid cancer for example, more than 70% of
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patients require only up to two 13!T radioligand treatment sessions to achieve long-term
remission and survival [5]. Whether such a patient group with excellent oncological
long-term prognosis or PCa patients in earlier lines of PSMA-therapy might benefit from
modified BTX treatment regimen in combination with systemic anticholinergics with the
objective to protect all four major SG from radioligand toxicity remains to be examined in
future studies.

Interestingly, the strong PSMA radioligand accumulation in salivary glands does not
correspond to high PSMA expression levels in the glands, indicating unspecific PSMA
radioligand uptake into SG [19]. BTX-A induces reversible cellular changes in salivary
glands with decreased mucosal and serous acini diameter and temporary glandular at-
rophy [8,20]. These effects are probably due to fully reversible glandular denervation
resulting in reduced radiation sensitivity [20]. In addition, combined blockage of parasym-
pathetic gland innervation by BTX-A and anticholinergics reduces SG blood flow, resulting
in lower accumulation of toxic PSMA and iodine radioligands inside the glands.

In conclusion, salivary gland injections with IncobotulinumtoxinA up to a total dose
of 250 units are safe when injected under ultrasound control by an experienced physician,
even in seriously ill patients in a fragile medical condition. These novel findings of our
preliminary study lay the basis for future trials including botulinum toxin as major compo-
nent for salivary gland protection in established as well as newly emerging radioligand
cancer therapies.
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Abstract: Botulinum neurotoxin type Al (BoNT-A) reduces the peripheral peptide and cytokine
upregulation in rats with antigen-evoked persistent immunogenic hypersensitivity (PIH) of the
temporomandibular joint (TM]). Herein, we examined the effects of two preparations of BONT-A,
abobotulinumtoxinA (aboBoNT-A; Dysport) and onabotulinumtoxinA (onaBoNT-A; Botox), on spon-
taneous and evoked nociceptive behaviors, as well as on central neuronal and astroglial activation.
The antigen-evoked PIH was induced in rats via repeated systemic and unilateral intra-articular (i.a.)
injections of methylated bovine serum albumin (mBSA). Rats were subsequently injected with unilat-
eral i.a. aboBoNT-A (14 U/kg), onaBoNT-A (7 U/kg), or the vehicle (saline). After i.a. treatments,
spontaneous and mechanically evoked nocifensive behaviors were assessed before and after the
low-dose i.a. formalin (0.5%) challenge. The central effects of BONT-A were assessed by an immuno-
histochemical analysis of cleaved synaptosomal-associated protein 25 (¢<SNAP-25) presence, c-Fos,
GFAP, and CGRP expression in the trigeminal nucleus caudalis (TNC). Both BoNT-A preparations
similarly reduced the formalin-induced spontaneous pain-related behaviors and mechanical allody-
nia of the hypernociceptive rats. Likewise, their effects were associated with the central occurrence
of cSNAP-25 and reduction of c-Fos and GFAP upregulation in the TNC. BoONT-A antinociceptive
activity on the PIH is associated with the toxin axonal transport to trigeminal sensory areas and
reduction of neuronal and glial activation in central nociceptive regions.

Keywords: botulinum neurotoxin type Al; nociception; microglia; astrocytes; central nervous system;
analgesia

Key Contribution: Herein, it was shown that botulinum toxin type Al-based pharmaceutical prepa-
rations alleviate the experimental joint pain associated with immunogenic hypersensitivity. Reduction
of neuronal and astrocyte activation suggest the toxin’s central actions.

1. Introduction

Temporomandibular joint (TM]) rheumatoid arthritis (RA) is a chronic inflammatory
condition involving a range of local and systemic proinflammatory mediators. TMJ-RA
produces structural and functional deterioration of the affected TMJ and associated tis-
sues [1]. TM]-related symptoms are present in almost 65% of RA patients and are typically
bilateral [2,3]. Along with the impairment of normal functions of the jaw joint, the TMJ-RA

Toxins 2022, 14, 161. https:/ /doi.org/10.3390/toxins14030161
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is often associated with periods of alternating nonpainful and painful phases [1]. Active
painful phases are usually provoked by an otherwise nonpainful stimulus (e.g., mandibular
functional movements: speaking, eating, etc.), with a negative impact on the patient’s
quality of life [4,5]. Notwithstanding, treatments with nonsteroidal anti-inflammatory
drugs (NSAIDs) and local anesthetic into the TM] compartment have proven to relieve RA
pain just temporarily [6].

Animal models of RA-related pain, including TMJ-RA, have been proposed with the
goal to improve the understanding of its etiology and develop new treatment options [7-9].
When used as an antigen, systemic and unilateral intra-TM]J administrations of methylated
bovine serum albumin (mBSA) in rats result in the development of persistent immunogenic
hypersensitivity (PIH) and inflammatory changes of the exposed TM] (Figure 1) [10,11].
Interestingly, even though this model resembles human TMJ-RA, it has a monoarthritic (sin-
gle joint) presentation, since it is induced locally inside the mBSA-stimulated joint [8,10,11].
The hypersensitivity appears as an exaggerated pain-related response (facial grooming
and head flinching) to a normally nonpainful chemical stimulation of the TMJ, such as a
low-dose (0.5%) formalin challenge [8,12]. This arthritic model produces a delayed-type
hypersensitivity (viz., type IV hypersensitivity) and is characterized by central sensitiza-
tion due to immune and neuronal cells activation, leading to the local release of a variety
pronociceptive factors [10,11,13,14]. This fact increases the validity of the model to study
the progression of pain on chronic inflammatory conditions and to test promising treat-
ment options.

capsule ligaments

mandibular fossa trigeminal nerve

jaw condyle .

joint disc
injections of

- mBSA

- BoNT-A

- 0.5% formalin

Figure 1. Schematic diagram of the structure of the temporomandibular (TM]) joint innervated by
the trigeminal nerve mandibular branch, as well as the site of injection of experimental substances,
such as methylated bovine serum albumin (mBSA), abobotulinumtoxinA, or onabotulinumtoxinA
(BoNT-A), and subsequent low-dose formalin challenge. The sizes of structures and their relative
positions are not to scale. The illustration was generated by using BioRender© (Biorender.com,
assessed on 16 February 2022).

In animals exposed to PTH and challenged with a low-dose formalin in the TM], we
previously demonstrated that a treatment with an intra-TM] injection of botulinum neuro-
toxin type Al (BoNT-A), a potent neurotoxin naturally produced by Clostridium botulinum,
reduced spontaneous behavioral facial grooming and head flinching responses 24h and
14 days after its administration [8]. Additionally, BONT-A reduced the upregulated levels
of substance P and calcitonin gene-related peptide (CGRP) in the trigeminal ganglion and
interleukin 1 beta (IL-1f3) in the TM]J of exposed rats [8]. Despite the apparent association
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of BoNT-A antinociceptive action with the mentioned peripheral effects, numerous studies
in different pain models have suggested a necessity for an axonal transport and a direct
central analgesic action of the toxin [15,16]. Therefore, we examined the occurrence of
cleaved SNAP-25 (cSNAP-25), along with nociceptive neuronal and astroglial activation,
on the trigeminal brainstem sensory areas of rats induced to PIH and treated with BONT-A.
In addition, spontaneous and evoked nociceptive behaviors were also assessed, and the
efficacy of two different commercially available pharmaceutical preparations of BONT-A:
abobotulinumtoxinA (aboBoNT-A) and onabotulinumtoxinA (onaBoNT-A) administered
at equiefficatious doses were compared.

2. Results
2.1. BoONT-A Effects on Rat Grimace Scale (RGS) and Spontaneous Nocifensive Responses
(Flinching, Sctratching)

Previously in the PIH model, the number of spontaneous motor responses (flinches
and scratching) after the formalin stimulation was shown to be reduced by onaBoNT-A [8].
Herein, we extended the measurement of spontaneous nociception by examining facial
grimacing related to pain (RGS) and examined if the spontaneous nociceptive responses are
present both before and after TMJ stimulation with low-dose formalin 0.5%). In the RGS
test, we found a lack of painful facial expression (score = 0) and a low number of behavioral
nocifensive responses in all groups at the pre-formalin assessments. Conversely, the post-
formalin assessments showed higher values of RGS (Figure 2A,B) and a significant increase
in the nocifensive responses (Figure 2C) on induced animals compared to noninduced.

noninduced + saline induced + saline induced + aboBoNT-A

150+
noninduced + saline
induced + saline
induced + aboBoNT-A
induced + onaBoNT-A

100

o
=
1

flinches (N) + scratching (s)

=)
T

Figure 2.  Effect of botulinum toxin type Al (abobotulinumtoxinA—aboBoNT-A and
onabotulinumtoxinA—onaBoNT-A) on spontaneous behavioral responses and the rat grimace scale

13



Toxins 2022, 14, 161

>

log{mechanical threshold/g)

=
]

=
o

L
=
7]

i
o

(RGS) prior to and after low-dose (0.5%) formalin stimulation of the temporomandibular joint (TM]) of
hypernociceptive rats. (A) Representative photographs showing rat facial expression in noninduced
+ saline (noninduced), induced + saline (induced), and induced + abobotulinumtoxinA (aboBoNT-A)
animals after formalin stimulation. In the photos, the best visible features of nociceptive grimacing
are orbital tightening, as well as characteristic spread-out ear positioning in animals experiencing
more intensive pain (induced + saline vs. induced + onaBoNT/A), compared to no observable painful
grimacing (noninduced + saline). (B) Both BONT-A pharmaceutical preparations reduced the nocicep-
tive facial grimacing evoked by 0.5% formalin, as assessed by RGS. No face grimacing was observed
at the pre-formalin assessments. The individual RGS are calculated as the average of 4 distinctive
facial features (orbital tightening, nose/cheek bulging, ear positioning, and whisker positioning) on
a scale from 0 to 2. Mean £ SEM; +++ p < 0.001 vs. induced + saline (two-way repeated measures
ANOVA followed by Bonferroni ‘s post hoc test). (C) Both BONT-A intra-articular (i.a.) treatments
(14 U/kg aboBoNT-A or 7 U/kg onaBoNT-A) reduced the spontaneous nocifensive behaviors (total
sum of the number of flinches—N, plus the duration of facial grooming and rubbing—s) evoked by
low-dose (0.5%) i.a. formalin in rats exhibiting persistent immunogenic hypersensitivity compared to
noninduced animals. N(animals/group) = 10. Mean & SEM, *** p < 0.001 and ** p < 0.01 vs. nonin-
duced + saline and +++ p < 0.001 vs. induced + saline (F3 35 = 49.59, one-way ANOVA followed by
Tukey’s post hoc test).

Compared to induced animals treated with saline, both BONT-A groups exhibited
a significant reduction of the nocifensive responses triggered by formalin (Figure 2C).
Furthermore, both BONT-A treatments resulted in a similar reduction (p < 0.01) of the RGS
score after formalin injection (Figure 2B).

2.2. Effects of BONT-A on Mechanically-Evoked Responses at the TM] Area

By employing the von Frey filaments, we examined the possible occurrence of facial
mechanical allodynia over the skin covering the stimulated TMJ area both before and after
the stimulation with 0.5% formalin. All animals showed a lack of allodynic responses at the
pre-formalin evaluation. Following the formalin challenge, PTH-induced animals developed
bilateral mechanical allodynia over the area of TM], measured with von Frey filaments
(Figure 3A,B). The after-formalin assessments showed that BONT-A (aboBoNT-A and
onaBoNT-A) reduced the mechanically evoked TM] bilateral allodynia of the hypersensitive
rats (Figure 2A,B).
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Figure 3. Effects of abobotulinumtoxinA (aboBoNT-A, 14 U/kg) and onabotulinumtoxinA
(onaBoNT-A, 7 U/kg) on mechanical allodynia assessed by von Frey filaments in the (A) ipsilateral
and (B) contralateral temporomandibular joint (TM]) of PIH rats prior to and after i.a. stimulation
with 0.5% low-dose formalin. The values were shown as the log-transformed data (logjp(value in
grams)). The values on the right y-axis represent the dose range of filaments used (in grams) on the
corresponding logarithmic scale. N(animals/group) = 10; *** p < 0.001 and ** p < 0.01 vs. noninduced
+ saline and +++ p < 0.001 vs. induced + saline (two-way repeated measures ANOVA followed by
Bonferroni’s post hoc test).
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2.3. Effect of BONT-A on Neuronal and Astrocyte Activation in the TNC

We further examined the possible BONT-A effects on neuronal and astrocyte activa-
tion associated with nociception in the trigeminal nucleus caudalis (TNC), the first-order
pain processing sensory nucleus of the cranial area. We assessed the post-formalin neu-
ronal activation of second-order nociceptive neurons in the TNC by employing c-Fos
immunohistochemistry (Figure 3A,B) and the counting of c-Fosexpressing neuronal profiles
(Figure 2C). After a normally nonpainful formalin injection, induced animals presented
high levels of c-Fos-positive nuclei in both ipsilateral and contralateral TNC. Unilateral
applications of BONT-A (aboBoNT-A or onaBoNT-A) significantly decreased post-formalin
c-Fos expression in both ipsilateral and contralateral TNC (Figure 4B,C).

Ipsiateral Ipsilateral
500 pm
Ipsilateral
500 pm

C.
- o

D. 607 jpsilateral contralateral

Figure 4. Bilateral effects of intra-articular (i.a.) abobotulinumtoxinA (aboBoNT-A, 14 U/kg) or
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onabotulinumtoxinA (onaBoNT-A, 7 U/kg) on neuronal activation (c-Fos green punctate immunore-
activity) in the trigeminal nucleus caudalis (TNC) after low-dose (0.5%) i.a. formalin stimulation of
rats exposed to the persistent immunogenic hypersensitivity model in the temporomandibular joint.
Immunohistochemical staining of c-Fos activation in the TNC of (A) induced + saline, (B) induced
+ aboBoNT-A-injected animals, and (C) induced + onaBoNT-A animals. The red dotted line indicates
the analyzed TNC area. (D) Quantification of c-Fos-expressing neuronal profiles (5 sections/animal,
N =5 animals/treatment group). Mean + SEM; +++ = p < 0.001 and ++ = p < 0.01 vs. induced + saline
(F5,4 = 20.1, one-way ANOVA followed by Tukey’s post hoc test).

Analysis of TNC showed an ipsilateral increase in astrocytic marker glial fibrillary
acidic protein (GFAP) immunoreactivity on induced rats compared to noninduced animals
(Figure 5A). BoNT-A reduced the GFAP-immunoreactive area 14 days after treatment
(Figure 5B,C). The levels of calcitonin gene-related peptide (CGRP) expression were not
increased in the hypernociceptive rats or altered by BONT-A (aboBoNT-A or onaBoNT-A)

treatments (Figure 6).
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Figure 5. Effects of abobotulinumtoxinA (aboBoNT-A, 15 U/kg) and onabotulinumtoxinA (onaBoNT-
A, 7 U/kg) on glial fibrillary acidic protein (GFAP) expression in the trigeminal nucleus caudalis (TNC)
of rats exposed to the persistent immunogenic hypersensitivity model in the temporomandibular
joint. (A) The representative microphotographs of TNC immunostained for GFAP (representative of
5 animals per group). Astrocyte activation was evident as (B) an increase in the GFAP-immunoreactive
(IR) area and (C) increase in the mean intensity (mean gray value) of arthritis-induced animals and
prevented by aboBoNT-A and onaBoNT-A. The analysis was performed on 5 randomly selected slices
per animal (n = 5 animals/group). The yellow dotted lines indicate the analyzed TNC area. Mean
=+ SE; *** p < 0.001 and * = p < 0.05 vs. noninduced + saline and +++ = p < 0.001 and + = p < 0.05
vs. induced + saline (F3 15 (GFAP area) = 73.14; F3 15 (GFAP gray value) = 23.21; one-way ANOVA
followed by Tukey’s multiple comparisons test).
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Figure 6. Lack of increase of CGRP immunoreactivity in the trigeminal nucleus caudalis (TNC) of rats
exposed to the persistent immunogenic hypersensitivity model in the temporomandibular joint (A).
Representative images of TNC sections immunostained for CGRP (representative of 5 animals/group).
Quantification of the pixel threshold area of CGRP immunoreactivity in the ipsilateral (B) and
contralateral (C) TNC demonstrated lack of changes of CGRP expression. The analysis was performed
on 5 randomly selected slices per animal (n (animals) = 5/group). The yellow dotted lines indicate
the analyzed TNC area. Mean =+ SE; (F3 14 (ipsilateral) = 0.3819; F F3 14 (contralateral) = 1.267;

one-way ANOVA).

2.4. Immunohistochemical Localization of cSNAP-25 in the Brain

Previously, we discovered that the BONT/A antinociceptive action in the craniofa-
cial area is associated with the occurrence of cleaved SNAP-25 (¢cSNAP-25) in the TNC
following axonal transport [17]. Thus, we further examined if the antinociceptive actions
of aboBoNT/A and onaBoNT/A are similarly associated with the direct toxin activity in
the TNC. Fourteen days after BONT-A (aboBoNT-A or onaBoNT-A) i.a. injections into the
left TM], BoNT-A cSNAP-25-positive nerve fibers were found in the ipsilateral trigeminal
sensory regions (TNC). Similar cSNAP-25 staining was observed in both aboBoNT-A and
onaBoNT-A-treated animals. ¢cSNAP-25 on the contralateral (nontreated) side was not

observed (Figure 7).
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onaBoNT-A aboBoNT-A

Figure 7. Immunohistochemical staining of cleaved SNAP-25 (cSNAP-25) in the trigeminal nu-
cleus caudalis (TNC) ipsilateral to BoONT-A injections in the temporomandibular joint (TM]) on
day 14 after 7-U/kg onabotulinumtoxinA (onBoNT-A) or 14-U/kg abobotulinumtoxinA (aboBoNT-
A) injection. In the epifluorescent microphotographs, yellow arrows indicate cSNAP-25-positive
individual fibers (in bright red), while the blue counterstain represents the cell nuclei stained by
4/ 6-diamidino-2-phenylindole (DAPI). The sections shown are representative of 10 sections per
animal (N = 3/treatment group).

3. Discussion

In rats induced to PIH of the TMJ, we demonstrated that the analgesic activity of
BoNT-A, expressed as a reduction of spontaneous and evoked nocifensive behaviors after
a low-dose formalin stimulation, is associated with a decrease of neuronal and astroglial
activity in the TNC. Moreover, in the same arthritis model, we previously demonstrated
that BONT-A reduced the nocifensive behaviors, as well as the expression of proinflamma-
tory mediators and peptides in the TM] and trigeminal ganglion [8], in accordance with
other studies [18-20]. Notwithstanding, a causal role between BoNT-A antinociceptive
activity and its peripheral effects has not been established. Furthermore, it was suggested
that the BONT-A analgesic effect necessarily involves an axonal transport of the toxin to
central nervous system (CNS), where it may interact with neuronal and/or non-neuronal
cells [15,21].

3.1. Peripherally Injected BONT-A Reduces Spontaneous and Mechanically Evoked Nocifensive
Behaviors in Rats with PIH

Despite the existence of numerous tests for animals’ behavior assessment [22], sponta-
neous behavioral assessments may be more relevant than stimulus-evoked assessments
for future clinical translations, increasing the validity of the model [7]. However, the
orofacial region remains an underrepresented area in spontaneous pain behavioral assess-
ments. Persistent scratching and rubbing of the facial region after chemical or inflammatory
stimulation (e.g., the orofacial formalin test) is used as a sign of pain in freely moving
rodents [23,24]. For this reason, we also assessed the spontaneous nociceptive behaviors
by employing RGS. Since pain is a well-characterized emotion based on the facial action
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coding system [25], the RGS is capable of detecting spontaneous nociception [22] and
measuring the analgesic efficacy of drugs [26].

The arthritic rats showed no visible signs of evoked or spontaneous pain prior to
formalin TMJ stimulation. However, low-dose formalin (0.5%), known not to induce pain-
related behaviors in normal animals [27], induced a significant increase of facial grimacing,
head flinching, facial rubbing, and bilateral mechanical allodynia (Figures 2 and 3), in ac-
cordance with previous studies [8,28]. This suggests that the mBSA-induced monoarthritis
is nonpainful per se; however, it induces a profound chemical hypersensitivity to normally
nonpainful concentrations of inflammatory substances such as formalin [12]. This exacer-
bation of nociceptive responses by normally nonpainful chemical stimuli suggests a quick
triggering of central sensitization processes [10].

BoNT-A decreased the flinching and rubbing nocifensive responses (Figure 2C) and
reduced the facial nociceptive grimacing of rats exposed to PIH in the TMJ. Importantly, the
RGS was quantified at three different periods after formalin stimulation in the TM]. Shortly
after the formalin injection (0-5 min), BONT-A was not effective in RGS reduction, similar
to the observed lack of BONT-A action on immediate formalin-evoked pain sensation
(phase I of formalin test) [17,19]. However, at later time points (9-14 and 18-23 min), both
BoNT-A groups significantly reduced the spontaneous pain grimacing score (Figure 2B),
demonstrating BONT-A action in the tonic pain phase when central sensitization takes place.

In addition, we assessed the mechanical allodynia by von Frey monofilaments prior
and after 0.5% formalin stimulation of the exposed TM]J. Allodynia over the TM] area
in PIH-induced rats was observed only after the 0.5% formalin challenge at both sides
(ipsi- and contralateral TM]J). This bilateral allodynia was reduced by a unilateral BONT-A
treatment resembling the toxin’s bilateral action on experimental trigeminal neuropathic
pain [29] and polyneuropathic pain [16].

3.2. Effects of BONT-A on Nociceptive Neuronal and Glial Activation

Apart from BoNT-A behavioral antinociceptive activity, we examined its action at
the level of central sensory nociceptive nuclei by exploiting c-Fos activation as a reliable
marker of neuronal activity [23,30]. Interestingly, we found an occurrence of c-Fos activated
neurons in the ipsilateral and contralateral TNC after 0.5% formalin stimulation of the TMJ
area (Figure 4), which was not observed in the orofacial or hind paw formalin tests [31-33].
The unilateral stimulation of mouse masseter with complete Freund’s adjuvant (CFA)
similarly induces bilateral expression of c-Fos in the TNC [23]. This suggests that pain
in the TM]J region and related muscles may be associated with the bilateral activation of
trigeminal nociception, similar to referred pain in humans [34,35]. All these results indicate
that the pain triggered by formalin activates contralateral trigeminal nociceptive nuclei,
explaining the occurrence of bilateral mechanical allodynia (Figure 3A,B). Importantly,
both BoNT-A preparations (aboBoNT-A and onaBoNT-A) injected into the ipsilateral TMJ
reduced both bilateral neuronal activation and the bilateral allodynia in the TMJ area.

In addition, we examined the possible changes in the activation of glial cells in the CNS,
since they are key to initiate and maintain central sensitization after peripheral tissue/nerve
injury [10,36,37]. Astrocytes represent the majority of glial cells and play a significant role
in the persistence of pain [38]. Both BONT-A preparations reduced GFAP (astrocyte marker)
immunoreactivity measured by surface area immunoreactivity and grey intensity in the
TNC of arthritic rats (Figure 5). An in vitro study showed a slight or no direct effect of
BoNT-A on astrocytes [39]. Another in vivo study detected the presence of cSNAP-25 in
spinal cord astrocytes of a mouse with induced neuropathy and treated in the hind paw
with high-dose (15 pg/mouse) BONT-A devoid of complexing proteins [40]. The reduced
astroglial expression supports the hypothesis that BONT-A may have a modulatory action
on glial cells and their role in central nociceptive sensitization [20]. However, BONT-A
effects on glial cells (microglia and astrocytes) should be more carefully explored under
pharmacologically relevant moderate doses.
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Finally, we assessed possible changes in the peptidergic content in the central afferent
terminals by examining the expression of CGRP in the TNC, which was previously found
to be increased in the more acute CFA-evoked unilateral monoarthritis of the TMJ [41].
Herein, we did not observe changes in the CGRP expression in the TNC (Figure 6).

3.3. Localization of cSNAP-25 in TNC

Formerly, it was assumed that BONT-A actions resided peripherally, and its antinoci-
ceptive activity was linked to a local reduction of the synaptic transmitter / proinflammatory
peptide release [18,42]. However, its analgesic effects were shown to be mediated by axonal
transport and associated with toxin’s enzymatic activity in the CNS [15,17,32]. Previously,
we discovered that inhibition of the axonal transport within the peripheral nerve or in
the sensory ganglion prevent the antinociceptive effect of peripherally injected BoNT-A,
while the toxin injections in the peripheral nerve or in the trigeminal ganglion at doses
lower than the ones effective in the periphery produce an antinociceptive effect [15,17,29].
Herein, we confirmed the occurrence of BONT-A (aboBoNT-A and onaBoNT-A) in the
brainstem after i.a. injections aimed at the TMJ (Figure 7). cSNAP-25 appeared as fiber-like
processes in the ipsilateral TNC, which is the primary pain-processing area for the orofacial
nociceptive input [43]. In accordance with previous studies, we observed no cSNAP-25 in
the contralateral TNC, in line with our observation that the toxin is axonally transported
primarily via sensory neurons ipsilateral to the BONT-A injection site and their central
projections [32].

A possible transcytosis of the toxin within the central neurons has also been pro-
posed [40,44]. However, this was not corroborated in previous studies employing low
to moderate non-systemic onaBoNT-A doses (5-15 U/kg), which suggests that BONT-A
enzymatic activity resides in central afferent terminals of transient receptor potential vanil-
loid 1-expressing neurons [32]. A lack of immunohistochemical evidence for contralateral
occurrence of the toxin’s enzymatic activity might suggest an unknown indirect analgesic
effect of the toxin on the contralateral side. The exact mechanism of the BONT-A action on
contralateral pain processing remains unknown.

3.4. Preclinical Comparison of the Analgesic Efficacy of Different BONT-A Pharmaceutical Preparations

Currently, there is an intense debate regarding the differences in efficacy of various
BoNT-A formulations [45-47]. Although both aboBoNT-A and onaBoNT-A are produced
from identical Hall A strain synthesizing the Al toxin subtype; they differ in the compo-
sition of complexing auxiliary proteins (onaBoNT-A is composed of the entire 900-kDa
complex, while aboBoNT-A has a variable composition of complexing proteins per neu-
rotoxin molecule), as well as the relative potency of the different products [46]. Despite
the possibility that these differences also depend on the amount of active toxins in indi-
vidual preparations [47], they have rarely been studied in both animals and humans. To
compare the effect of aboBoNT-A vs. onaBoNT-A, we employed a 2:1 dose conversion ratio
according to Scaglione et al. [45]. Following a study from Field et al., who calculated the
picogram content of each international unit (U) (5.38 pg of 150-kDa neurotoxin protein
for aboBoNT-A, while 1 U of onaBoNT-A contains 9 pg of 150-kDa protein) [47], approx.
400-g rats were herein injected with similar 150-kDa BoNT-A amounts (30.1 pg/animal
of aboBoNT-A and 25.2 pg/animal of onaBoNT-A). Despite some possible differences in
the total amount of the neurotoxin injected, we found no significant differences in the
antinociceptive activity of any investigated outcome between the two BoNT-A preparations
(Figures 2-6). This suggests that both products may have similar analgesic effects [48,49].

3.5. Limitations

As a limitation of the study, we must consider that this experiment is restricted to
the trigeminal region, so differences in the mechanism of action of BoNT-A applied to
other extracranial joints (e.g., knee and ankle) and actions at the spinal levels cannot be
excluded. Additionally, during the period after BONT-A treatment, the aboBoNT-A- or
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onaBoNT-A-treated rats did not exhibit a significantly slower weight gain compared to the
saline-treated rat groups (p = 0.070, one-way ANOVA, results not shown). This excludes
possible systemic effects or a local muscular BONT-A action (e.g., mastication and feeding)
interfering with the animal weight gain.

4. Materials and Methods

Animal procedures were approved by the Ethics Committee of the University of
Zagreb School of Medicine (permit NoEP 108/2017) and conducted according to the
European Communities Council Directive and the International Association for the Study
of Pain guidelines [50]. All efforts were made to reduce the number of animals. All data
was presented in accordance with the ARRIVE guidelines [51].

4.1. Persistent Immunogenic Hypersensitivity (PIH) in the TM]

Forty male Sprague-Dawley rats (300400 g, age 6-8 weeks at the start of experiment,
University of Zagreb School of Medicine, Zagreb, Croatia) were housed in plastic cages
with a maximum of 3 animals per cage. Animals were kept in a room with a controlled
constant temperature (22 £ 0.5 °C) and a 12 h:12 h light:dark cycle (lights on from 07:00 to
19:00. Food and water were available ad libitum.

Animals were induced to PIH in the TM] according to previous experiments [8,10]
(summarized experimental design on Figure 8). On day 0, the rats were immunized system-
ically with methylated bovine serum albumin (mBSA, 500 pug; Sigma, St. Louis, MO, USA)
used as the antigen, diluted in an emulsion containing immunologic response enhancer
complete Freund ‘s adjuvant (CFA, 100 uL; Sigma, St. Louis, MO, USA) containing inacti-
vated Mycobacterium tuberculosis in mineral oil, and 100-uL phosphate-buffered saline (PBS)
injected subcutaneously (s.c.) into their back (day 0). On days 7 and 14, animals received
further booster s.c. injections (aimed at other parts of the back) containing additional
500-ug doses of mBSA, in which CFA was replaced by incomplete Freund ‘s adjuvant (IFA,
100 uL; Sigma, St. Louis, MO, USA) devoid of inactivated Mycobacterium. After systemic
immunization with mBSA and CFA /IFA, to induce a more localized TM] monoarthritis,
the animals further received unilateral (left) intra-TM] injections of the low-dose antigen
(mBSA; 10 pg, i.a.) dissolved in PBS (15 uL) on days 21, 28, and 35.

Persistent immunogenic hypersensitivity induction Treatment Assessments
Systemic immunization ™)
mBSA (500 ug) + mBSA (500 ug) + mBSA (500 ug) + mBSA (10 ug) + BoNT-A or Saline; 0.5% formalin;
CFA + PBS; s.c. IFA + PBS; s.c. IFA + PBS; s.c. PBS: i.a. ia. ia.
Day0 Day7 Day 14 Day 21, Day 42 Day 56 Day 57 End
28 and 35 y
Behavioral Bebavioral Biochemical
Assessments hssessments. Assessments
Sacrifice

Figure 8. Experimental design indicating the time points of the persistent immunogenic hypersen-
sitivity model, applied treatments, and assessments. mBSA, methylated bovine serum albumin;
CFA, complete Freund’s adjuvant; IFA, incomplete Freund’s adjuvant; PBS, phosphate-buffered
solution; BONT-A, botulinum toxin type A1l (abobotulinumtoxinA or onabotulinumtoxinA); TM]J,
temporomandibular joint; s.c., subcutaneous; i.a., intra-articular.

In comparison to PIH-induced animals, the control animals (noninduced to PIH) were
similarly treated with mBSA; however, they were not subjected to systemic immunologic
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adjuvants CFA and IFA. These rats received a s.c. injection of mBSA (500 ug) diluted only
in phosphate-buffered saline (PBS, 100 uL) on days 0, 7, and 14. Then, similar to PIH rats,
on days 21, 28, and 35, the animals received a unilateral (left) intra-TM] injection of sterile
mBSA (10 ug; i.a.) dissolved in PBS (15 uL).

4.2. Study Design

Animals were randomly allocated into four different experimental groups (n = 10).
The first group included animals noninduced to PIH that received i.a. injection of saline
on day 42. The second group included animals induced to PIH and treated with saline
solution into the TM]J on day 42. The third and the fourth groups included animals induced
to PIH and treated with either abobotulinumtoxinA or onabotulinumtoxinA into the TM]J
on day 42.

AbobotulinumtoxinA (aboBoNT-A; Dysport®, Ipsen, Wrexham, UK) or onabotulinum-
toxinA (onaBoNT-A; Botox®, Allergan Inc., Irvine, CA, USA) was injected i.a. into the
ipsilateral TMJ (left side) of anesthetized animals (20 uL, saline-diluted, using a 30-gauge
needle) on day 42 of the experiment (Figure 1). The applied doses (14 U/kg for aboBoNT-A,
equivalent to 30.1 pg/400 g animal and 7 U/kg for onaBoNT-A, equivalent to 25.2 pg/400 g
animal) were chosen according to previously employed doses in our laboratory [8] and
a conventional dose conversion ratio between aboBoNT-A and onaBoNT-A [45-47]. Ster-
ile saline solution (NaCl 0.9%) was used as a control treatment for noninduced and in-
duced groups.

4.3. Spontaneous and Mechanically Evoked Nocifensive Behaviors

All behavioral evaluations were conducted before (day 13; pre-formalin) and after
a low dose of intra-TM] formalin injection (day 14, post-formalin) in alignment with
the time points used in our previous experiment (Figure 1) [8]. Animals were allowed
to accommodate for 10 min inside the testing cages before each evaluation in a quiet
environment with the appropriate lighting (between 9 a.m. and 4 p.m.). For the pre-
formalin assessments, animals were placed directly in the testing cage. For the post-
formalin assessment, animals were briefly anesthetized with isoflurane (5% induction; 2.5%
maintenance), injected i.a. with low-dose formalin (0.5%; 15 uL), and immediately returned
to the testing cage to recover (recovery time: 1 to 2 min) and to perform the behavioral
evaluations in the following order: (1) behavioral nocifensive responses and rat grimace
scale evaluated simultaneously and (2) mechanical sensitivity using von Frey filaments.
The experimenter who performed the behavioral assessments was blinded to all treatments.

4.3.1. Behavioral Nocifensive Responses

The spontaneous nocifensive responses were assessed for 45 min, as described by pre-
vious studies [8,12]. The assessment of the behavioral nocifensive responses was calculated
by the sum of seconds the animal spent rubbing or scratching the orofacial region (assessed
live by a stopwatch) plus the total number of head flinches (1 flinch = 1 s).

4.3.2. The Rat Grimace Scale (RGS)

A video camera was placed in the upper part of the testing cage in a position that
allowed a complete view of each animal. Rats were continuously recorded during the eval-
uation of their behavioral nocifensive responses (starting after awakening from isoflurane
anesthesia) divided across 3 blocks of 5 min with a 4-min interval between each block (0-5/,
9-14/, and 18-23'). After recording, the videos were analyzed by an experimenter blinded
to the treatment. A 0-2 score (0 = not present, 1 = moderate, and 2 = obvious pain) was
assigned to each facial parameter (orbital tightening, nose/cheek flattening, ear changes,
and whisker changes) observed in each 5-min block, as previously described [52]. A mean
of the scores in all blocks was considered the total RGS score.
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4.3.3. Mechanical Sensitivity to von Frey Filaments

Mechanical allodynia was assessed immediately after the completion of the assess-
ment of spontaneous behavioral nociceptive responses by using von Frey monofilaments
(Stoeling Co., Wood Dale, IL, USA). The assessment of mechanical allodynia lasted for
5-10 min. The test was performed as previously described [29]. The filaments (flat contact
area and weights in grams: 0.16, 0.4, 0.6, 1, 1.4, 2, 4, 6, 8, and 10) were applied bilaterally
over the TMJ area, starting with the contralateral nontreated TMJ (right TM]). In each
session, each filament was applied three times (starting with 0.16-g filament and continuing
in ascending order) until a repeated positive response (escape and/or defensive movement)
after the stimulation of the evaluated area was elicited. The maximum weight (10 g) was
assigned when no response was observed.

4.4. Immunohistochemistry

On day 57, immediately after behavioral assessments, all animals were deeply anes-
thetized (ketamine 70 mg/kg and xylazine 7 mg/kg, intraperitoneally (i.p.)) and tran-
scardially perfused with saline followed by buffered 4% paraformaldehyde (PFA) in PBS
(pH 7.4). The brain was dissected and placed in the PFA solution overnight (18-20 h) at
+4 °C. Then, the samples were transferred to 30% sucrose dissolved in PBS for 48h at +4 °C.
Then, all samples were stored at —80 °C prior to further use. The caudal part of the medulla
oblongata containing the trigeminal nucleus caudalis (TNC; from —5.28 mm to —6.72 inter-
aural, based on Paxinos and Watson [53]) was cut into 35-um coronal cross-sections using a
cryostat. The position of the sections relative to the bregma/interaural line was determined
based on visible landmarks such as the obex, position of the central canal, and shape of the
white and gray matter, according to the rat brain atlas [53]. For each immunohistochemical
analysis, 5 sections per animal were randomly chosen.

4.4.1. Localization of cSNAP-25 in the Brainstem

Sections corresponding to the TNC region of the brainstem were randomly selected,
washed in PBS with 0.25% Triton X-100 (PBST), and exposed to 50 pL of 3% peroxide diluted
in 200-uL PBS for 1h. Sections were washed again and blocked with 10% normal goat serum
(NGS) in PBST. A well-characterized rabbit polyclonal antibody that specifically cleaves
the BoNT-A-truncated SNAP-25 (nonaffinity-purified rabbit antiserum (anti-SNAP-25197,
National Institute for Biological Standards and Control, Potters Bar, UK, a generous gift
from Dr. Thea Sesardic) was diluted in 1% NGS (1:4000), and samples were incubated
overnight at room temperature. The next day, the sections were washed, and 200 uL of
Alexa Fluor 555 secondary antibody (1:400, Molecular Probes, Invitrogen, Carlsbad, CA,
USA) was used to enhance the cSNAP-25 signal. Samples were then washed 3 times before
mounting into the glass slide and coverslipped with an antifading agent. All samples were
visualized with an epifluorescent microscope (Olympus BX-51, Tokyo, Japan). Fiber-shaped
staining was searched, and pictures were taken using a digital camera (DP-70, Olympus,
Tokyo, Japan).

4.4.2. Quantification of Neuronal and Astrocyte Activation in the Brainstem

The brainstem sections of each animal containing the TNC were randomly selected
for immunohistochemical analyses. The sections were placed in free-floating plate wells
in PBS with PBST and washed and blocked with 10% NGS in PBST. Sections of TNC
were incubated overnight at room temperature in 1% NGS with either anti-c-Fos (1:500,
Santa Cruz Biotechnology, Dallas, TX, USA), anti-calcitonin gene-related peptide (CGRP,
1:10,000, Sigma, St Louis, MO, USA), or anti-glial fibrillary acidic protein (anti-GFAP;
1:600, Sigma, St. Louis, MO, USA) antibodies. The next day, the sections were incubated
with fluorescent secondary antibody (goat anti-rabbit Alexa Fluor 555; Molecular Probes,
Invitrogen, Carlsbad, CA, USA/goat anti-rabbit Alexa Fluor 488; Invitrogen, Carlsbad, CA,
USA). Sections were washed with PBS mounted on glass slides, and coverslipped with an
antifading agent.
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Immunostained sections were visualized with an Olympus BX-51 epifluorescent micro-
scope coupled to a DP-70 digital camera (Olympus, Tokyo, Japan), and brain regions were
identified using the rat stereotaxic atlas [53]. All images were processed and quantified by
using cellSens Dimension Software (Olympus, Tokyo, Japan). The c-Fos-positive neurons
were automatically counted in the ipsilateral and contralateral side of the dorsal horns of
each section (TNC). For the acquisition of GFAP, microphotographs of each coronal section
containing the TNC was taken ipsilaterally at a 10x objective magnification and 0.5x cam-
era adapter, while for CGRP quantification, we employed 4 x objective magnification and
a 0.5x camera adapter. A constant exposure was used to acquire individual micropho-
tographs for each subsequent quantification, as well as the manual thresholds used for
calculation of the object number and immunoreactivity areas. The immunohistochemical
quantification of the area of immunoreactivity, as well as the number of objects within the
area of interest, were based on manual pixel thresholding of grey images obtained from
separated RGB channels: red or green based on the fluorophore used (pixel threshold range
115-256 for GFAP and c-Fos images taken at 10x objective magnification; range 62256 for
CGRP microphotographs taken at 4 x objective magnification).

4.5. Statistical Analysis

Quantitative data were presented as the mean =+ standard error of the mean (SEM).
Data from repeated behavioral measurements were analyzed using the two-way repeated
measures analysis of variance (RM ANOVA), followed by Bonferroni’s post hoc test to
compare the intertreatment effects. Single time observations were analyzed by one-way
ANOVA, followed by Tukey’s post hoc test. The data representing mechanical sensitivity,
assessed by Von Frey filaments, were log-transformed prior to statistical analysis, according
to the fact that mechanical sensation is perceived on a logarithmic scale (Weber’s law) [54].

All statistical analyses were performed with GraphPad Prism version 5 (GraphPad
Software, Inc., San Diego, CA, USA). A p-value < 0.05 was considered significant.

5. Conclusions

Based on the present data and previous results [8], the analgesic activity of BONT-A
in rats exposed to a PIH in the TMJ seems to be associated with peripheral and central
sites of BONT-A action. The present results suggest that BONT-A action is associated with
a reduction of spontaneous and evoked nociceptive pain measures suggestive of central
sensitization (reduction of pain grimacing in the later assessment phase similar to the BoNT-
A action on phase II of the formalin test and reduction of bilateral mechanical allodynia). In
addition, we found that the antinociceptive effect of BONT-A is accompanied by reduction
of neuronal and astrocytic activation in the TNC, both effects associated with central pain
processing. The mentioned actions did not significantly differ with respect to different
pharmacological preparations of the toxin (aboBoNT-A vs. onaBoNT-A). In addition, the
antinociceptive activity of aboBoNT-A and onaBoNT-A was accompanied by the occurrence
of central cSNAP-25, suggestive of the toxin’s direct central action. However, the relative
importance of each site of action (peripheral vs. central) for this effect remains to be further
investigated in the present pain model.
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Abstract: The serratus anterior muscle is commonly involved in myofascial pain syndrome and
is treated with many different injective methods. Currently, there is no definite injection point for
the muscle. This study provides a suggestion for injection points for the serratus anterior muscle
considering the intramuscular neural distribution using the whole-mount staining method. A modi-
fied Sihler method was applied to the serratus anterior muscles (15 specimens). The intramuscular
arborization areas were identified in terms of the anterior (100%), middle (50%), and posterior axillary
line (0%), and from the first to the ninth ribs. The intramuscular neural distribution for the serratus
anterior muscle had the largest arborization patterns in the fifth to the ninth rib portion of between
50% and 70%, and the first to the fourth rib portion had between 20% and 40%. These intramus-
cular neural distribution-based injection sites are in relation to the external anatomical line for the
frequently injected muscles to facilitate the efficiency of botulinum neurotoxin injections. Lastly,
the intramuscular neural distribution of serratus anterior muscle should be considered in order to
practice more accurately without the harmful side effects of trigger-point injections and botulinum

neurotoxin injections.
Keywords: myofascial pain syndrome; Sihler’s method; serratus anterior; trigger point injection

Key Contribution: The research provides intramuscular distribution of the serratus anterior regard-
ing botulinum neurotoxin injection for serratus anterior muscles.

1. Introduction

Myofascial pain syndrome (MPS) is extremely common, occurring in up to 95% of
individuals [1]. Repetitive movements and incorrect posturing habits contribute to the
advancement of MPS by triggering overload on a particular muscle; the serratus anterior
(SA) muscle is the most commonly involved [2]. As a part of MPS, serratus anterior
myofascial pain syndrome (SAMPS) is separately named due to its frequency [2]. Points
with taut banded parts and pinched tenderness of the muscle belly are termed myofascial
trigger points (MTrPs). SAMPS occurs with deep respiratory distress while running,
repetitive coughing due to respiratory disease, lifting heavy loads, and other psychological
stresses [3].

The cause of SAMPS is hyperactivated SA muscle contractions [4-6]. Pathological
findings indicate an increase in the release of acetylcholine by the neuromuscular junction
under relaxing conditions. Elevated and prolonged acetylcholine release generates persis-
tent depolarization of the muscle fiber, which causes sarcomere shortening and involuntary
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muscle contraction [2]. This point is anatomically known to be the thickest muscle belly,
with the most intramuscular neural arborization [7-11].

The therapeutic options for MPS include releasing MTrPs using injective agents such
as botulinum neurotoxin (BoNT), lidocaine, steroids, normal saline, and combinations of
agents. BoNT blocks neural transmission by stalling the release of acetylcholine at the
neuromuscular junction and impedes muscle contraction [12]. In myofascial pain control,
BoNT injection is renowned for offering better consequences than oral medications in terms
of pain management and functional movement [13-15]. Therefore, injection of BoNT is
widely used as a treatment option for MPS, especially SAMPS [16-21].

At present, BONT injection is acknowledged as the most secure and effective treatment
for inactivating the muscle [22-25]. The consequences of BONT depend on uptake by the
presynaptic membranes at the neuromuscular junction; thus, injections should be directed
into the neuromuscular junction area where most neuromuscular junctions exist [12,26,27].
The significance of utilizing neuromuscular arborization-directed BoNT injections has
been verified by clinical trials in the iliopsoas and bicep brachii muscles. These injections
resulted in higher pain reduction as well as volume reduction compared to conventional
injections [26,27].

However, intramuscular neural distribution of the muscle for accurate injection points
is necessary for BoNT, as excessive amounts of BONT may potentially cause the toxin to
spread to the neighboring muscles, resulting in paralysis [28,29]. The adverse effect of
paralyzed muscle is reported in cases of overdose of BONT [30-32]. Moreover, repetitive
and overdose of BoNT injections build up antibodies that will result in an insufficient
treatment effect [30,31,33,34]. Consequently, BONT should be injected into the arborized
regions to enhance efficacy and decrease adverse effects. To direct the injection points while
preventing these adverse effects, numerous studies have revealed the intramuscular neural
arborization of various muscles, but not the SA [14,33-43]. This study aimed to reveal the
intramuscular neural arborization of the SA and provide anatomical information of the
SA muscle.

2. Results
2.1. Running of the Thoracic Nerve Trunk

The long thoracic nerve runs superficial to the SA muscle and pierces the muscle at
each level until the seventh rib. Thirteen of the fifteen specimens had a trunk of the long
thoracic nerve running at 30 to 50% throughout the level of the first to the seventh rib. The
other two had the long thoracic nerve running down at 40 to 50% at the level of the first to
the fourth rib and 30 to 40% at the level of the fifth to the seventh rib.

2.2. Intramuscular Arborization Patterns of the SA Muscle

Twelve of the fifteen SA muscles had two regions in which the arborization patterns
were the largest: the sixth to the ninth rib portion had between 50 and 70% and the first to
the fifth rib portion had between 20 and 40%, following three anatomical lines: the anterior
(100%), middle (50%), and posterior axillary line (0%) (Figure 1B). The other two had the
largest patterns in the fourth to the ninth rib portion, between 50% and 60%; the first to the
third rib portion had between 20% and 30%. The last muscle had the largest patterns in the
fourth to the ninth rib portion, between 50% and 70%; the first to the third rib portion had
between 30 to 40%.
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Figure 1. Specimens were harvested according to two anatomical lines: the anterior axillary line (AA)
and posterior axillary line (PA). The AA was 100% to PA of 0%, respectively (A). The long thoracic
nerve runs superficial to the SA muscle and pierces into the muscle at each level until the 7th rib. The
specimens had a trunk of the long thoracic nerve running on 30 to 40% throughout the level of 1st to
7th rib (green shaded). The intramuscular arborization patterns were the largest: the 6th to 9th rib
portion had between 50% to 70% and the 1st to 5th rib portion had between 20 to 40%. The injection
should be guided to these arborized areas (B).

3. Discussion
3.1. Anatomy of the SA Muscle

The SA muscle is a flat and wide muscle covering the lateral ribs; it is anatomically
divided into three muscle bellies [2]. It consists of an upper, middle, and lower muscle belly,
each of which contribute to the movement of the scapular bone during upper extremity
actions [44]. The upper belly of the SA lies parallel to the first rib and inserts into the
superior angle of the scapula [45]. The middle belly of the SA originates from the second,
third, and fourth ribs and inserts into the medial scapular border. The lower muscle belly of
the SA is where the MTrPs frequently exist, originating from the fifth to the ninth ribs and
inserting into the inferior angle of the scapula [45,46]. The SA muscle is innervated by the
long thoracic nerve, which originates from the anterior rami of spinal nerves C5-C7 [47,48].
The long thoracic nerve runs superficially over the SA muscle along the anterior axillary
line. The SA muscle is mostly involved in upper extremity movements; however, it is the
prime stabilizer of the shoulder girdle and acts on shoulder flexion, abduction, and upward
rotation [44].

3.2. MPS in SA Muscle

MPS is a chronic pain disorder caused by MTrPs situated at the muscle belly; it has
been recognized as the main cause of pain in 85% of patients attending pain clinics [48,49].
SA muscle MTrPs may be triggered by muscle strain during excessive running, overloaded
weightlifting, or repetitive coughing, especially susceptible to torsional stresses. Another
cause of MTrPs initiation in the SA muscle is breast surgery due to cancer or esthetic
purposes [50].

Studies have revealed that sarcomere shortening is related to MTrP etiology, and the
shortening is due to an increase in activation of the neuromuscular junction and its over-
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release of acetylcholine. In addition, a large quantity of calcium released at the sarcoplasmic
reticulum over a dysfunctional ryanidine receptor causes prolonged muscle contraction [51].
Therefore, to release muscle contraction, BoNT is currently frequently used as an injective
agent for MPS [51-53]. The primary known therapeutic effects are releasing muscular
contractions and alleviating the vicious pain cycle [54-56]. Injection treatment of MPS
with local anesthetics is reported to be highly effective and currently represents the gold
standard [57]. The local anesthetics are thought to bring relief from muscle tightness.
Additionally, the injection of BoNT is another treatment option inhibiting the diffusion of
neurotransmitters in the peripheral nerve, avoiding peripheral sensitization [58,59].

In the study of Kamanli et al., lidocaine injection is more practical, since it causes less
disturbance than dry needling and is more cost effective than BoNT injection, and it seems
to be the treatment of choice in MPS [60]. However, they have proposed that BONT could
be selectively used in MPS patients resistant to conventional treatments. In many of the
assessment scores with lidocaine, dry needling and BoNT injection, depression and anxiety
scores significantly improved only in the BoNT-injected group [60].

Neuromuscular junctions are the underlying causes of MPS; therefore, injecting BONT
and other injective treatments such as lidocaine, steroids, and normal saline are frequently
performed to target the neuromuscular junctions [61-63]. Unlike oral medications and
lidocaine injections that have short-term effects, the effectiveness of BONT treatment in
MPS has been known to continue for up to 4 months [62,63].

As BoNT acts on the neuromuscular junction, accurate anatomical knowledge of the
neuromuscular arborization patterns of the SA muscles is vital for achieving the highest
relief with the smallest possible dose of BONT. Although BoNT procedures are minimally
invasive compared to surgical intervention, there is a probability of damaging the nerve
trunks that are not present near the neural arborized area. Therefore, precise knowledge of
the anatomical features of the SA muscle should be considered. In this study, we carried
out Sihler’s staining, which is a whole-mount staining procedure that stains myelin sheaths
and is effective in tracing the nerve endings without destroying the nerves [14,33-35,64].
The application of Sihler’s staining to the SA muscle will enable an accurate and thorough
understanding of the neural distribution.

Moreover, identifying the neural arborization area of the SA muscle is important in
diagnosing long thoracic nerve palsy [65]. Surface electromyography in the SA muscle is
challenging because multiple thin digitations make it difficult to place the electrode for
recording [66,67]. When detecting long thoracic nerve palsy, the technical limitations of
electromyography are interrupted signals from the neighboring muscles and difficulty with
accurate electrode placement since the SA is not a bulky muscle.

At present, there is no anatomical guidance for the injection or EMG of the SA muscle.
The authors acknowledge the following limitations in the current study. The results are
solely based on the analysis from Sihler staining of cadavers’ SA muscles. Additionally,
the cadavers are from elderly people with an average age of 76.6, and from a single
race (Korean).

In this study, we have revealed intramuscular distribution of the SA muscle that
might help clinicians guiding electromyography and injective treatments including BoNT,
lidocaine, normal saline, and steroids. In the anatomical aspect, clinicians should be able
to carefully target the three regions in the middle portion, between the sixth to ninth rib
portion and the first to the fifth rib (Figure 1B).

4. Materials and Methods

This study was performed in accordance with the principles outlined in the Declaration
of Helsinki. Informed consent and approval were obtained from the families of the cadavers
before the dissections were performed and approved by the Institutional Review Board
of Yonsei University College of Medicine (approval number 20-006, approved date: 26
February 2020). A total of 15 SA muscles from Korean cadavers (5 men and 4 women with
a mean age of 76.6 years; range, 73-95 years) were dissected in Yonsei University medical
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center from May 2020 to October 2020, and modified Sihler staining was applied to clarify
the intramuscular neural arborization patterns.

Before dissection, the SA muscles were aligned in their anatomical positions (Figure 2).
The arborizing patterns of the SA muscles were tracked according to the three anatomical
lines: anterior (100%), middle (50%), posterior axillary line (0%), and from the first to the
ninth ribs (Figure 1A).

Figure 2. The serratus anterior muscle the long thoracic nerve running over the muscle. The long
thoracic nerve has been pointed out by the forceps.

The SA muscles underwent Sihler staining, as modified by Liem and Douwe van
Willingen (Figure 3) [67].

This technique involves several steps to acquire the visual representation of the in-
tramuscular neural arborization pattern. The changes over Sihler’s method of the SA
specimens are shown in Figure 4.

Following Sihler staining, the SA muscles were divided into 10 sections according to
the vertical lines from the anterior and posterior axillary lines and the curved lines of the
first to ninth ribs.
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Figure 3. The result of Sihler’s staining of the serratus anterior muscle. The intramuscular neural
distribution of the serratus anterior muscle is observed with enlarged views.

FX MD ST CL

Figure 4. The serratus anterior muscle underwent modified Sihler’s method. The method consists
of stages of fixation (FX), maceration and depigmentation (MD), decalcification, staining (ST), and
clearing (CL).

Modified Sihler Staining

Fixation: The SA muscles were stored for one month in a container filled with 10%
un-neutralized formalin. The solution was replaced with fresh solution whenever it
turned cloudy.

Maceration and depigmentation: The fixed SA specimens were washed in running
water for an hour. Then, they were placed for one month in a container filled with 3%
aqueous potassium hydroxide and hydrogen peroxide solution.
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Decalcification: The depigmented SA specimens were then placed in Sihler I solution,
a compound of glycerin, glacial acetic acid, and aqueous chloral hydrate.

Staining: The decalcified SA specimens were then stained with the Sihler II solution, a
compound of glycerin, aqueous chloral hydrate, and acetic acid. The staining process takes
30-35 days for intramuscular nerve visualization.

De-staining: The stained SA specimens were cleansed in a container filled with Sihler
I'solution. This step is used to de-stain the SA muscle fibers so that only the intramuscular
nerve distributions are visualized.

Neutralization: The de-stained SA specimens were neutralized in clean water for
half an hour. Consequently, the SA specimens were placed in a solution of 0.05% lithium
carbonate.

Clearing: Finally, the neutralized SA specimens were taken into the clearing stage with
glycerin by increasing the concentrations from 20% to 100%. This stage took nearly 4-5 h.
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Abstract: Although botulinum toxin (BoNT) has been suggested as a treatment to counter neuropathic
pain, no previous systematic reviews investigated the multidimensional effects of BONT on pain relief
and Health-Related Quality of Life (HR-QoL). The aim of this systematic review is to summarize the
current evidence on the effectiveness of BONT treatment for neuropathic pain, and to characterize its
multidimensional effectiveness in order to guide physicians in clinical practice. Five databases were
systematically searched up to 4 April 2022, to identify randomized controlled trials satisfying the
following criteria: adults suffering from neuropathic pain, BONT administration, any comparator,
multidimensional assessment of pain as primary outcome, HR-QoL, physical function, anxiety
and depression, and sleep quality as secondary outcomes. Twelve studies were included. The
multidimensional pain scales used were short-form McGill Pain Questionnaire, Neuropathic pain
scale, Neuropathic Pain Symptom Inventory, International SCI Pain Basic Data Set, West Haven-Yale
Multidimensional Pain Inventory, Brief Pain Inventory, and Douleur Neuropathique 4. These scales
highlighted the positive effects of BONT administration. According to the Jadad scale, all the RCTs
included were high-quality studies. BONT administration might be effectively introduced in the
comprehensive management of neuropathic pain. Further research should focus on optimal and
cost-effective therapeutic protocols.

Keywords: botulinum toxin (BoNT); neuropathic pain; pain management; quality of life; rehabilitation

Key Contribution: BoNT administration might be effectively introduced in the comprehensive
management of neuropathic pain.

1. Introduction

Pain is currently defined by the International Association for the Study of Pain (IASP)
as ‘an unpleasant sensory and emotional experience associated with, or resembling that
associated with, actual or potential tissue damage’ [1]. Among the different pain types,
neuropathic pain is characterized by increased pain sensitivity and/or spontaneous pain
and is defined by the presence of neuropathy, a lesion or disease affecting the somatosensory
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nervous system [1]. It is currently considered a challenge in the clinical setting due to
its chronic course and poor responsiveness to medications [2-5]. In further detail, the
recent systematic review by van Hecke et al. [6] reported that approximately 6.9-10% of
the European population suffer from neuropathic pain, with detrimental consequences in
terms of physical and psychosocial wellbeing, health-related quality of life (HR-QoL) and
economic burden [3,7,8].

Pathophysiology of neuropathic pain has been widely investigated and the present
evidence underlines the role of independent mechanisms triggered by various damages
to an afferent pathway [5,9-12]. However, the exact pathophysiological mechanisms un-
derpinning neuropathic pain are far from being fully understood [13]. In this context, the
downregulation of sodium channels [14], the dysregulation of Transient Receptor Potential
Vanilloid 1 (TRPV1) and Transient Receptor Potential Member 8 (TRPMS) receptors have
been proposed to have a role in this complex framework [15-17]. Interestingly, it has
recently been highlighted that abnormal sensory messages characterizing neuropathic pain
might stimulate the cortex, promoting the excitation of neurons in the limbic areas related
to anxiety, depression, and sleep problems, frequently accompanying neuropathic pain [5].
A deeper assessment of these pathological mechanisms might play a key role in optimizing
a multidimensional treatment, selecting a precise pathophysiological pathway [3,18]. In
this complex framework, multimodal therapeutic interventions targeting specific structures
involved in the neuropathic pain circuits are crucial to promoting the optimal response in
pain relief [5]. Furthermore, several pharmacological and non-pharmacological approaches
have been proposed for the complex management of neuropathic pain and growing evi-
dence recommends a comprehensive patient-centered approach in order to improve pain
management and minimize the side effects of single therapies [3,19-22].

In the last decade, botulinum toxin (BoNT) has been proposed as a therapeutic option
to treat neuropathic pain [23], although the antinociceptive effects of BONT have been
widely ascribed to the muscle relaxation effects alone [24,25]. However, several studies
reported positive results of BONT treatment in the management of neuropathic pain [26-28].
Park et al. [28], in a neuropathic pain animal model, demonstrated the dissociation between
the duration of muscle relaxation and pain relief after BONT treatment, suggesting a pure
antinociceptive role.

Despite these findings, the recent GRADE classification by Finnerup et al. [29] re-
ported BoNT as a third-line pharmacological treatment in general neuropathic pain. They
suggested gabapentin, pregabalin, SNRIs (duloxetine/venlafaxine), and tricyclic antide-
pressants as first-line treatments, followed by capsaicin patches, lidocaine patches and
tramadol. Similarly, the guidelines for neuropathic pain published by Moisset et al. [30] in
2020 recommended the use of BoNT as second-line therapy for peripheral neuropathic pain,
while lidocaine plasters or Transcutaneous Electrical Nerve Stimulation (TENS) therapy
were the first-line interventions. On the other hand, SNRI drugs, gabapentin, or tricyclic
antidepressant were recommended for the treatment of central neuropathic pain, while
pregabalin, tramadol, or combination therapy were recommended as second-line therapy.

Although BoNT has been suggested as an effective treatment to counter neuropathic
pain [29-35], evidence in the literature is mainly focused on the unidimensional evaluation
of pain, with different systematic reviews assessing the Visual Analogue Scale (VAS) or
Numerical Rating Scale (NRS). Conversely, given the psychosocial and functional burden
of neuropathic pain, a multidimensional assessment of this condition is needed, in order to
promote a patient-centered approach.

However, to the best of our knowledge, no previous systematic reviews investigated
the multidimensional effectiveness of BONT on pain relief and quality of life in patients
suffering from neuropathic pain.

Therefore, this systematic review of randomized controlled trials (RCTs) aimed at
summarizing the current evidence on the efficacy of BONT treatment for neuropathic pain,
characterizing the multidimensional effectiveness of BoNT related to different neuropathic
pain etiologies to improve the complex management of this burdensome condition.
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2. Results

The search strategy performed on 4 April 2022 identified 1688 records from the five
databases and six records from the reference lists of the included studies. Figure 1 shows
the PRISMA flow diagram of the search process. After duplication removal, 1269 studies
were assessed for eligibility and screened for title and abstract. After the exclusion of
1187 records, 82 full-text records were assessed for eligibility. Due to inconsistency with
the eligibility criteria, 70 articles were excluded (36 were not RCTs, 3 studies involved
animals, 4 were in a language other than English, 1 was retired for plagiarism, 11 did not
assess patients with neuropathic pain, 1 was an ongoing trial, 5 were congress abstracts,
5 were registered protocols not published, and 4 did not assess appropriate outcomes). The
Supplementary Table S2 shows the lists of excluded studies assessed in full text and the
reasons for exclusions. As a result, 12 studies were included in the present work [26,36-46].
The studies included in this systematic review were published between 2006 [46] and
2020 [43]. Among these, two studies were conducted in the USA [37,46]; three studies were
conducted in Iran [39,42,43]; one study was conducted in Taiwan [45]; one was conducted
in Greece [36]; one was conducted in Canada [38]; one was conducted in South Korea [40];
one was conducted in France [41]; and one was conducted in China [44]. The remaining
study was an international collaboration (France and Brazil, n = 1 [26]).

[ Identification of studies via databases and registers ]
—
o Records identified from:
S PubMed/Medline (n=426)
E g;%ﬁ;?; ':"fffg()" =i80) »| Records before screening:
2 CENTRAL (n = 54) Duplicate records removed (n = 419)
3 PEDro (n = 44)
= Other sources (n = 6)
:
Records screened L »| Record Juded (n = 1187
(n=1269) ecords exclu (n= )
Reports sought for retrieval
2 (n 2(:32) 2 I | Reports not retrieved (n = 0)
=
: !
»
Reports assessed for eligibility "
(n=82) >
Reports excluded (n = 70):
Not RCT (n = 36)
Study involving animals (n = 3)
Language other than English (n = 4)
Congress abstract (n = 5)
) Retired for plagiarism (n = 1)
p— v Not neuropathic pain (n = 11)
Ongoing trial (n = 1)
+ o _ ) Not published (n = 5)
'g Studies included in review Not appropriate outcomes (n = 4)
T:’ (n=12)

Figure 1. PRISMA 2020 flow chart.

A total of 522 subjects were included in the present systematic review (90 with pos-
therpetic neuropathic pain [36,44], 48 with spinal cord injuries [37,40], 29 with posttrau-
matic/postoperative nerve lesion or post-herpetic neuropathy [41], 66 with peripheral
nerve lesion [26], 231 with diabetic neuropathy [39,42,43,45], 38 with thoracic outlet syn-
drome [38], and 20 with carpal tunnel syndrome [46]). The mean age of the subjects
included ranged from 36.8 4= 8.9 years [38] to 77.5 + 8.2 years [36], while 230 patients were
males and 272 females. However, it should be noted that Breuer et al. [46] did not report
the mean age and sex of the study participants.

The intervention was compared to placebo or other treatments. In particular, the
control group in each study was composed of patients suffering from neuropathic pain
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with the same etiological cause of the intervention group [26,36—46]. Control groups were
treated with normal saline injections in 11 studies [26,36—43,45]. Only Xiao et al. [44]
compared BoNT-A injection to both an active control group (treated with 0.5% lidocaine
injection) and a placebo group (treated with saline injection). Two studies were crossover
studies [37,45].

The time of follow-up varied somewhat among the studies included with five studies
reporting a total duration of 24 weeks [26,36,38,41,45], one study of 20 weeks [37], two
studies of 12 weeks [42,44], one study of 13 weeks [46], one study of 8 weeks [40], one study
of 4 weeks [43], and one study of 3 weeks [39]. The sample characterization of each study
included has been summarized in detail in Table 1.

In conclusion, it should be noted that among the 12 RCTs included in the present
review, 3 studies [36,42,43] did not report any funding, while 9 studies [26,37—-41,44—46]
received external funding and, in particular, 3 studies [38,40,46] received funding by
pharmaceutical companies. Lastly, 2 studies [37,41] declared that they were supplied with
the toxin by pharmaceutical companies.

2.1. BoNT Intervention

A high heterogeneity of BoNT type, source, amount, injection sites, number of injec-
tions and injection technique was reported in the studies included in the present work.
Out of the 12 RCTs assessed, 11 (91.7%) [26,36—45] utilized BoNT-A, while 1 (8.3%) [46]
administered BoNT-B.

Two studies assessed patients with postherpetic neuropathy with an amount of BoNT-
A in the study protocols ranging between 100 and 200 units [36,44]. Both study protocols
assessed the effects of BONT-A injected subcutaneously in the painful area. In further detail,
one of the two administration protocols was characterized by a chessboard distribution of
40 different injections, with a minimum distance of 1 cm between injection sites [36]. The
other study assessed injections every 1.0-2.0 cm radius of skin [44].

Only one study protocol has been proposed in patients with peripheral nerve lesions
and was characterized by two subcutaneous injections of up to 300 units of Onabotulinum-
toxinA performed after 12 weeks [26]. The maximum number of injections was 60, all
performed at a distance of 1.5-2 cm [26].

Similarly, the study by Ranoux et al., assessed the effects of subcutaneous injections
(maximum 200 units) of OnabotulinumtoxinA in patients with post-traumatic/postoperative
nerve lesion or postherpetic neuropathy [41]. The authors performed up to 40 different
subcutaneous injections at a distance of 1.5 cm [41].

One study assessed the effects of 75 units of OnabotulinumtoxinA in the anterior
and middle scalene muscles in patients with neuropathic pain due to thoracic outlet
syndrome [38]. The intramuscular injections were performed under EMG guidance [38].

The effects of BONT-A in patients with diabetic neuropathy have been studied by four
different RCTs with different injection protocols. All the studies included administered
BoNT-A subcutaneously. One study performed an injection of 50 units of Onabotulinum-
toxinA [45] while two studies injected 100 units of AbobotulinumtoxinA [39,42]. BONT-A
was administered in the sole, dorsum or entire surface of the foot. The injections number
ranged between 12-20 sites per patient [39,42,43,45].

In patients with neuropathic pain due to Spinal Cord Injury (SCI), two studies assessed
different protocols of subcutaneous administration of BONT-A in the painful area. The
amount of BoNT-A ranged between 200 and 400 units [37,40]. One study performed
5 units per injection site [37] and the other did not report the single injection amount of
BoNT-A [40].

Lastly, one study injected BoNT-B in patients with carpal tunnel syndrome [46], divid-
ing 2500 units of RimabotulinumtoxinB into three intramuscular injections (one for each
muscle), under EMG guidance to identify opponens digiti minimi and flexor digiti minimi,
and anatomically locating palmaris brevis muscle [46].

All the BoNT administration protocols are summarized in detail in Table 2.

42



Toxins 2022, 14, 308

2L+ 29

:98e ueay
sdnoi8 oqooerd 11/6
Ppue auredopr| yirm pareduod :a[eway /arew “suonalur
1970018 ApyuedyTudis sem oz U X (surpes Tewrou)
dur :oum d Aued 781 F 0L ) d .
O J0 yuswaaoxdur :own dos[g yredomou 2 uvapy 0qaoe| (syun poz
o sdnoi8 usamjog snadrayysod : :dnoi8 ogadef 03 dn) yurxoy .
doots mm\,.wa_.ﬁ dnoi8 ogaoerd pue ym syuaryed o m:.wm\:m ow aUIRdOPI %G 0 -wnurmjoque| [ .m«W coW
R ﬁzmu_ S dnox8 sureoopr| y30q ur syyuow suow :dnoi8 ogade olews) \ :~ Jo (suonafur Jo (suondafur ﬂwc:mww d
:o%ﬁ wwEE o ¢ 1933e pue / Aep uo jusaurasoxdur W € (simoy) awry daayg TPl F 99 & mek:w: [e1oAds [e12A9s our 4 5 ﬁso [#¥] 'Te 32 oery
i .« o P JueoyTudts :awm daajg :23e ueap u“._mu drousod Burstrdwoo) Burstadurod) \_uv .Nﬁ.SEa«_u
V-LNog dnousy 1ojvavdiio; / B e suopensIUIWIpe  SUOHRHSIUIUPE poziuopuey
b} o) /8 (im syuoned ; P nensuIp
syjuow :a[eway /areur s § :dnoid :dnoi8 y-1Nog
dnoi8 y-1Nog
¢ 1oye pue £ Aep uo juawasorduir oz U . (Tomyuod 2A13OR)
Juedyrudis :awn daajg Ayredomau auredopr|
dnotn) uoruacioquy snadayysod
ym syuapyed
:dnoi8 suresopry
T ooMm je mOUEQka.:U
JuedyTudis :sa100s daafg
sdnot8 uaamjog
§ pue 7 syeam § .
. U99M19q PaSUELDUN PIUTEUIdI €010 i8FSLL SOLFTEL
SYPOM , :98e ueay. -
DIYM ‘g oM je yuawaroxdur woiy SurSuer :a3e ueo eare (nyured ayy eLI} [RITUID
2 1e dooys jo Prym gy y a/o1 W myuredoyy  fem ednuI
JuedyyTuSts ou :sa100s doafg 9100S B YjIm . £/8 :o[eway /areur suonoafur ut (syiun 001) V payjonuod
£yrrenb sasoxduur Seway /arew [9¢]
.\A weonTuSis N &.EDLU kﬁ«&\&&gmu SHoIM FT @th;:Oﬂmwﬁ—T : u QT u ﬁmﬁﬂmw #NEHO:Y:_XOwEﬁ_::ﬁ:GﬂNEO |OﬂMUN~Q 1219 erred
uesyuet 21 Yoom [pun padueypun WRJI-9ATY SL: Agpedomoau oqgaoe[ ] jo ‘purg-s[qnop [e39 Eledy
uonensIUnUpe Agredomou
: s urewaz sa100s doaa[s ‘urpd)] £q passasse onadiay-ysod suonpafur £310.]  ‘pazrwiopuey
v-LNog R IS "out>op q onadiay-jsod : ST :
[I}IUL 33 I19}Je ‘ pUe 7 SYoaMm “daays yo Ayend) : UM sjusne ]
M sjuse]
U99M]9q J[L)S PaUTEUIDT
PIYM “Z oM Je sjuaasordur
JuedyTuSIs :sa100s doalg
dnouny uorjuaciaquy
p03vivduo) uoUIQIIJUT
suonedIpujf sSurpurg urejy sornses
Lt W soysLRPEIRYD)
dn-morrog sswmodnQ azig ardureg uostreduro) wonusAIU uSisaq apuIy

‘papnPul ST Y 943 JO sonstadeIe ) L d[qeL

43



Toxins 2022, 14, 308

B 047 L8 687 89 ‘ . -oouepms N
oUt 96118 “Hev :a8e ueapy :28e ueapy Qouepm! Iapun sapsnW e feorup
9¢-1S pue HSVA ¥ sdnoss tamgag 149414 L1/¢€ DN 9pun aua[eds AppIu poronuo
aaoxdwr jou prp JueonIuSis 10U 9645 “HSV supuow o 98-45 "HSVA :a[eWy /dew :9[eway /dreur Sa[osnw suseds Ppue IoLIB}UE ~ogooerd [s¢]
uopensuIuIpe AP ’ Q1 U 0z :u a[ppru pue auyy ur pagoafur , ‘Ie 39 uosAe[ury
dnoui sojvivduio)) UT[q-2[qnO;
V-LNog . P QwoIpuLs woIpuAs JIOTIJUR AU Ul yuxoyumunny P oA9-o1anop
Juedyuis Jou :9¢-15 ‘HSV - : ; : paziuopuey
doin o] J9[IN0 dRIOY) J9[3N0 dRIOY) pajoalur aurfeg -oqeuq Jo syun
k UM SpUdTE] M Sjudne] aay-Auandg
S[9oM $Z 18 SN 'SAVH
SIOUDIYIP JULdYIUSIS
Aysuayur ured 14g
2 0om
1 SIOURIDJITP JuedyTUSIS INOYIM
Aysuayur ured ‘$9M Z[ 1 SdURIAJIP JuedyIuds 6SLF L'6F . .
1dg pue ‘(prod> :(p1o 03 uted paxoad pue Yooys :a8e ueawr mmmww Hmww/m (et oot
03 ured payoaa o309 ‘Suruang) saedsqns [SIN 0L/% orolol /o (smun " dnoid i
pue poys sdnoi8 usanjog :3[eway /arew 6/9: _mﬁ N :w\ Lew ( M_u msmwou .E:mwm d
odp2 ‘Suruma) SN = d :5aVH ‘Idd ‘ISIN P LU X aurfes jo . [1%]
sa[edsqns dnotsy tojpivdiio)) SAPIM T SAVH I8 ISIN Ayyedomou %;MMWM;MMM suonensurwpy V. mﬂxﬂﬂ:ﬁ%g ﬂ.VM:HM:Mu ‘e 32 xnouey
ISAN saaoxdwur 2DURIITUSTS JNOYIIM JudtdAoIdwT onadrayisod © %2 mamsmo sod suor Mu mmmu ot 9 5 ﬁzo
Apueoyrugrs yS1ps :Ldrxue SAVH 10 aanperadoysod o w.m::ﬁ Moa HERSIUIIPY ﬂw%ﬁhnﬁmﬁ
uonenSIUNUpE DUBIITUSTS JNOYIIM JudtdAoIdwT /onewmerysod / .u:s o :wﬂm PoZILIOPUEY
V-LNog :poowr pue AjIAnOe [eISUaD) yim spuane g Hm spuened

SyoaM
21 e yuawosordur juedyrudts
:(eruhpoyre “‘ured yewsAxored
‘Surung) swaqns [SAN
dnouny uorguaciayug

XopuJ WI[qOI]
daayg pue

SaoURIBHTP JuedyTuSIS
[SWA)I G—Xxdpu] waqo1 ] daafg
saouRIBIP JuedyIuSIS
SWA)T g—Xxdpuy wAqo1 ] daarg
Ajarxue
UT SOOUDISIIP JuedyTuSIs :GVH
erukpoje pue

B s ured rewsAxored ur soouRIagIP wMH Fees uowﬁ To1s ‘Jrede sspam 71 TeLL Tesrurpd
cm_m% WE.MWMMW FUEDPIUSIS $9[eISqNS [SIN e UeN e TN yrede syoom ‘(s1un 0og dnoid
ted | SIOURIAHIP JULdYIUSIS :GYA [Jd XopuJ Wa[qo1 ] . 4244 X L1/L1 e SiEIM ] 01 dn) -errered
pue ured Surumq : , ) :aTewIay /e :aewIay /aTew urres jo , i
. sdnoi8 uaamag SY9OM F7 doa9[s ‘SAVH ‘SVA ! ! V urxoywnurny PAY[OTIU0D [92] Te 10 TeRV
ISINSVA SN = d xopuy wafqo1] dodls acdT 1SdN ‘1 w e SUORBHSIIIWIPE * oqeug jo -oqpoeyd
14 jo saaoxduur , P y P uorsa[ uorsay om[, , ©
ApueoyruSrs SVA D%www MWMM&%MQZ 1dd aaxau [erayduad aardu [eraydirad m:oumhww:.::vm \ﬁww_m:m%ﬂ”wv
uonensuIuIpe wZU| M.xmvﬂ e YIMm sjuane g UM sjusne g 'L pazitopuey
- O » -
ViINGd wayqoz ] dods ‘SVA 4SO 'SAVH
JuawAoxdwr juedyTuSTs
:wRyiqns ured [ewsAxored
pue ured Surumgq SIN
uonnpai juedyudis :SYA 144
dnoi) uoyuaaioquy
403vavduo) uouaQLIUL
suonedIpuy sSurpury urepy
dn-morjog MMH_MMM__\M azig ajdureg uosuredwo) mﬂ%ﬂ-&hﬂ.ﬂwwﬂu ugisa(q APy

710D "L 3[qeL

44



Toxins 2022, 14, 308

(uonjesuas deap
pue ‘Uoresuds

uonesuas deap
PUE “UOI}ESUS AIOSUDS “UOTIRSUS
dieys 105 1daoxa ‘saduarayIp

45

JuedTUSIS [SWYINS GIN SLF LIS ST E8S 908}INS
K108Uds ‘uoryeSUIS HILILS ¢ R :98e ueay. :98e ueay 00J [esIop
dieys 10§ 1dooxo) saduRIJIP JUedyTudIs ;JOSJI o01/9 o1/9 g ur (quiod [eL [esrurp
Swonans SaOURIBJTP JuedyTuSIS :9¢-4S ‘saareuuonsanb oTeWo, /oo oTeWs, /e suondaur o5 smun pajonu0d
1 \mmZ sdno.8 usamjag YoM ZT 10Sd <l w.\ ( @l w.\ I (aurfes reuriou) :. o -oqaoerd [z#] ‘Te 32 1yareg
Pue [0S ‘9€-dS N PUE ‘0616 ‘SN 9L oriu ogeoeld £8) VUNOL T anop
aaoxdwr dnoasy sopavdiios Ayyedomoau Ayyedomau -wmnuImioqoqy ﬁwN.:boﬁ:mM
Apueoyrusis 350199D JUEoN SIS - onaqerp onaqerp Jo suondafur :
uonensIUTWpe P JUCLWIBLS TOSd 1IM SjuLLe, 1IM SJURTe, AATOM
! - P JuswoAoxdur i ned Ui ned PML
V-IN°d JuedyIuSIs [SWAHANS 9¢-4S ‘SAN
dnoiny uorjuaaioquy
(swayiqns AN
Burysniq pue sdno.8 usamjogq
‘sa[paau pue surd SN :swajIqns arreuuonsanb FN . . 3 . »
@EES@ ‘sydoys SN swaqns SN .memﬁwummm .N%mH:MwNo £ Ma__wﬂwvw%%&m
DLI}OI[d) SWYIANS dnouny tojpavduio) : W : W L u:oH ot TerL} [esrurpd
arreuuonsanb (Bunysniaq pue . X L/€1 . 11/6 suonda(ur w N pafjonuod
, y . arreuuonsanb :a[eway /arew :9eway /arew oea “pajoalur [6€]
FNA a7paau pue surd “Burumg ‘sxpoys SyoaM ¢ (ourTes Teuriou) -oqaoerd
N . FNA Pue SIN 0z ‘U 0z ‘U : I9M dures , “Te 39 Turasey D)
pue (uorjesuas o130ad) JusuaAoxdwr yuedyrudis Suredomou furedomau ogade[] o 70 UL AUIXO pur[g-a[qnop
Pproo 103 3dooxa) sweyIqns arreuuonsanb N W W 7060 Ut YLXO} ‘paznuopuey
SN soaoxdur uonesuas onaqerp Jnaqerp -umuInioqoqy
Apueoyruis Plod 105 3daoxa ‘saduaIafyTp {pm spushed m spusted JO SHun 001
uonensuTpe JURDTTUSTS :SUIR}IANS SIN
V-LNog dnoin) uorjuaaioquy
403vivduio) uouaQIIUT
suonedIpu| sSurpury urepy
dn-morjog MMH_MMM__\M azig ajdureg uosuredwo) mﬂ%ﬂ-&hﬂ.ﬂwwﬂu ugisa(q APy

710D "L 3[qeL



Toxins 2022, 14, 308

SN ‘9¢-1S

T6F 959 T6F 959 ‘SPaM 7T
syoaMm § je :a8e ueay 98 uray I9}Je I9A0SSOID [eL [esruI
108D 2a0xdwr syuawaAoxduur yuedsyrudis [OSID 71/9 71/9 “SyPaM 7 Idjje uayj {(uonpdafur I9A0SSOID
Apuesyrudis sdno.8 usamjag Soom — :a[eway /arew aeway /arew I9A0SSOID UdY) 19d sjrun “Pa[OIU0d 619 uen
uonensuIupe AN ok v 9¢-dS Pue 10SdO 6 U 6 U 3005 yoead ojur ) 3005 yoea -oqaoerd lv] e S
V-LNog dnousy tojvavdiio)) Ayredomau Ayredomau uondafur sureg ojuI SjIun G “pur[g-a[qnop
71 9oM 12 SN TOSID onaqerp onaqerp Jo uondafur ‘pazropuey
dnoisy uojuaciaquy Y3IM sjpuane g HM sjuanie g yuixoywnuinjoqeuQ)
‘N pue g dnoin
U99.MJOq ADUDIJJTP JuedTuSTS (syun
© MOYS Jou pIp judwasoxduur Au«w EMQ
SuOIyEsUDs PJod pue [N © 105 ‘uonafur
-z dnoiny 'sa 1 dnoioy usamiaq 79 F 695 youo e
DURIJITP JuedYTUSIS B PIMOYS 58 ueopy o9 ym&. Woq
ueued U oo i 0 2/ o
Numwuﬁm pue \Ewmhm muw .:‘—Mu :d.wmﬂﬂm— %wm ot .Nmrmw HMMMEMw\MMmE Amuwﬁﬂ G wO 12303
doop ‘uonesuos :wmmmﬂcs “uor mmzmm aA .wm:mm g . Ly i € 103) V-LNOg
Jueseaydun w:c:mmfwm 101 \mosﬂum:wm ‘dreys ,M%mﬁwwwm ured ongyedomau yo suonoafur
‘uoresuas o ot v : W onaqerp . Ayuomy
SAISUDS ‘yisuayur ured :swRyIqNs SN 8z/61 1 Syuene, suonoalur — dnor [eL [edruI
\:orwm“:wm sdnoi8 usamjog 9[eway /arewt K N &:oh.u d (Suryes Teuriou) ..Ma_muﬂw PI[OTU0d
o4 ‘tonesuss -ured aoejins pue SYoIM § SIN /P 07 F ghe ogoaoerd ourfes qum -oqaoerd [£#] Te 10 LayeL
dieys Ansuonur uonesuas jueseardun ‘(£90°0 = d) ured onyjedomoau o ey IIM 199] 30q amposoid sures ‘purg-a[qnop
wred) SUN UOL}RSUDS PO “UOLBSUSS onaqerp : 16/91 :dnoi8 ogode 1901 1930 U Ut ‘pazrwopuey
anordur :sﬂmww MMMMxMMMH_m_ﬂMEEEM E,Mgww”vwcmm :aeuIay /arew “(uorpalur yoes
Apueoyrudis ¥ Ma iy 10 \mmms SN N 2 L[ sjun g'z) 300y
uonensIUnUpe :omummhmm EEU ured onyyedomoau 18 ay Jo a[0s
- O 3 onaqger El ur (syun
V-LNod pue (zg9'0 = d) uonesuas [[np 10§ stzmﬂn_cmwme %muﬂ w.cﬂw.uou
1daoxa ‘spuswasoxduut juesyruds “ﬁ &:ok.u © 105) V=LNOG
SwA)IqNS G N :¢ dnoiny . Jo suonalur
uonesuds Ao
P[Od pue UOL}LSUDS [[Np 10§ . M:oh«
1daoxa ‘syuswrasoxdur juedyrudis T o
SwR)INS N : dnoiny
dnoio) uoyuaaioquy
403vavduo) uouaQLIUL
suonedIpuy sSurpur urepy
dn-morjog MMH_MMM__\M azig ajdureg uosuredwo) mﬂ%ﬂ-&hﬂ.ﬂwwﬂu ugisa(q APy

710D "L 3[qeL

46



Toxins 2022, 14, 308

"KI0JUSAU] UTe ] [RUOTSUSWITPH[NIA] S[X-USARE] 1SOAL

IINAHM ‘erreuuonsanb ag1y jo Aypenb uoneziueSio yiesH propm ATNg-TOOOHM Xopu Aend) dasg ySmgsiig [0S @Ireuuonsang) ure [[IDJJA WLI0j-}10Ys
OIS ‘A9AING Yi[ea] W0 1I0YS Wai[-9¢ :9¢-1S ‘Amlur pro) reurdg 10§ Gueoyrudis jou :gN ‘Arojuaau] woydwAg ure oryredomaN ;[N ‘Oreds ure onjyedoman
SN “7001q dnayreduwhs requuing :gg7 495 eie(q diseq ured [DS [euonewaiu] :SqOdIDSI ‘dnoid uonuaamiur :0 ‘a1edg uorssarda pue Ajerxuy [e3rdsoH :SQVH
‘Aydesdofwondspp :HAY ‘suonsanb § us anbrpedomaN mamo FNQ ‘PueH pue “I9p[noys Wiy ay} Jo saniiqesiq :HSYJ Xxapu] L1peng) dears y3masnig auyi
JO UOTSIdA 3sauIy)) ([OSJID ‘dnoid royeredwod :07) ‘Aroyusauf ure ] JoLg g ‘UIX030INdN WNUINiog INOg ‘v 2dA} urxojoimaN wnurnjog :y-1,Nog :Suouuieaiqqy

saduaIdyyIp Juedyrudis
ou :daa[s jo A1end TANAHM

SpSNUI SIAdIq

Spsnux
s1aa1q strewped
10§ Pajyedo]

sdnoi uaamag streurred Aqreorwoyeue
8 ynoyy g s3eam 10§ pasoxduur 10§ Pajedo] pue “rurturu
doaars jo Ayend) :(310dax auoyd yyim passasse) AN AN A[resrwoyeue 1181p 10X97y (ew jopd
pue TANAHM ut doays yim sduLIRyISUL UTe :a8e ueajy| :a8e ueay pue ‘rurrurnu pue i : -
. . Teorurp
IS O g oy NSNS e SEpeey  sgpmmedh il
moys uo%%ﬁ ¢ ,.\Mto&m_w\mhmm_v ym wwnmmnmmv . et ‘TAINAHM wEM‘A.v:\? mEWwvc\Am Emﬁ suouoddo UWZM umﬂ.ns -oqeoerd ‘e 39 Jonaig
cozmbm_:_ﬁ.ﬁa daars yym ww:mu.ww.-wﬁﬁ ureJ [puuny reded Puuny edres . _Ho.w souepmg Ie[nosnuwenur ¢ \\WMMM—.MM”MM
d-LNog syutod awny PIm spuane] Pim spudpe ] DINF 1opun ur :
JUSIDJJTP JE 9DULDYTUSIS SUIIPIOq Tefnosnurerjut POpIAIp dules
10 [edS)S YIIm sjuawdAoxrduur (aurfes [euLou) [eULIOU JO W
:s107e01pUT AJ1] JO AYTenb ITNAHM ogaoe|] G0 ut g urxoy
dnouny uorguaciagug -wnurnjoqewts
Jo sIm 0sT
SN :JTIE-TOO0OHM
~ $Y99M 8 pUE SooM § YL+ 6'8% T6+1¢es vare njured ur
OdIN-dS & SOOULIdJTP JURdYIUSTS :DJIN-IS :98e uean. :98e ueay uonoafur awn-1 [e1 [EoR>
e sdno.8 uaomyoy Y - 100 / / suopofut uonn[os dufes paflonues
Apueoyrudrs N d SyooMm § mmw__uw WMEA.WM:S "mﬁzm&wwﬁﬁ ”Eme_mﬁwwﬁﬁ (aurres [eurIou) AE_ pur <_ -oqaoerd [0%] Te 30 uepy
uonensiuwpe dnoisy tojvavduio)) 0z ‘u 0z u 0q97¢ld Exowﬁzzmﬁﬁoo_ ‘purq-o[qnop
V-LNog . . N ; ‘pazropuey]
AN 10S WM spuene g IOS WM spusned T syun 00T
dnoiny uoruaciapug
AN (zd ‘g aseyd) (¢d 'z aseyd)
m&ﬂb&% uaamjag patajsturuape patejsuruIpe
SyooM QIOM Y UIX0} sem
TI pue g § ‘g ye sadueypd ou 1100 -umurnioqeuq) aurfes [ewiou
SY2M F U 7 Je seniande Afrep spun OF 03 Jo uondafur
e poodsi g1 S gt e Go-z0) sy Gomsr e e
mDmHUmH Ayisuayur ured ug a8ueyp e pajrodar :98e ueayl :98e ueajy pue pauriojrad sem 1910501
aaoxdwr %:mﬁmm ou "mzwmtm:m SagdidsI SYPIM (7 100 /9 9[eway /arewt /9 :o[eway /orewr pawtrojrad sem syuedonred \ww:obﬁMu [£€] TR UnyD
uonensurupe dnousy tojvavdiio)) PUe sAddIosT gu g syuedoired JO I9A0-SSOID , Eonwﬁso
V-LNog SXOOM g JE 9,/ T ‘SIM T Pue ‘F DS YItm sjuane g 1DS UM sjuaneJ JO I9A0SSOID ‘dn morrogy \Ww %ﬁ%u:mm
‘Z ye syuawaAoxdwr ajerapow jsed| ‘dn morjoy JO SYPaM 7T :
je pajrodar ﬁsmwwa JO %¢£€ 1100 jo mvwwm\s Nﬁ& ‘.m%v.« (1
‘spuanyed jo 9,66 15y (T 9sey aseyd) yurxoy
ur sjPam g1 pue g je Ajisusjur ured (ogaoerd) -wnurmioqeuQ
ur a8ueyd [SwRIqNS SAGATDSI aurfes feurIou syun (0F 03
dnoisy uojuaciaquy Jo uonafuy dn jo uonafuy
40gvavduo) uoUaIIUL
suonedIpuf sSurpur urepy sornses
S ~ N EalsEiacihlaidlg)
dn-morjog sowoong azig ajdureg uosuredwo) woruaasayu] ugisa(q APy

710D "L 3[qeL

47



Toxins 2022, 14, 308

‘s1opwnRuRd 1w ‘Ayder8oAwonoale Y UIX0j0InaN wnurnjog :LNOg SUOLRIAIqqY

Spsnur stAd1q strewed
10§ pajedo] Aj[edrwojeue pue
TWITUTU [ISTP I0XI[J PUe IWUTUI
1181p susuoddo 10§ duEpING
DA Iopun Ienosnueuy

(9posnw yoea 105 auo) suondfur ¢

d[osnuu s1AdIq
surewred ‘rurrurur
W181p 10X ‘WU
mi81p susuoddp

suondAUI ¢ UT PAPIATP SITM 00ST

s[esnnadewIey |
snuradng D0[qOAN

g urxojunurmioqewny

[9v]
Te 39 Ienaig

awoipuhg jouuny wdiv)

snoauenoqng

“eaIe Pajdjje A[feuwixewt
a3 1940 wrdped preograydayD)

eaIe [NyuIe | syun 00z

(ea10y] “[N0ag
“X0}APATA]) UIXOITPAA

V uxopunuInioqua’y

[0%] e 30 ey

snoauendqng

‘snrper un
1 e £q 1930 yoes woiy pajeredss sayis
uonoafur 105 ayerdurs) no-jnd oyserd
© pue IaxIew upys e 3uisn payreuwr
sem ured jo eare ay ‘suonoafur og 03 dn

uondafur 1ad syun g ‘syrun O

eote [nuted JO UOTEISIUTWIPE WNWIXEW [230],

wedraqy ‘xoj0g

Y UIXojumur[njoqeuq

[£€] "Te 30 unyD

Aanlug pao) purdg

snoauenoqng

SIS (F X €) ¢1§0 [e10}
e SuroA0d urayed uonnqrysp prio

syun

100j a3 jo wmsioq $ uondalur yoes 4005 1ad syum (g

ue3IdTy ‘xojog

V urxojumur[njoqeug

[¥] "Te 30 ueng

snoauenoqng

(pu8 § x g e) Yj0 Yoes
woy wd T jo dueysip je spurod Auamy,

‘syun g/°¢ uondafur
yoea 7 dnoin) ‘n gz uondalur
yoea 1 dnoio) ‘[ejoy syun (g1

300j 3Y3 Jo 3[0S

VN

VN

7] “Te 19 11aveL,

snoauenoqng

‘(F x ¢) syurod g1 jo uraped proy

ay1s 1ad uonds(ur

eoepms j00d (syrum g¢'g) Twr 10 ‘syun 00T

uasd] 4r0dsfq

V uxopunuInioqoqy

[zp] Te 30 vyaTes

snoaueNoqng

"SOYS (F X €) TT JO [e30}
e Surraaod wiayed uonnqrysip proy

syun (-8 APyewxordde

100j 23 jo wnsioq uonafur yoes ‘syrun o1

uasd] 4a0dsL(q

V uxopununioqoqy

[6€]
‘e 39 Twaseyn)

Aygvdoanau s1aquiq

souepm$
DA IopuUn renosnuresuy

uondafur |

Sa[dsNW dUd[LIS

A[PpPIW pue I0LRIUY S)un G/,

ueSIa[[y ‘x0j0g

V urxojwnurnjoqeuQ)

[sel
‘Te 39 uosAeyury

uoapuhig 1a13nQ 219V40Y ],

‘uad e yyim paddew eare ayy ur

uonafur 1ad syrun ¢ ‘syun (g

p [17]
snosuBnqns jrede wo ¢ sayIs je ‘suondafur of 03 dn) eole [nuted JO UOTJeNSIUTWUPE WINUWIXeW [2J0], ueaqry xoiog V UXORUNUMOqRUO “Te 12 xnouey
Aygvdoinan 9130d49F] 15O 40 101SIT 204N 9021JV43d01S0 /213D UNVIJISOJ

snoauendqNg Hede eare [nyure | uonpaluy od syun g ‘syun 00 ueSIa[[y xoj0g VY UIXojumnuinjoqeuq [92] ‘Te 1@ 1eny

u 7T SayIs je ‘suondafur 9 03 dn) : JO UOTJexSTUTWUPE WINUIIXeW [2J0], . : :

101s3] a1u (viaydiidg
(eurgd
“UDys JO SNIpeI un ()°7—0'T syum 00z moyzueT ‘spPNpoLJ .
SnoUEILANS K199 suondalur “eare pajoagse oy} 1DAQ pole jured JO uonRISIUTWPE WNWIXEW [€}0], eorojorg jo aymypsuy VN [¥7] ‘e 30 oerx
noyzue]) v-LNog

“Te3o} ur suomdafur g ‘sayts ,suondafur o

snoauendqng U29M}3q WD | JO SDUBISIP WNWIUTW vare [nyureJ syun (01 ueSIay ‘xoj0g V uIxojwnurnjoqeuq) - L mw_ma/x
B JIM ‘UOHNALISIP PIOgSsayD)
Aygvdoanan orjadiag] 304
uond3fuy yo oy suon3fuy yo _RqUNN $331G uon3fuy LNOg jo junowy LNoOg jo a21nog LNog jo adAy, Apmg

1a3luy 1r3luy jo 13q ! 13l 3 L) L) P

"MITARI dTjeWIR)SAS Juasard ayy ur papnpour [ aYj Jo sjodojord uonensiurwpe [NOg g d[qeL

48



Toxins 2022, 14, 308

2.2. Main Findings
2.2.1. Primary Outcome-Multidimensional Pain Assessment

The primary outcome assessed in this review was the effectiveness of BoNT injections
in terms of multidimensional pain scales and were assessed in eight studies [26,37,39-43,46].

In further detail, three studies [39,42,43] assessed pain with the Neuropathic Pain Scale
(NPS), showing significant improvements in most of the subitems considered [39,42,43].
The Neuropathic Pain Symptom Inventory (NPSI) has been used in two RCTs, reporting
significant improvements in specific subitem scales (burning [26,41], paroxysmal [26],
electric shock [41] and evoked pain to cold [41]). However, Ranoux et al. [41] did not
show significant NPSI modifications 24 weeks after BONT-A treatment. Similarly, these
studies [26,41] assessed the Brief Pain Inventory (BPI) scale, reporting significant differences
(p < 0.05) compared to placebo, but only in terms of pain intensity subitems [26,41].

Interestingly, Chun et al. [37] assessed pain intensity with the International SCI Pain
Basic Data Set. The authors reported that 33% of patients assessed showed a significant
change in pain intensity at 8 and 12 weeks, 50% showed a decreased pain interference with
daily activities at 2 and 4 weeks, 50% reported a reduced pain interference with mood at
2 weeks, 33% at 4 and 8 weeks, and 50% reported a reduced pain interference with sleep
at 2 and 4 weeks, 17% at 8 and 12 weeks. On the other hand, it should be noted that the
statistical analysis was based on a descriptive approach [37].

In contrast, Han et al. [40] investigated the effectiveness of BONT-A administration
with the short-form McGill Pain Questionnaire, reporting significant differences between
groups at 4 weeks (p < 0.05) and 8 weeks (p < 0.05) [40]. The Douleur Neuropathique
4 question scale has been used to assess pain in patients with diabetic neuropathy, showing
significant improvement in electric shocks (p = 0.01), burning (p < 0.01), pins and needles
(p = 0.03) and brushing (p < 0.001) subitems [39].

Lastly, Breuer et al. [46] assessed pain intensity with the West Haven-Yale Multidimen-
sional Pain Inventory, highlighting improvements in quality-of-life indicators, reaching
significance in some of the different time points assessed (p < 0.05). However, no significant
differences between groups were reported (p = NS) [46].

2.2.2. Secondary Outcomes

The secondary outcomes assessed in the present systematic review were HR-QoL,
physical function, anxiety and depression, and sleep quality.

In particular, HR-QoL has been assessed in six studies [26,37,38,40,42,45]. SF-36 has
been assessed in three RCTs [38,42,45] reporting controversial results. In further detail, in
patients with diabetic neuropathy, the RCT by Salehi et al. [42] reported significant improve-
ment of SF-36 (p = 0.007) [42], while Yuan et al. [45] did not demonstrate significant differ-
ences between groups (p = NS) [45]. On the other hand, the study by Finlayson et al. [38]
did not report significant improvement in SF-36 (p = NS) after BONT-A treatment [38].
The World Health Organization Quality of Life questionnaire (WHOQOL-BREF) has been
proposed by Han et al. [40] to assess pain relief in patients with SCI undergoing BoNT-
A treatment; however, no significant differences were reported in the four domains of
WHOQOL-BREF after the BONT-A intervention [40]. On the other hand, Attal et al. [26]
assessed EQ5D VAS scale, without underlining significant differences between groups
(p = NS). Lastly, Chun et al. [37] reported at least moderate improvements in QoL in 33%
of patients assessed at 2, 4, and 12 weeks, 17% at 8 weeks. Unfortunately, descriptive
statistics was performed, without assessing the significance of the reported results [37].
Interestingly, physical function was assessed by Finlayson et al. [38] by the Disabilities
of the Arm, Shoulder, and Hand scale; however, the authors did not report significant
improvement (p = NS) after BONT-A treatment [38].

On the other hand, anxiety and depression have been assessed through the Hospital
Anxiety and Depression Scale (HADS) in two studies [26,41]: there were no significant
differences between the BONT-A and the placebo group (p = NS) in both studies [26,41].
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Sleep quality has been specifically studied in six RCTs [26,36,42,44—46] assessing
patients with herpetic neuropathy [36,44], peripheral nerve lesions [26], diabetic neuropa-
thy [42,45] and carpal tunnel syndrome [46]. Thus, a high heterogeneity of the outcome
measures was reported. The Pittsburgh Sleep Quality Index (PSQI) has been used in two
studies [42,45] performed on patients with diabetic neuropathy. In further detail, the study
by Salehi et al. [42] reported significant differences in the PSQI after the BONT-A interven-
tion compared to the placebo group [42]. On the contrary, in the RCT by Yuan et al. [45], the
difference in the improvement in sleep quality between the BONT-A group and the placebo
group reached significance (1.72 4 1.82 vs. —0.11 £ 2.78, p < 0.05) exclusively at 4 weeks
after intervention. [45]. The Sleep Problem Index has been used by Attal et al. [26], report-
ing significant differences (Sleep Problem Index I, six items: 43.9 + 21.4 vs. 40.6 & 20.6;
p = 0.02; Sleep Problem Index I, nine items: 45.3 £ 19.3 vs. 41.7 & 19.6; p = 0.03) in the
intergroup analysis [26]. Similarly, the study by Apalla et al. [36] assessed sleep quality
with a five-item questionnaire in 14 patients with post-herpetic neuropathy treated with
BoNT-A, showing significant improvements at week 2 (p < 0.001) and week 4 (p < 0.001),
compared to placebo [36]. Sleep time has been also assessed by Xiao et al. [44], showing a
significant improvement at day 7 and after 3 months from the BoNT-A treatment (p < 0.01)
in patients with postherpetic neuropathy compared with lidocaine and placebo groups [44].

Lastly, the RCT by Breuer et al. [46] assessed sleep interference by pain in patients
with carpal tunnel syndrome, reporting significant improvements (p < 0.05) in some of the
time points assessed. On the other hand, the authors did not find a statistically significant
difference between groups (p = NS) [46].

Table 1 reported further detail of the main results of the RTCs included in the present review.

2.3. Study Quality

According to the Jadad scale [47], all the RCTs included (n = 12, 100%) were high
quality studies [26,36—46]. Table 3 showed in detail the score of each subitem of the Jadad
scale for the RCTs included.

Table 3. Quality assessment of the studies included in the present systematic review.

Domain Score
Articles Random Appropriate Bh.nfimg of Blinding of Withdrawals
Sequence . Participants or Outcome

Generation Randomization Personnel Assessors and Dropouts
Apalla et al. [36] 1 1 1 1 1 5
Attal et al. [26] 1 1 1 1 1 5
Breuer et al. [46] 1 0 1 1 0 3
Chun et al. [37] 1 1 1 1 1 5
Finlayson et al. [38] 1 1 1 1 1 5
Ghasemi et al. [39] 1 1 1 1 1 5
Han et al. 2016 [40] 1 1 1 1 1 5
Ranoux et al. [41] 1 1 1 1 1 5
Salehi et al. [42] 1 1 1 0 1 4
Taheri et al. [43] 1 1 1 1 0 4
Xiao et al. [44] 1 0 1 1 1 4
Yuan et al. [45] 1 0 1 1 1 4

Points were awarded as follows: study described as randomized, 1 point; appropriate randomization, 1 point;
subjects blinded to intervention, 1 point; evaluator blinded to intervention, 1 point; description of withdrawals
and dropouts, 1 point.

The risk of bias assessed by RoBv.2 [48] showed that 10 studies (83.3%) [26,36-43,45]
ensured correct randomization, while 4 studies (33.3%) [42—45] showed some concerns in
the second domain due to the lack of details about the blinding of the study participants.
One study (6.7%) resulted in high risk of bias because it did not reach the target sample
size [37]. All studies (n =12, 100%) [26,36—46] showed low risk of bias in missing outcome
data and outcome assessment, and 11 studies (91.7%) showed low risk of bias in selection
of the reported results. See Figure 2 for further details.
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Figure 2. Risk of bias summary of the included studies.

3. Discussion

To date, there is a lack of consensus about the multidimensional effectiveness of BONT
in neuropathic pain and the optimal BONT administration protocols are still debated [49-52].

Our findings showed a significant effect of BONT administration in patients suffer-
ing from neuropathic pain due to postherpetic neuralgia [36,44], SCI [37,40], peripheral
nerve lesion [26], diabetic neuropathy [39,42,43,45], post-traumatic/postoperative neu-
ropathies [41], and carpal tunnel syndrome [46]. Our study results are in accordance with
other evidence reporting positive effects of BONT on pain management of non-specific
neuropathic pain [51-53]. On the contrary, the etiological cause of neuropathic pain seems
strictly related to the treatment effectiveness. In particular, Finlayson et al. [38] did not show
a statistically significant improvement in patients with thoracic outlet syndrome pain [38].
Accordingly, Breuer et al. [46] did not reveal any significant differences between BoNT-B
administration and placebo group in carpal tunnel syndrome, suggesting that BONT might
not provide additional benefits in the management of neuropathic pain with nerve compres-
sion etiology [38,46]. In contrast, most of the studies included highlighted positive results
in the multidimensional management of neuropathic pain in several pathological condi-
tions [26,36,37,39-45]. However, it should be noted that all these studies [26,36,37,39—45]
assessed the effectiveness of BONT-A administration, while the RCT by Breuer et al. [46]
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was the only study that assessed BoONT-B; therefore, the role of BONT-B in neuropathic pain
management is far from being fully characterized.

As a result, clinicians should be aware of the evidence supporting BoNT use in specific
conditions and the therapeutic intervention should be based on a precise diagnosis in
order to select the patients more suitable to achieve better pain relief. Interestingly, our
data showed positive long terms results of BONT compared to lidocaine injections [44] in
patients with post-herpetic neuropathy. These controversial data might be related to the
characteristics of neuropathic pain and the BONT administration protocols that were often
heterogeneous in the studies included in the present review [26,36-46].

In this scenario, the current literature underlines a large gap of knowledge regarding
the optimal BoNT therapeutic strategy, and this might be related to the lack of standardized
BoNT administration protocols and injective techniques [54-56]. On the other hand, the
French Recommendation for Neuropathic Pain of 2020 [30] provided a general indication
of dosage from 50 to 300 units (onabotulinumtoxinA) every 3 months, without fully charac-
terizing the intervention protocols or without suggesting any differences based on patients’
characteristics. Our findings showed that although the maximum amount of BoNT-A injec-
tion might reach 400 units [37] and BoNT-B might reach 2500 units [46], specific subgroup
analysis based on neuropathic pain should be considered and a wide difference in the
dosage injected based on patient characteristics has been reported [26,36—45]. Similarly, in
the past few years, different narrative and systematic reviews assessed the effects of BONT
administration characterizing patients with different types of neuropathic pain [49,51,52].

In particular, the systematic review by Hary et al. [57] assessed the effectiveness of
BoNT-A administration in terms of pain relief in patients with peripheral neuropathic
pain [57]. The authors reported significant effects in VAS scores, reporting better results in
patients with diabetic polyneuropathy compared to patients with postherpetic, posttrau-
matic, or postsurgical neuralgia at 1 and 3 months post injection [57]. However, the authors
mainly focused on unidimensional pain assessment and sleep improvement [57].

On the other hand, it should be noted that unidimensional scales lack the ability to
characterize pain as a complex personal experience: these measurements heavily weight
not only patient treatment satisfaction but also physician decision making [58]. In this
context, multidimensional pain scales might better characterize pain intensity, nature, and
location, and its consequences in function or mood, producing a quantitative description
aiming at becoming the preferential assessment in a holistic approach [58]. Therefore, to
the best of our knowledge, the present work represents the first systematic review of RCTs
summarizing the current evidence on specific BONT administration protocols providing
data about the multidimensional effectiveness based on etiological cause of neuropathic
pain to guide physicians in effective and safe therapeutic interventions in clinical practice.

Moreover, the large heterogeneity of administration protocols raises questions about
the need to identify the lowest effective dose, not only to minimize the risk of adverse
events but also from a cost effectiveness standpoint [59-61]. In particular, given the high
prevalence of neuropathic pain and the strictly related sanitary costs [6,62], cost-effective
therapies are mandatory in large-scale interventions aiming at improving quality of life
and well-being of these patients. None of the studies included in this systematic review
provided a precise cost analysis to better address the critical issue of the sanitary costs of
pain management [26,36—46]. Therefore, future research is needed to better address this
emerging issue in the clinical scenario.

Although unidimensional assessment has been proposed in the current literature to
provide relevant quantitative data about BoNT efficacy [3,8,63], to date, clear evidence in
multidimensional assessment for neuropathic pain is still lacking. In the present work,
we sought to assess the effects of BONT-induced pain relief in HR-QoL of patients with
neuropathic pain. Unfortunately, our results revealed conflicting evidence regarding sup-
porting BoNT efficacy on the overall well-being of patients suffering from neuropathic
pain [26,36—46]. Nevertheless, it should be noted that recent research is now focused on a
multidisciplinary framework with growing evidence emphasizing the need for comprehen-
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sive and synergic treatments to improve outcomes of patients with chronic neuropathic
pain [3,20,64,65].

In this complex scenario, several therapeutic approaches have been investigated and
might be proposed to improve pain management in patients with chronic neuropathic
pain, including mini-invasive interventions [22,66-68], pharmacological drugs [67,69,70],
nutraceuticals [71,72], physical exercise [21,73,74] and instrumental rehabilitative tech-
niques [20,75]. In addition, recent advances in understanding the pathophysiological
mechanisms underpinning pain chronification reveals that specific peripheral [11,12,76]
and central circuits might be involved [12,77]. In further detail, it has been reported that
after peripheral nerve damage, sodium channels increase in quantity in both the involved
fibers and surrounding ones, which might lower the action potential threshold of the
stimulus [14]. Hence, pain in the absence of an external stimulus might be due to an ectopic
signal generated along this pathway [78-80]. In the hyperalgesia state, some receptors like
TRPV1, involved in the noxious heat pathway [15], and the receptor TRPMS involved in
the cold pathway are upregulated [16,17]. Furthermore, it has been proposed that central
sensitization mechanisms might affect continuous discharge of peripheral afferent fibers
in the dorsal horn of the spinal cord inducing structural modifications in postsynaptic
neurons [9,11]. Other contributors to pain hypersensitivity after a nerve lesion are in-
flammation, loss of inhibitory GABAergic interneurons in the spinal horn and enhanced
sympathetic activity [9]. Even if the precise mechanism of action of BoNT is far from
being understood in detail [77], recent research suggested a possible role in the nociceptive
peripheral pathway, inflammation and even in central activities related to retrograde axonal
transport to the spinal cord [81]. BoNT might implement HR-QoL in patients affected
by neuropathic pain and might be considered as a part of a comprehensive management
strategy including both pharmacological and non-pharmacological approaches [82,83].
However, to date, the effects of combined interventions to treat neuropathic pain have not
been studied in the current literature; indeed, the role of BoNT injections in integrated
multitarget interventions still remains unknown.

Taken together, the findings of this systematic review of RCTs might improve the
knowledge about the possible role of BoNT treatment in chronic neuropathic pain [84].
In addition, the data reported by the RCTs included in the present review might sup-
port previous evidence suggesting positive effects of BONT in patients with neuropathic
pain [54-56], underlining the effectiveness of specific administration protocols tailored to
patient characteristics.

Despite these considerations, we are aware that the present systematic review is not
free from limitations. In particular, the lack of meta-analysis represents the main limitation
of the present work. Unfortunately, the large heterogeneity of participants, intervention
and outcomes assessed did not allow performance of a quantitative analysis, in accordance
with the Cochrane Handbook for Systematic Review of Intervention (Ver, 6.1, 2020) [85].
Moreover, our search strategy might not include all records in these field and other sources
have been searched in accordance with the PRISMA 2020 guidelines [86] in order to cover
the relevant literature related to this topic. Lastly, 5 out of 12 studies included were directly
supplied by pharmaceutical companies distributing the BoNT. Therefore, potential conflicts
of interests in the studies included should be considered before making strong conclusions.

4. Conclusions

To date, the mechanisms underpinning the therapeutic role of BONT in neuropathic
pain are not completely understood, but the RCTs included in the present systematic review
showed promising results in terms of pain relief, suggesting that BONT-A might effectively
improve symptoms in patients with neuropathic pain.

Although our findings provided evidence about the current BONT protocols for specific
neuropathic pain treatment, this systematic review of RCTs underlined the need for high-
quality studies to better elucidate the optimal and cost-effective therapeutic strategies of
BoNT administration.
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Therefore, further evidence with standardized BoNT protocols in deeply characterized
populations is needed to provide strong conclusions aiming to guide clinicians to implement
precise and tailored treatment to improve the management of neuropathic pain.

5. Materials and Methods
5.1. Registration

This systematic review of randomized controlled trials (RCTs) was performed ethically
in accordance with the Preferred Reporting Items for Systematic Reviews and Meta-analyses
(PRISMA) statement [86]. The study protocol was realized before study initiation and
submitted to PROSPERO (https://www.crd.york.ac.uk/prospero; accessed on 4 April
2022) with registration number CRD42022299703.

5.2. Search Strategy

We systematically searched PubMed/Medline, Scopus, Cochrane Central Register
of Controlled Trials (CENTRAL), Physiotherapy Evidence Database (PEDro), and Web
of Science for RCTs published up to 9 December 2021. Two investigators independently
searched the databases. The search strategy is reported in Supplementary Table S1.

5.3. Selection Criteria

In accordance with the PICO model [87], we considered eligible RCTs satisfying the
following criteria:

1. (P) Participants: adults suffering from neuropathic pain.

2. (I) Intervention: BoNT type A (BoNT-A) or BoNT type B (BoNT-B) administration.

3. (C) Comparator: any comparator, including placebo, other pharmacological treatment,
non-pharmacological treatment or no treatment.

4. (O) Outcome: the primary outcome was self-reported pain relief in terms of multi-
dimensional pain scales. The secondary outcomes were HR-QoL, physical function,
anxiety and depression, and sleep quality.

We included RCTs published in peer-reviewed international journals in the English lan-
guage. The exclusion criteria were the following: (i) studies involving animals; (ii) language
other than English; (iii) participants with pregnancy; (iv) conference abstracts.

After duplication removal, two investigators independently reviewed the title and
abstracts of retrieved articles to choose relevant articles. Any discordance was resolved by
collegial discussion. If consensus was not achieved, a third reviewer was asked.

5.4. Data Extraction and Synthesis

All data were assessed and extracted by two authors independently from full-text
documents into Microsoft Excel (IBM, New York, NY, USA). Missing data was directly
requested from corresponding authors. Any disagreement between the two reviewers was
solved by collegial discussion among the authors. In case of disagreement, a third author
was asked.

The following data were extracted: (1) title; (2) authors; (3) publication year;
(4) nationality; (5) participants (number, mean age and age range, gender); (6) interventions’
characteristics; (7) comparator; (8) outcomes; (9) main findings; (10) funding.

The data extracted were summarized in tables. Subgroup analysis was performed
based on neuropathic pain characteristics and by the BONT administration modalities.
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The quality of the studies included was assessed independently by two of the authors,
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high quality.
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particular, the domains assessed by RoBv.2 were: (i) random process; (ii) deviation from
the intended interventions; (iii) missing outcome data; (iv) measurement of the outcome;
and (v) selection of the reported result.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/toxins14050308 /s1, Table S1. Search strategy; Table S2. Records
excluded.

Author Contributions: Conceptualization, S.C. and M.I.; methodology, L.L., A.d.S., S.C. and M.1;
databases searching, L.L. and A.d.S.; data screening, L.L., A.d.S. and M.L; data extraction, L.L., A.d.S.
and M.I; data synthesis and interpretation, L.L., A.d.S. and M.I.; manuscript drafting, L.L. and
AF; critical revision, A.d.S., S.C. and M.L; visualization, F.D., E.G. and A.B.; study supervision, S.C.
and ML.L; study submission, ML.I. All authors have read and agreed to the published version of the
manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki and approved by the Institutional Review Board.

Informed Consent Statement: Not applicable.

Data Availability Statement: The datasets generated during the current study are available from the
corresponding author on reasonable request.

Acknowledgments: The authors would like to thank Alessio Turco for his support in this work.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

BoNT botulinum toxin

BoNT-A BoNT type A

BoNT-B BoNT type B

CENTRAL Cochrane Central Register of Controlled Trials
HADS Hospital Anxiety and Depression Scale
HR-QoL health-related quality of life

NRS Numerical Rating Scale

NS non significant

PEDro Physiotherapy Evidence Database

RCTs randomized controlled trials

SNRIs Serotonin and norepinephrine reuptake inhibitors
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Abstract: Botulinum neurotoxin injection surrounding the nose area is frequently used in aesthetic
settings. However, there is a shortage of thorough anatomical understanding that makes it difficult
to treat wrinkles in the nose area. In this study, the anatomical aspects concerning the injection of
botulinum neurotoxin into the nasalis, procerus, and levator labii superioris alaeque muscles are
assessed. In addition, the present knowledge on localizing the botulinum neurotoxin injection point
from a newer anatomy study is assessed. It was observed that, for the line-associated muscles in the
nose region, the injection point may be more precisely defined. The optimal injection sites are the
nasalis, procerus, and levator labii superioris alaeque muscles, and the injection technique is advised.
We advise the best possible injection sites in association with anatomical standards for commonly
injected muscles to increase efficiency in the nose region by removing the wrinkles. Similarly, these
suggestions support a more precise procedure.

Keywords: nasalis muscle; procerus muscle; levator labii superioris alaeque muscles; botulinum
neurotoxin; bunny line; horizontal radix line; facial wrinkle; injection point

Key Contribution: The research proposes a guide for effective botulinum neurotoxin injection for
wrinkles in the nose region.

1. Introduction

Botulinum neurotoxin (BoNT) prevents neural connections by stimulating the release
of acetylcholine at the motor endplates, obstructing the muscle from contracting [1,2].
In aesthetic clinics, BONT is commonly used primarily to eliminate wrinkles in the nose
region by weakening the muscles involved in facial expression, such as the procerus, nasalis,
and levator labii superioris alaeque nasi muscles. The primary aesthetic concerns in the
nose region are the bunny lines, horizontal radix line, and nasal side wall scrunch wrinkles
for many individuals (Figure 1).

As wrinkle removal using BoNT is being performed more often, the adverse effects,
such as paralysis of the nearby muscles, diplopia, ptosis, and samurai eyebrows have
been reported [3]. When treating wrinkles with BoNT in the nasal region, significant
problems, such as diplopia may result from unintended paralysis of the rectus inferior or
medialis [4,5]. To prevent these side effects, the injection should be administered at an
anatomically accurate location of the targeting muscle, and the initial treatment should be
at a reduced dosage.

Another factor that should be considered is that large doses and repetitive injections
of BoNT create antibodies, leading to inadequate treatment outcomes [6-9]. According to
previous research, antibody formation differs with types of botulinum neurotoxin [10,11].

Toxins 2022, 14, 342. https:/ /doi.org/10.3390/ toxins14050342
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Figure 1. The wrinkles of the nose region are the bunny lines (BL), horizontal radix line (HRL), and
nasal side wall scrunch wrinkles (NSCW).

Numerous studies on BoNT injection points in muscles have previously been pub-
lished on external anatomical standards (Figure 2) [12-24]. We searched for articles using
the following keywords: “botulinum neurotoxin in nose region” and “side effect of bo-
tulinum neurotoxin injection in nose wrinkle” on Pubmed and Scopus. A total of 16 articles
and two textbooks were found; 10 articles were excluded owing to the irrelevance to this
studies. The objective of this study is to propose a safe and efficient BONT injection point
and suggest injective techniques for wrinkles in the nasal region.

Figure 2. The external anatomical landmarks of the nose regions. G—glabella; S—sellion; R—rhinion;
T—nose tip; SN—subnasale; MC—medial canthus; AC—alar crease.
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2. The Anatomy of the Muscles in the Nasal Region

The schematic and dissected images of the muscles in the nasal region are presented
below (Figures 3 and 4).

Figure 3. Schematic image of the procerus (P), nasalis (N), and levator labii superioris alaeque nasi
(LLSAN).

Figure 4. The dissected image of the procerus (P), nasalis (N), and levator labii superioris alaeque
nasi (LLSAN).
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2.1. Nasalis Muscle

The nasalis muscle is composed of transverse and alar parts [25]. The transverse
part of the nasalis muscle is a morphologically triangular structure originating from the
maxillary canine fossa which inserts into the lateral cartilage of the nose [26]. The alar
part of the nasalis is a square-like muscle that originates from the maxillary lateral incisor
and inserts into the lower alar cartilage [26]. These two parts of the nasalis muscle both
contribute to the narrowing of the nostrils. However, the transverse muscle contracts the
nasal aperture while the alar muscle widens the nostrils.

2.2. Procerus Muscle

The procerus muscle originates deep from the lateral cartilage of the nose and nasal
bone, inserting superficially into the skin at the glabella and radix [27]. In the glabella,
the muscle fibers of the procerus muscle combine with the frontalis muscle [28]. The
procerus muscle acts by pulling down the medial portion of the eyebrow while creating a
transverse wrinkle between the glabella and the sellion.

2.3. Levator Labii Superioris Alaeque Nasi Muscle

The levator labii superioris alaeque nasi muscle is a long running muscle originating
in the maxillary frontal process, and involves the nasal ala and upper lip [29]. The levator
labii superioris alaeque nasi muscle can be divided into deep and superficial bellies [30].
The deep belly runs deep to the levator labii superioris muscle, whereas the superficial
belly runs superficial to the levator labii superioris muscle [29].

3. Injection Techniques
3.1. Horizontal Radix Line

The horizontal radix lines are mainly caused by the procerus muscle; thereby, targeting
the procerus muscle is the critical injection point. A dose of 2 U should be injected into the
nasal dorsum. An accurate point should be located in the middle of the glabella and sellion.
The glabella is the midline bony prominence between the frontal bone and supraciliary
arches. In addition, the glabella presents the most anterior part of the forehead (Figure 2).
The sellion is located at the midline of the base of the nasal root. It is the most posteriorly
located landmark of the frontonasal contour (Figure 2) [31].

3.2. Nasal Side Wall Scrunch Wrinkles (Vertical Lines)

Scrunch wrinkles on the nasal side wall are affected by the transverse part of the
nasalis muscle. A dose of 2 U should be injected into the superior ala of the nose on both
sides. The injection should be conducted in the middle of the rhinion and the medial end
of the supra-alar crease (Figure 5).

3.3. Bunny Line (Oblique Nose Furrows)

The bunny lines are oblique wrinkles on both sides of the nose dorsum at a 45° angle.
The lines are caused primarily by the levator labii superioris alaeque nasi muscle and
secondarily by the medial muscular band of the orbicularis oculi muscle. A dose of 2 U
should be injected into the upper part of the levator labii superioris alaeque nasi muscle on
each side.

The injection should be conducted at the crossing point of the horizontal line at the
level of the rhinion and the vertical line at the level of the medial canthus (Figure 5).
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Figure 5. The injection point for the horizontal radix line (green dot) is in middle of the glabella (G)
and sellion (S); for the nasal side scrunch wrinkles (red dots), it is in the middle of the rhinion (R)
and the medial end of the supra-alar crease (ESAC); and for the bunny lines (purple dots) it is at the
crossing point of the horizontal line at the level of the rhinion and the vertical line at the level of the
medial canthus; 2 Units of botulinum neurotoxins should be injected per point.

4. Discussion

The nasal region has complex anatomical structures that may lead to adverse effects,
such as BoNT rebalancing. The wrinkles in the nasal area can be exaggerated after BONT
injection because of this phenomenon. Therefore, it is important to identify and differentiate
wrinkles in the nasal region. In addition, BoNT in the nasal region can cause major
problems, such as diplopia resulting from the unintended blocking of the rectus inferior or
medialis [4,5,32,33]. Although the incidence of BoNT causing diplopia is uncommon, it can
be critical to some individuals [3,5]. Chen et al. reported a patient with BoNT in the lateral
canthal region that caused lateral rectus paresis [4].

Side effects of BoNT injection in the upper nose region of the facial muscles, such
as ptosis and samurai eyebrows, have been reported [31,32]. Although sensitivity to
BoNT differs among individuals, there is no effective treatment for ptosis, which persists
for several months [31,32]. Accurate BoNT injection points from an anatomical point
of view have been suggested in various studies concerning BoNT injection in specific
muscles [16-21,33-37]. According to the meta-analysis conducted by Camargo et al., most
studies had duration of treatment of 5 months [38]. Notably, botulinum toxin effects take
about two weeks to fully develop and last three to four months.

Precise injection guidelines can directly relate to fewer BoNT injections. When in-
creased doses and repeated BoNT injections are administered, antibodies can be produced,
leading to inadequate treatment outcomes [6-9]. Therefore, an extensive and detailed
anatomical understanding of the muscles is crucial to achieve maximum results with the
lowest possible amount of BoNT. If the desired outcomes are not attained, an additional re-
touching treatment may follow. Likewise, during an injection procedure, manual blocking
of the inner boundary of the orbital rim should be carried out [39]. The injection should be
performed gently and slowly to prevent BoNT from laterally diffusing to the eyelids [40].
The limitation of this study is that the review is an anatomy-based proposal for nasal-region
wrinkles. These precise injection methods would be time consuming to be applied in clinics.
Moreover, the suggested doses are not universal to all types of BONT and may applied in
increased or decreased doses [41].

In summary, the suggested injection point for the horizontal radix line is at the middle
of the glabella and sellion; at the middle of the rhinion and the medial end of the supra-alar
crease for the nasal side crunch scrunch wrinkles; and at the crossing point of the horizontal
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line at the level of the rhinion and the vertical line at the level of the medial canthus for the
bunny line. An amount of 2 U of botulinum neurotoxin should injected per point.

This study carried out a broad analysis of published research on the anatomy of
muscles in the nasal region to provide anatomical guidelines for BONT indications.
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Abstract: The physiological homeostasis of the masticatory complex in short-faced patients is too
robust to be disintegrated and reconstructed due to the powerful masseter muscle. This study
innovatively introduced the botulinum toxin-A (BTX-A) into the field of dental occlusal treatment,
providing a novel and minimally invasive therapy perspective for the two major clinical problems in
these patients (low treatment efficiency and high rates of complications). In total, 10 adult patients
with skeletal low angle seeking occlusal treatment (age: 27.0 & 6.1 years; 4 males and 6 females) were
administered 30-50 U of BTX-A in each masseter muscle and evaluated before and 3 months after
injection based on cone-beam computed tomography (CBCT). We found a significant reduction in
the thickness of the masseter muscle (MMT) (p < 0.0001). With regards to occlusion, we found a
significant increase in the height of the maxillary second molar (U7-PP) (p < 0.05) with significantly
flattened occlusal curves (the curve of Spee [COS] (p < 0.01), and the curve of Wilson [COW] (p < 0.05)).
Furthermore, the variations in the temporomandibular joint exhibited a significant reduction in the
anterior joint space (AJS) (p < 0.05) and superior joint space (SJS) (p < 0.05). In addition, the correlation
analysis of the masticatory complex provided the basis for the following multiple regression equation:
MMT =10.08 — 0.11 COW + 2.73 AJS. The findings from our pilot study indicate that BTX-A, as a new
adjuvant treatment attempt of occlusal therapy for short-faced patients, can provide a more favorable
muscular environment for subsequent occlusal therapy through the adjustment of the biting force and
may contribute to the reconstruction of healthier homeostasis of the masticatory complex. However,
further research is required to establish the reliability and validity of these findings.

Keywords: botulinum toxin-A; masticatory complex; cone-beam computed tomography; masseter
muscle; short-faced patients

Key Contribution: This study preliminarily explores the feasibility of clinical application of BTX-A
to reconstruct the physiological homeostasis of the masticatory complex by researching the variation
of the masticatory complex in short-faced patients, providing an innovative and minimally invasive
treatment perspective for existing major clinical problems in the future.

1. Introduction

Since the birth of dentistry, the discussion on the target of occlusal treatment has
been continuously progressing [1-3]. In the early stage, dentists only focused on the teeth
and occlusal relationship, which was generally static and non-functional [4-6]. Until the
prevalence of functional occlusion in recent years [7,8], the concept of complete dentistry was
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put forward [9], with the studies on dynamic occlusion and masticatory function valued by
interdisciplinary oral researchers [1-3,10-18], especially in the fields of orthodontics [1-3],
occlusal reconstruction [10,11], dental implant [12,13], periodontal disease [14,15], dental
caries treatment [16], temporomandibular joint disorders (TMD) [17], bruxism [18], etc.
Dentists have begun to realize the integrality of the masticatory system (MS) (i.e., the
stomatognathic system (SS)), which is generally composed of teeth and occlusion, the
temporomandibular joint (TM]), neuromuscular factors, jaw, periodontal tissue, etc. [19].
Therefore, occlusal therapy is regarded as the process of dynamic reconstruction of each
component, whose ultimate goal is to maintain the health and stability of the whole
masticatory system [1-3,9,19].

The significant role of muscle factors in dental and maxillofacial development has
been expounded by a lot of scholars [20,21]. It is proved that the occlusion and jaw are the
consequence of the balance among multiple functional systems involving the masticatory
system, respiratory system, etc., which also serves as the theoretical basis to prevent and
correct jaw deformity and malocclusion in adolescence [22]. In addition, the function of
TM] is also closely related to the masticatory muscles, whose long-term discoordination
and hyperactivity results in structural variation of TM] [23], which was observed even
in adult patients with a stable tendency [24]. Therefore, we conducted this study on the
masticatory complex composed of the three (muscle-occlusion-joint complex) (Figure 1A).

Masticatory muscle

Figure 1. Schematic diagram of the masticatory complex and BTX-A injection method. (A) It
demonstrates the triangle homeostasis of teeth and occlusion, temporomandibular joint (TM]), and
masticatory muscle. The three interrelate and have mutual influence under normal physiological
conditions to guarantee the normal operation of the stomatognathic system, with any alteration
beyond the body’s adaptability in one of the links resulting in occlusal diseases. (B) Each patient was
administrated 30-50 U of BTX-A (Botox®, 100 U/vial, Allergan, Irvine, CA, USA) in each masseter
muscle (30 G, 25 mm needle length), with a maximum bilateral difference of 5 U. Injection should be
conducted below the safety plane connecting the lobulus auriculae and the angulus oris. Palpation
was used to select the most significant location of masseter muscle swelling as the first point for
injection, with the dose controlled at 15-30 U. The second point was the mandibular angle region,
with injection upward from the mandibular edge in a fan-shaped manner. In general, 3 channels with
less than 10 U each can cover the entire injection area.
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The masseter muscle is the most powerful masticatory muscle in the maxillofacial
region, which ensures the stomatognathic system is fully stressed [21,22,25]. Specifically,
variation in the masseter muscle can tremendously affect the function of the masticatory
system, where weakness in the masseter muscle elicits the mandible to rotate clockwise,
resulting in the opening of the mandible angle and the formation of high angle with a
long-faced pattern [26]. In contrast, in short-faced patients with skeletal low angle, the
masseter muscle is powerful and thick, which causes a square-shaped jaw accompanied
by deep overbite and reduced vertical height [25-29]. As an extremely strong muscle-
occlusion-joint triangular balance is too robust to be broken and reconstructed, it is hard
for short-faced people to reestablish a new physiological homeostasis of the masticatory
complex, indicating that occlusal treatment for these patients is awfully tough [29,30]. For
example, it is generally rather difficult to increase the vertical height or open bite in occlusal
therapy due to the powerful muscle-occlusion balance, and the curative effect is unstable
with a high recurrence rate [31,32]. Moreover, these patients usually have a stout jaw
and high bone density [21], which poses a challenge for successful tooth movement in
orthodontic treatment, especially in cases of tooth extraction. In addition, because of the
frequent impact of locking occlusion, posteriorly positioned mandible and condyle [33,34],
steep occlusal curve and occlusal plane [35,36], patients are prone to posterior occlusion
interference, which easily elicits bruxism or tooth wear, facial pain, muscle dysfunction,
and TMD [17,18].

Therefore, the establishment of coordinated muscle function is the crux to effectively
modify the occlusal relationship with long-term stability [10,37]. For dentists, two major
technical difficulties impede the establishment of harmonious muscle function. One is the
limitation of conventional dental treatment, for example, despite the multiple intervention
measures with good clinical achievements for the occlusion, jaw, and TM], dentists seem
to be powerless to adjust the neuromuscular factors. Although the occlusal splints can
relax masticatory muscles while treating TMD [38,39], it is achieved indirectly by isolating
the occlusal contact. Therefore, a minimally invasive, simple, and effective approach to
directly intervene in neuromuscular factors is required, and botulinum toxin-A (BTX-A) can
meet these treatment needs. BTX-A works by inhibiting the release of acetylcholine at the
nerve—muscle junction [40] and has been applied in the auxiliary treatment of some diseases
in the oral and maxillofacial region [41]. At present, its effectiveness in the treatment of
bruxism [42,43], facial paralysis [44], TMD [45,46], neuropathic pain [42], sialorrhea [47],
orofacial dystonia [48], and other diseases has been verified by high-level evidence-based
medical evidence, providing a new direction and method for alternative treatment of oral
diseases. However, the studies above [41-48] mostly focused on the field of oral and
maxillofacial surgery, with insufficient attention given to occlusal therapy. Currently, only
some animal experiments have been carried out [49-53] but almost no clinical studies.

Another issue is the difficulty in obtaining muscle diagnosis using dental imaging.
Traditional two-dimensional dental imaging data can only present the hard tissue compo-
nents with the possibility of “distortion” due to the influence of overlap and magnification.
With the application of digitalization, cone-beam computed tomography (CBCT) and its
three-dimensional reconstruction technology [54], which can reproduce both the soft and
hard tissue in equal proportions [55-57], have been widely utilized in dental clinical work.
CBCT can greatly meet the requirements of convenient diagnosis and treatment in dental
clinics, with a much lower price, cost of time, and radiation, overcoming the disadvantages
of traditional 3D imaging approaches such as CT [39,58] and MRI [59,60].

Based on CBCT images, this study preliminarily explored the feasibility of clinical ap-
plication of BTX-A to reconstruct the physiological homeostasis of the masticatory complex
in short-faced patients by researching the variation in the masticatory complex, aiming to
provide an innovative and minimally invasive treatment perspective for the two major clin-
ical problems, involving the low treatment efficiency (e.g., slow tooth movement, difficult
bite opening, easy recurrence, etc.) and various potential complications (e.g., TMD, myofas-
cial pain, bruxism, periodontal problems, etc.). In addition, the coordination mechanisms
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of the muscle-occlusion-joint complex are also discussed here by providing the regression
equation for the first time, extending clinicians’ cognition of dynamic reconstruction of the
stomatognathic system in occlusal therapy.

2. Patients and Methods
2.1. Subjects

Patients requiring orthodontic treatment in the Department of Stomatology, The First
Affiliated Hospital of Zhejiang University Medical College from May 2021 to
January 2022 were selected. In total, 10 eligible patients with an average age of
27.0 & 6.1 years (4 males and 6 females) were selected according to the following cri-
teria. Inclusion and exclusion criteria: (1) Short-faced patients with skeletal low angle
(FMA< 24°) and benign masseter hypertrophy; (2) healthy adults, aged 18-35 years; (3)
eruption of all permanent teeth (except the third molar); (4) a basically symmetrical max-
illofacial region without significant deviation; (5) no malocclusion such as open bite or
crossbite, and no serious dental and periodontal diseases; (6) no previous history record
of maxillofacial surgery (such as orthognathic surgery, plastic surgery, etc.), orthodontic
treatment, or prosthetic treatment; and (7) no masticatory system dysfunction, temporo-
mandibular joint disorder syndrome, etc. This study was approved by the Clinical Research
Ethics Committee of the First Affiliated Hospital, College of Medicine, Zhejiang University
(protocol code: (2021) IIT (171) and date of approval: 10 March 2021). Before the study, all
subjects were informed of the purpose of this study and gave informed consent.

2.2. BTX-A Injection Method

Each patient was treated with a single injection of BTX-A (Bot0x®, 100 U/vial, Allergan,
Irvine, CA, USA), with 2 mL of NS added, diluting the concentration to 5 U/0.1mL. The
patient was placed in the supine position and injected with 30-50 U/side into the masseter
muscle (30 G, 25 mm needle length), with a maximum bilateral difference of 5 U. An expert
plastic surgeon determined the specific injection dose of BTX-A based on his clinical expertise,
and the injection was administered below the safety plane linking the lobulus auriculae and
the angulus oris. Palpation was used to select the most significant location of masseter muscle
swelling as the first point for injection, with the dose controlled at 15-30 U. The mandibular
angle region was selected as the second point, with injection performed upward from the
mandibular edge in a fan-shaped manner. In general, three channels with less than 10 U
each can cover the entire injection area (Figure 1B). When injecting BTX-A, adrenaline (1:1000)
should be prepared, followed by routine nursing care and short-term observation.

2.3. CBCT Measurement Items and Methods

CBCT (NewTom VGi, Verona, Italy) was taken in all patients 1 week before BTX-A
injection and 3 months after injection. During the shooting, the patient was required to
maintain the maximum intercuspal position, with consistent scanning parameters (tube
voltage 110 kV, tube current 3.5 mA, exposure time 3.6 s, and definition 0.3 mm). The
scanning ranged from the superior orbital edge to the lower mandibular edge. All CBCT
data were saved in DICOM format and imported into Dolphin Imaging 11.95 software
(Chatsworth, Los Angeles, CA, USA) for 3D reconstruction and analysis (Figure 2). In this
study, the three components of the masticatory complex were measured and analyzed,
and the data were measured twice by the same staff with an interval of one week, and the
average value was taken. If the data difference between the two measurements exceeded
0.5 mm, one more measurement was carried out again.
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Figure 2. Schematic diagram of 3D reconstruction of CBCT. It displays the outcomes of the 3D
reconstruction images using Dolphin Imaging 11.95 software (Chatsworth, Los Angeles, CA, USA)
along with three calibration planes, which can be slid or rotated to obtain subsequent measurement
planes for the measurement of various indexes.

2.3.1. Masseter Muscle Index

When measuring the masseter muscle thickness (MMT), the head position in the 3D
reconstruction was required to be repositioned in three dimensions using line calibration, and
the CBCT image was divided into several 2 mm slices parallel to the mandibular plane (MP)
(Figure 3A). The MP was defined as the plane from the Gnathion point (Gn) to the Gonion
point (Go). The MMT of both sides was measured on the axial slice passing through the
mandibular lingual structure (a sharp and thin bony piece in front of the mandibular foramen)
(Figure 3B), as previous studies [61] have suggested that the maximum section of the masseter
muscles of most individuals is generally at the level of the mandibular foramen.

2.3.2. Dental and Occlusal Indexes

There were 14 items in total, and the indexes in this part were divided into static
occlusal indexes (6 posterior tooth height items, 4 transverse width items) and dynamic
functional indexes (2 occlusal plane items and 2 occlusal curve items).

The posterior tooth height (U5-PP, U6-PP, U7-PP, L5-MP, L6-MP, L7-MP) [62] and the
occlusal plane angle (AOP-FH, POP-FH) [36] were measured on the lateral cephalogram
from CBCT by projecting the 3D reconstruction image into the midsagittal plane from right
to left (Figure 4A,B). U5, U6, and U7 represent the buccal cusp of the maxillary second
premolar, the midpoint of the maxillary first molar at the occlusal surface, and the midpoint
of the maxillary second molar at the occlusal surface, respectively. L5, L6, and L7 represent
the points of the mandibular posterior teeth. The palatal plane (PP) was determined using
a line drawn from the anterior nasal spine point (ANS) to the posterior nasal spine point
(PNS). U5-PP, U6-PP, and U7-PP were defined as the vertical distance from the U5, U6, and
U7 points to PP, respectively, while L5-MP, L6-MP, and L7-MP were defined as the vertical
distance from the L5, L6, and L7 points to MP, respectively (Figure 4C).
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Figure 3. Measurement of the masseter muscle thickness (MTT). (A) The head position in the 3D
reconstruction was required to be repositioned, ensuring the CBCT image was divided parallel to the
mandibular plane (MP). The distance between each slice was 2mm; (B) The MMT of both sides was
measured on the axial slice passing through the mandibular lingual structure (arrow 1), which is a
sharp and thin bony piece in front of the mandibular foramen (arrow 2).

The Frankfort horizontal plane (FH) was determined using a line drawn from the
orbitale point (Or) to the anatomical porion point (Po), which was generally parallel to the
ground level. The posterior occlusal plane (POP) was determined by the line between U5
and U7, and the anterior occlusal plane (AOP) was determined by the line between U5 and
the incisal edge point of the maxillary central incisor (U1). AOP-FH was defined as the
angle between FH and AOP while POP-FH was defined as the angle between FH and POP.
The location of the anatomical reference landmarks and specific measurement methods can
be seen in the schematic diagram of the lateral cephalogram (Figure 4C).

After the measurement above, the head position was re-adjusted in three dimensions,
passing through the FH plane in the bilateral sagittal position, and maintaining the head
position in the subsequent measurement. Regarding the transverse width (NF, HP, BAC,
LAC) [63] and the curve of Wilson (COW), they were all measured on the coronal slice
passing through the maximum section of the maxillary first molars (Figure 5A). COW
itself is defined as a convex downward curve formed by connecting the buccal and lingual
cusps of the homonymous maxillary molars on both sides. In this study, we measured the
curvature of COW [64] by drawing two lines connecting the bilateral central fovea and root
bifurcation, respectively, and the sum of the included angles between each line and the line
perpendicular to FH was defined as the curvature of COW. The curve of Spee (COS) itself
is defined as a concave upward curve formed by the incisal edge of the mandibular central
incisors passing backwards through the cusp of the mandibular canines, the buccal cusps
of the mandibular premolars, and the mesial and distal buccal cusps of the mandibular
molars. The measurement of COS was carried out in 3D reconstruction images using
3D points and calibration. Different from the COW measured by the angle, the depth of
COS [64] was more clinically meaningful. A plane was determined at the incisal edge of the
mandibular central incisors and the distal buccal cusp of the bilateral mandibular second
molars (Figures 3A and 4A show this plane in green). The depth of COS was considered as
the maximum distance from the lowest point of the bilateral COS to this plane.
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Figure 4. Measurement of the posterior tooth height (U5-PP, U6-PP, U7-PP, L5-MP, L6-MP, L7-MP)
and the occlusal plane angle (AOP-FH, POP-FH). (A) The method of projecting the 3D reconstruction
image into the midsagittal plane from right to left; (B) The lateral cephalogram formed after projection;
(C) Tracing diagram of the lateral cephalogram. It shows the anatomical reference landmarks and
measurement planes used for cephalometric measurements. Landmarks are defined as follows: sella
point (S); nasion point (N); anatomical porion point (Po); orbitale point (Or); anterior nasal spine
point (ANS); posterior nasal spine point (PNS); subspinale point (A); supramental point (B); gnathion
point (Gn); gonion point (Go); the buccal cusp of the maxillary second premolar (U5); the midpoint of
the maxillary first molar at the occlusal surface (U6, not shown); the midpoint of the maxillary second
molar at the occlusal surface (U7); the buccal cusp of the mandibular second premolar (L5, not shown);
the midpoint of the mandibular first molar at the occlusal surface (L6, not shown); the midpoint of
the mandibular second molar at the occlusal surface (L7, not shown); the incisal edge point of the
maxillary central incisor (U1). In addition, a-f represent U7-PP, U6-PP, U5-PP, L7-MP, L6-MP, and
L5-MP, respectively, while angle 1 and angle 2 represent POP-FH and AOP-FH, respectively.
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2.3.3. Temporomandibular Joint Indexes

There were 7 items in total, and all measurements were completed on the same
measurement plane. The measurement plane (condylar sagittal plane) was determined by
moving layer by layer in the horizontal and coronal views until the inner and outer diameter
of the condyle was the largest in the two views. Then, in the sagittal view, scanning from
right to left step by step was performed until the slice passed through the highest point of
the glenoid fossa (Figure 5B).

The measurements of the joint indexes [65] were conducted as follows:

1. Draw four parallel lines of FH from the superior to the inferior, tangent to the glenoid
fossa, condyle, the lowest end of the articular eminence, and the sigmoid notch of the
mandible, respectively, named L1, L2, L3, and L4. The vertical distance between L2
and L4 was defined as the condyle height (Ht.Co) and the vertical distance between
L1 and L3 was defined as the fossa height (Ht.Fo). L3 intersected the posterior wall of
the fossa, and the horizontal distance between the intersection point and the tangent
point was defined as the fossa width (Wd.Fo).

2. Taking the tangent point of L1 (superior fossa (SF) point) as the starting point, draw
three new tangent lines from the anterior to the posterior, which were tangent to the
posterior slope of the articular eminence, the anterior edge of the condyle, and the
posterior edge of the condyle, respectively, named T1, T2, and T3. The angle between
T1 and FH was defined as the articular eminence inclination (AEI).

3. Joint spaces were measured using the Kamelchuk method [66]. The distance between
the tangent point of L1 and L2 was measured as the superior joint space (SJS). The
perpendicular distance from T2 tangent point to the posterior slope of articular eminence
was defined as anterior joint space (AJS), and the perpendicular distance from T3 tangent
point to the posterior wall of fossa was defined as posterior joint space (PJS).

Figure 5. Measurement of the transverse width (NF, HP, BAC, LAC), the curve of Wilson (COW),
and TM]J indexes. (A) NF: maxillary basal bone width at tangent to the nasal floor; HP: maxillary
basal bone width at tangent to the hard palate; BAC: maxillary alveolar bone width between the
bilateral buccal alveolar ridge; LAC: Maxillary alveolar bone width between the bilateral lingual
alveolar ridge. The curvature of COW was defined as the sum of the bilateral angles between the
line connecting the central fovea and root bifurcation and the line perpendicular to the FH plane.
(B) Seven tangent lines were drawn as mentioned in the text. Ht.Co: vertical distance between L2 and
L4; Ht.Fo: vertical distance between L1 and L3; Wd.Fo: horizontal distance between the intersection
point as mentioned and the tangent point of L3; AEI: the angle between the T1 and FH of the TM]J
index; joint spaces were measured using the Kamelchuk method.
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2.4. Statistical Analysis

SPSS 26 software (IBM Corp., Armonk, NY, USA) was applied. All the items were
measurement data, expressed as (mean =+ standard deviation). Kolmogorov-Smirnov was
utilized to examine whether the analysis data were in accordance with a normal distribution.
The 10 patients with the short-faced pattern were compared before and after injection. A
paired t test was performed for those with a normal distribution and Wilcoxon paired test
was performed for those with a non-normal distribution. Meanwhile, the symmetry of
the bilateral indexes was also checked using a paired t test. In addition, we also carried
out correlation analysis for each measurement index before injection. Pearson correlation
analysis was conducted for the measurement items conforming to a normal distribution,
and Spearman rank correlation analysis was conducted for those that did not conform to a
normal distribution. The bilateral test level was set at o = 0.05 and p < 0.05 was considered
statistically significant.

3. Results
3.1. Changes in the CBCT Masticatory Complex
3.1.1. Changes in the Masseter Muscle Thickness

There was no significant difference in the bilateral MMT before or after BTX-A injection
(p > 0.05), indicating symmetrical bilateral masseter muscle in all patients. Therefore, the
average value of the bilateral MMT was utilized in this study. The average MMT of
10 patients with low angle before and 3 months after BTX-A injection was 16.14 £ 3.44 mm
and 13.90 £ 3.14 mm, respectively, significantly reduced by 2.25 4+ 0.73 mm (p < 0.0001)
(Figure 6).

20—
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Figure 6. Changes in the masseter muscle thickness. It illustrates a significant reduction in MMT
3 months after BTX-A injection (****: p < 0.0001).

3.1.2. Changes in Dental Occlusion

In terms of the variation in the posterior tooth height, U7-PP increased from
20.51 &+ 2.56 mm before BTX-A injection to 21.52 £ 2.92 mm after injection, with a sig-
nificant difference of 1.01 £ 1.27 mm (p < 0.05) (Figure 7A). These results suggested that
BTX-A caused compensatory elongation of the maxillary second molars by about Imm,
and elongation of the maxillary posterior teeth far from the masseter muscle fibers and all
mandibular posterior teeth was not evident, as U5-PP, U6-PP, L5-MP, L6-MP, and L7-MP
showed no significant change. There were also no significant differences in NF, HP, BAC,
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and LAC before and 3 months after Botox injection (Figure 7B), indicating the unavailabil-
ity of BTX-A in the reconstruction of both the maxillary basal bone width and maxillary
alveolar bone width.
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Figure 7. Changes in dental occlusion. (A) Variations in the posterior tooth height. It illustrates
that U7-PP of 10 patients significantly increased 3 months after BTX-A injection while U5-PP, U6-PP,
L5-MP, L6-MP, and L7-MP showed no obvious changes. (B) Variations in the transverse width. It
illustrates no significant differences in both the basal bone (NF, HP) and alveolar bone (BAC, LAC)
before and 3 months after BTX-A injection. (C) Variations in the functional occlusion. It illustrates
that neither AOP-FH nor POP-FH showed a significant change while the depth of COS showed a
significant decrease. As for the curvature of COW, its value itself does not change significantly, but a
significant flattening was found when the change in the absolute value of COW before and 3 months
after BTX-A injection was compared (*: p < 0.05; **: p < 0.01).

Neither AOP-FH nor POP-FH showed significant changes, despite a nearly 1° flattened
value of the POP. However, the changes in the occlusal curve were striking, as the depth of
COS decreased from 2.76 &= 0.60 mm to 2.17 £ 0.46 mm after BTX-A injection, significantly
decreasing by 0.59 £ 0.55 mm (p < 0.01), suggesting an astonishing leveling effect of
COS. As for the curvature of COW, its value itself did not change significantly. However,
considering the existence of a negative value, when comparing the changes in the absolute
value of COW before and after injection, we also found a significant flattening (p < 0.05),
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decreasing from 17.97 & 5.66 ° to 15.49 & 4.97 °. This indicates the occurrence of an upright
effect of 2.48 + 2.87 ° in the inclination angle of the maxillary posterior teeth (Figure 7C).

3.1.3. Changes in TM]

The TMJ underwent the same bilateral measurement as that of the masseter muscle.
As each index of the bilateral joint exhibited no significant difference before and after
injection (p > 0.05), the average value was adopted. In terms of the joint structure, there
were no significant changes in Ht.Co, Ht.Fo, Wd.Fo, or AEI after BTX-A injection in
10 patients with a short-faced pattern (Figure 8A), indicating that BTX-A injection in this
study did not promote remodeling of the TM] structure, regardless of the condylar height,
the fossa height and width, and the posterior slope of the articular eminence. In terms of
the joint space, AJS and SJS were significantly reduced (p < 0.05) by 0.13 & 0.16 mm and
0.21 £ 0.24 mm, respectively, suggesting a conceivable anterior-upper rotational shift of the
condyle position, while PJS showed an insignificant increase of about 0.10 mm (Figure 8B).
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Figure 8. Changes in TMJ. (A) Variations in the joint structure. It illustrates no significant changes
in Ht.Co, Ht.Fo, Wd.Fo, or AEI 3 months after BTX-A injection. (B) Variations in the joint space.
It illustrates that AJS and SJS were significantly reduced 3 months after BTX-A injection while PJS
showed an insignificant increase (*: p < 0.05).

3.2. Correlation Analysis of the Components of the Masticatory Complex in Short-Faced Patients

Pairwise correlation analysis was conducted between all variables before BTX-A
injection, and a correlation heatmap was generated (Figure 9). We found that MMT
exhibited a significantly negative correlation with COW (p < 0.05) while a significantly
positive correlation with AJS and SJS (p < 0.01, p < 0.05). After synthetically considering the
absolute value of the correlation coefficient r and the clinical significance, COW was taken
as the occlusal index and AJS as the TMJ index in the final regression equation.

Eventually, we performed multiple linear regression analysis with pre-injection MMT
as the dependent variable while COW and AJS as independent variables, and obtained the
regression model: MMT = 10.08 — 0.11 COW + 2.73 AJS. Here, all variables and constants
possessed robust statistical significance in the regression equation (p < 0.01), and the whole
regression model exhibited extremely high significance (p = 0.0003). The high value of the
adjusted R? indicated the capability of the regression model to explain the variation of
MMT of about 87.1% (Table 1).
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Figure 9. Correlation heatmap of the masticatory complex. Positive correlation is represented by cyan
ellipses, whereas negative correlation is represented by purple ellipses, with a deeper hue indicating
a stronger correlation. Specifically, the darker the cyan, the closer the r is to 1, and the darker the
purple, the closer the r is to —1. Similarly, when the correlation varies, the size of the ellipse changes.
The closer the ris to 1 (cyan) or —1 (purple), the closer the ellipse is to a line, whereas the closer the r
is to 0, the closer the ellipse is to a perfect circle. Correlations with significant differences are marked
in the figure. (*: p < 0.05; **: p < 0.01; ***: p < 0.001).

Table 1. Regression analysis of MMT.

Standardization S . 2
Coefficient Significance Adjusted R p Value
(Intercept) 10.08 0.0002
COwW -0.11 0.003 0.871 0.0003
AJS 2.73 0.001

MMT =10.08 — 0.11 COW +2.73 AJS.

4. Discussion
4.1. Effects of BTX-A on Homeostasis Reconstruction of the Masticatory Complex
4.1.1. BTX-A and Masticatory Muscle

Patients with a short-faced pattern generally experience the problem of benign mas-
seter hypertrophy due to the mutual shaping of the muscle and bone in the process of
growth and development [21,22,25]. BTX-A is regarded as the most effective approach to
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treat benign masseter hypertrophy [41,67]. In this study, BTX-A significantly promoted a
reduction in the thickness of the masseter muscle in 10 patients, consistent with the previ-
ous results obtained from B-ultrasound assessment by Diracoglu et al. [68], CT assessment
by Hong et al. [39], and 3D laser scanning assessment by Lee et al. [69]. The results above
demonstrate the effectiveness of BTX-A in masticatory muscle adjustment, which also
provide the premise for subsequent study, and verify the effective diagnostic value of CBCT
for the masseter muscle [60].

Zhang et al. [70] injected BTX-A into the masseter muscle of patients with bruxism and
found that the biting force in the maximum intercuspal position significantly decreased,
which directly proved the efficiency of the BTX-A treatment in reducing the biting force.
A similar property was indirectly verified through electromyography by Lee et al. [71].
Through 3D CT reconstruction, Hong et al. [39] detected changes in the cortical bone
thickness at the insertion sites of the masseter muscle and temporalis muscle after BTX-A
injection. The imaging evidence also indirectly reflected a reduction in the muscle functional
load. Although the inhibitory effect of BTX-A on neuromuscular junction transmission is
not permanent, with a period of about 3 months from the peripheral nerve germination to
functional recovery of the neuromuscular complex, it has also been reported that repeated
injections of BTX-A help maintain reduced biting force [72].

4.1.2. BTX-A and Teeth and Occlusion

In untreated patients, the functional contraction direction of the masseter muscle
should be at a stable angle to the functional occlusal plane of the posterior teeth, generating
three-dimensional forces on the occlusal surface of the posterior teeth, which are com-
posed of vertical, anterior, and lateral force [73]. Occlusal treatment (such as orthodontic
treatment) is a dynamic process in which the original muscle-tooth balance is constantly
destructed, and the new balance is rebuilt as the tooth position is modulated. For skeletal
high angle patients with a long face, their weak masticatory muscles and low strength
provide conditions for an efficient and smooth treatment process as generally soft and light
force can counter the old balance [21,37]. On the contrary, for low angle patients with a
short-faced pattern, due to the strong masticatory muscles and robust biting forces in the
three-dimensional direction, the processes involved during treatment against the vertical
force to open bite [29,30], against the anterior force to prevent molar mesial drift and COS
deepening [74,75], or against the lateral force to control the maxillary width and buccolin-
gual molar inclination (COW) are significantly difficult [76,77]. Even if these are achieved,
high rates of recurrence and periodontal risks were reported. Therefore, during the early
stage of occlusal treatment, the muscle strength and biting force should be adjusted as soon
as possible by injecting BTX-A, which can directly affect the load of the occlusal surface of
teeth, and then manipulate the changes in the three-dimensional dental eruption state to
adapt to the remodeling of balance in a more efficient and healthy way [29].

Most studies on tooth changes caused by BTX injection have focused on animal
experiments [49-53]. Multiple previous studies have proved that BTX injection can induce a
double decline in the shape and function of masticatory muscles, and that the reduced biting
force will lead to manipulation of the tooth height. Tsai et al. [51] injected BTX unilaterally
into rat masseter muscle, showing an excessive eruption of the upper and lower molars, in
addition to a decrease in the size and weight of the masseter muscle. Choi et al. [49] injected
BTX into the unilateral masseter muscle and temporal muscle of developing rats to weaken
the muscle force, and discovered that compensatory alveolar eruption caused deviation in
the occlusal plane. Navarrete et al. [53] found that BTX injection administered to rabbits
elicited excessive tooth eruption, and argued that it would affect facial morphology changes,
such as increasing the vertical dimension or tendency of a long-faced pattern. Considering
the differences in the anatomy of the muscles, jaw, and drug metabolism between humans
and different animals, this evidence is unsuitable for direct extrapolation to humans but
confirms the feasibility of injecting BTX into the masticatory muscles to induce paralysis
as a means of adjusting occlusion. Currently, in clinical studies, only some examples of
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BTX-A in maintaining occlusal stability after orthognathic surgery have been reported [78];
the efficacy of BTX-A in non-surgical occlusal therapy has not been studied. Dai et al. [79]
found that the biting force was almost distributed on the molars during static masticatory
movement, in which the force on the incisors was almost zero. Therefore, this study mainly
focused on the posterior teeth. The U7-PP of 10 patients significantly increased 3 months
after BTX-A injection, indicating compensatory elongation of the maxillary second molar
while the height of other posterior teeth showed no obvious changes. This may indicate
that the lower bone mineral density of the maxilla, and the more abundant nerves and
vessels in the maxilla make it more vulnerable to adjustment and remodeling by external
forces than the mandible. In addition, the physical distance between the masseter fibers
and teeth will also directly affect the eruption state of the teeth. In terms of the transverse
width, NE, HP, BAC, and LAC exhibited no significant changes before and after injection,
indicating that the basal and alveolar bone widths of adult patients were relatively stable
and unaffected by changes in the masseter muscle strength. This seems to be inconsistent
with Kiliaridis et al.’s study [80], possibly because the latter samples were involved in the
juvenile development period and gender differences were differentiated.

In addition to static occlusal indexes, modern concepts of functional occlusion pay
more attention to balance and stability during dynamic mastication. The effect of BTX-A
on functional occlusion in animals or humans remains to be studied, and this study is an
innovative exploration. In normal chewing and grinding movement, the mandible moves
laterally or forward, the posterior teeth should be separated, and the anterior teeth contact
to form the canine guide (lateral movement) or incisor guide (forward movement), where
the anterior teeth can protect the posterior teeth during functional movements [10,81].
However, short-faced people often have a steep posterior occlusal plane or deep occlusal
curves, meaning a high possibility of occlusal interference [35], which may cause tooth
abrasion, periodontal disease, and TMD. In this study, the process of dynamic occlusion
was reflected by two occlusal planes and two occlusion curves. Under extremely ideal
conditions, COS and COW should be represented as an arc located on the same sphere
(Monson sphere) [64]. Here, both COS and COW were significantly flattened 3 months
after Botox injection. Apart from the influence of the orthodontic force itself, the weakened
occlusal force broke the original muscle-tooth balance and promoted the three-dimensional
movement of teeth in a more efficient way. Studies [82] have demonstrated the close
relation between the occlusal curve and masticatory function. Generally, individuals who
have flatter curves may obtain a better food mixing capability, higher masticatory efficiency,
less occlusal interference, and lower incidence of periodontal disease and TMD. As for
the occlusal planes, neither POP nor BOP showed significant changes, which may be
related to the fact that the interference of the sagittal skeletal type was not excluded in
this study, with a variety of sagittal skeletal types. Professor Sato [36] believed that the
increased POP-FH was the source of the occurrence of the Class II pattern; the crux for
successful treatment in such patients was to flatten the POP [83]. It has been found that POP
does tend to flatten after BTX-A injection, which may be related to the orthodontic force
itself or the compensatory elongation of the maxillary second molars caused by masseter
paralysis. The variation characters in the occlusal curves and occlusal planes reflect the
dynamic reconstruction process of the stomatognathic system, and BTX-A injection may
effectively accelerate the rate of homeostasis reconstruction in low angle patients with a
lower incidence of complications [32].

4.1.3. BTX-A and TM]

According to the international classification of DC/TMD, TMD can be divided into
two categories [84,85]. The first category is pain diseases, which generally involve joint pain
itself and pain secondary to masticatory muscle hyperfunction [86-88]. BTX-A has a good
therapeutic effect on pain diseases as it can inhibit the release of local pain neuropeptides,
such as substance P, calcitonin gene-related peptide, glutamate, and transient receptor
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potential V1, which has also attracted multiple clinical studies [86-88]. Due to the positive
therapeutic effect of this kind of disease, this study did not continue its exploration.

The second type is joint organic disease. TM] remodeling often occurs after mechanical
load changes in the stomatognathic system, mainly including the process of morphological
adaptation (such as changes in the condyle bone) and spatial adaptation (such as changes
in the position of the condyle and joint disc) [89]. The former is often applied as a model of
paralysis in animal experiments, where BTX-A induces bone changes over a short period
of time. Rafferty et al. [90] found bone loss of the mandibular condyle in rabbits after
an injection of BTX-A into the unilateral masseter muscle, which was also found in the
masseter muscle attachment area in rats by Tsai et al. [52] and Kun-Darbois et al. [91].
However, due to the discrepancy between animal and human bone biomechanics, the effect
of BTX-A injection on the condylar bone in the human body remains controversial. Based on
3D CT reconstruction, Hong et al. [39] found that reduced muscle functional load affected
the cortical bone mass of the condyle, which was more significant in postmenopausal
women. While Raphael et al. [92] seemed to reach the opposite result, finding no clinically
significant changes in the density or volume of the TM]J complex in women with TMD who
had received at least two (and often three) cycles of BTX-A treatment in the past year. Since
the experiments above were mostly based on TMD patients who had repeated injections of
botulinum, this study aimed to explore whether a single botulinum toxin injection would
adversely affect the condylar bone in the normal population, which may run counter to
our original intention. Fortunately, no bone changes in TMJ were found in the 10 patients
3 months after the single BTX-A injection, which is consistent with the findings of Lee
et al. [55], regardless of whether the condyle, glenoid fossa, or articular eminence was
examined. During the follow-up of the 10 patients, no adverse indications such as TM]J
clicks and pain were reported. On the contrary, two patients said that their mild bruxism
symptoms were relieved, with acid swelling of the masticatory muscles in the morning
disappearing, which actually resulted from the weakened biting force caused by masseter
muscle atrophy. The weakened biting force reduced the load on the TMJ area, which was
conducive to the decompressed and balanced repair environment of the TMJ.

Moreover, this experiment innovatively involved the joint space indexes to verify
the dual response of TMJ to the mechanical load. In addition to morphology adaptation,
there is also spatial relocation [23]. The masticatory muscle function is well known to be
critical for proper TM] development during ontogeny [93]. In patients with skeletal low
angle, the joint structure is usually thick and broad due to strong muscle force while the
condyle position is often posterior and inferior due to excessive counterclockwise closure
of the mandible. An abnormal condyle position and abnormal occlusal relationship are
risk factors for TMD [94]. The 10 patients in this study showed a reduction in AJS and
SJS after BTX-A injection, which is conducive to the stabilization of the condyle in the
central relation (CR) position. As the father of modern occlusions, Dr. Roth [94] believed
that a stable stomatognathic system should be equipped with stable joint position and
coordinated occlusal relationship, as Dr. Dawson summed up that when the upper and
lower teeth are in the maximum intercuspal position, the condyle should be at the front
and top of the glenoid fossa [3]. Therefore, BTX-A can coordinate the condyle position with
the final target position of the occlusal treatment, contributing to the long-term stability of
the curative effect and low rates of TMD.

4.2. Preliminary Study on the Homeostasis Mechanisms of the Masticatory Complex

To explore the homeostasis mechanisms of the masticatory complex in short-faced
patients, we analyzed the pairwise correlation between all variables before injection. The
MMT was defined as a novel entry point for the homeostasis balance of the occlusal
treatment to explore how the changes in occlusion and TM] under the state of physiological
balance manipulate and adapt to the changes in the masticatory muscle.

When selecting variables for regression analysis, not only the absolute value of correla-
tion coefficient r should be considered but also the clinical factors and possible collinearity

83



Toxins 2022, 14, 374

problems. For example, in addition to COW’s robust correlation, there also exists a cer-
tain correlation between COW and COS depending on the clinical conditions, and the
correlation heatmap showed a significant positive correlation between COS and POP-FH
(p < 0.05). Therefore, the final inclusion of COW was consistent with both the experimental
results and the clinical significance. As for why A]JS instead of SJS was chosen, in addition
to the greater r of AJS, we also considered the correlation of SJS and PJS depicted in the
heatmap (p < 0.05). Considering the correlation of PJS and AJS in the clinic, AJS and SJS
may show collinearity in a clinical sense, so eventually only AJS was included as the only
TM] index. Consequently, the whole regression model was highly significant (p = 0.0003)
and had an explanation capability of 87.1% of the clinical outcomes.

Here, the homeostasis of the masticatory complex in patients with a short-faced
pattern was intuitively and quantitatively described firstly by means of a multiple linear
regression model. As mentioned above, mastication is one of the main oral functions, and
its efficient performance requires a healthy and stable stomatognathic system. It generally
consists of occlusion, TMJ, and masticatory muscles, which are defined as a functional
complex in this study. They are interrelated and have mutual influence, forming a stable
balance triangle to ensure the normal operation of the stomatognathic system under normal
physiological conditions, where change in any one of the links will lead to an imbalance
of the triangular relationship. When the complex exceeds the adaptability of the body,
corresponding diseases will arise from the weakest link [10,17,19], such as malocclusion,
TMD, myofascial pain, etc. These diseases are collectively referred to as occlusal diseases,
the treatment of which is so-called occlusal treatment, where a holistic treatment concept is
apparently required.

4.3. Limitations

Due to the innovative significance of this study, as a brand-new exploration of BTX-A
in occlusal therapy, the sample size included was limited. Moreover, similar to the new
application of BTX in other clinical fields, it lacked the evidence support of a long-term
follow-up, such as the injection dose, injection frequency, and side effects.

4.4. Future Perspective

More research, particularly well-designed randomized controlled trials with high
evidence levels, is needed in the future to verify the reliability and long-term stability of
the above findings by expanding the sample size, lengthening the follow-up time, and
increasing the number of BTX-A injections. Simultaneously, an individualized BTX-A
dosage, injection method, administration frequency, and cycle should be researched further
in order to provide a novel adjuvant treatment approach for short-faced individuals within
a safe range of occlusal therapy.

5. Conclusions

BTX-A can provide a more favorable muscular environment for short-faced patients
through adjustment of the biting force, contributing to the reconstruction of healthier
homeostasis of the masticatory complex. However, further research is required to validate
these findings.
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Abbreviations

BTX-A  botulinum toxin-A FH frankfort horizontal plane
MS masticatory system AOP  anterior occlusal plane

SS stomatognathic system POP  posterior occlusal plane

™] temporomandibular joint COS  curve of Spee

TMD  temporomandibular joint disorders COW  curve of Wilson

CBCT  cone-beam computed tomography  AEI articular eminence inclination
MMT  masseter muscle thickness AJS anterior joint space

MP mandibular plane SJS superior joint space

PP palatal plane PJS posterior joint space
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Abstract: Two decades after reports of the anti-pruritic effects of botulinum neurotoxins (BoNTs),
there is still no approved product for the anti-itch indication of BoNTs, and most clinical case reports
still focus on the off-label use of BoNTs for various itchy conditions. Few randomized clinical trials
have been conducted with controversial results, and the beneficial effects of BONTs against itch are
mainly based on case studies and case series. These studies are valuable in presenting the potential
application of BoNTs in chronic pruritic conditions, but due to the nature of these studies, they are
categorized as providing lower levels of evidence or lower grades of recommendation. To obtain
approval for the anti-pruritic indication of BoNTs, higher levels of evidence are required, which can
be achieved through conducting large-scale and well-designed studies with proper control groups
and established careful and reliable primary and secondary outcomes. In addition to clinical evidence,
presenting the mechanism-based antipruritic action of BoNTs can potentially strengthen, accelerate,
and facilitate the current efforts towards further investments in accelerating the field towards the
potential approval of BoNTs for itchy conditions. This review, therefore, aimed to provide the state-of-
the-art mechanisms underlying the anti-itch effect of BONTs from basic studies that resemble various
clinical conditions with itch as a hallmark. Evidence of the neuronal, glial, and immune modulatory
actions of BoNTs in reducing the transmission of itch are presented, and future potential directions
are outlined.

Keywords: botulinum neurotoxin; itch; anti-pruritic; mechanism of action

Key Contribution: This focused review provides the current understanding of mechanisms
underlying the antipruritic effects of BoNTs.

1. Introduction
1.1. Botulism, Clostridium Botulinum, and Botulinum Toxin

An illness characterized by muscle paralysis following the consumption of spoiled
sausage was first termed botulism by Muller [1]. Botulus means lunch meat, salami,
sausage, and similar in Latin [2], and it most likely dates back to earlier historical concerns
about foodborne toxicity in the Byzantine era [3]. A comprehensive description of a some-
what similar illness by Justinus Kerner [1], is in line with what is currently considered in
the diagnosis of botulism, which is marked by muscle weakness or paralysis, swallowing
difficulty, and signs of autonomic dysfunction, such as dry mouth [4]. Krener was the first
to propose that the illness is potentially caused by a biological toxin [5]. Emile Van Er-
mengem, in 1895, provided the first description of the organism that could cause botulism,
an anaerobic Gram-positive, rod-shaped bacterium, which he named bacillus botulinum [6].
The name was changed in 1924 by Ida Bengstrom to Clostridium botulinum, based on the
spindle-like shape of the bacteria [6], where kloster in Greek means spindle. The purifi-
cation and development of botulinum toxin, the toxin from clostridium botulinum, was
eventually dated back to the time of World War II, when it could potentially be used as
a biological weapon [7,8]. Carl Lamanna and Richard Duff were the first to extract and
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crystalize botulinum toxin [9]. Later in 1946, Edward Shantz and Erik Johnson could purify
larger amounts and also further refine the toxin for clinical research [10]. Burgen and his
colleagues, in 1949, explained how the toxin can produce muscle paralysis and presented
the effect of the toxin on the neuromuscular junction and blockade of acetylcholine (Ach)
release [11]. In 1964, when Daniel Drachman demonstrated muscle weakness in the hind
limb of a chicken following toxin administration, which was dose-dependent, Allen Scott
and his colleagues became interested in using it for strabismus [7,12]. The first paper on
this subject was published in 1980, presenting a clinical trial’s results of 67 patients, where
a selected injection of BoNT into eye muscles could correct strabismus [12]. Evidence of
the benefits of the BoNT injection, as shown in blepharospasm and hemifacial spasm,
finally led to the approval of botulinum toxin-A by the FDA for conditions of strabismus,
blepharospasm, and hemifacial spasm in 1989 [13,14]. Since then, toxin product devel-
opment and testing for various medical conditions has followed, which has resulted in
FDA approvals [15]. There are also various off-label uses of BoNT in various medical
fields [16,17]. Along the way, efforts by basic scientists have resulted in presenting the
molecular structures of botulinum toxins and their mechanisms of action for various clinical
conditions [18-20].

Several toxin serotypes are produced by Clostridium botulinum that, from the immuno-
logical point of view, are considered distinct and are named A, B, C1,C2, D, E, F, and G [21].
All serotypes are neurotoxins, except for C2. Human botulism is known to be caused by
serotypes A, B, E, and rarely F, while botulism in fish, birds, and non-human mammals is
mainly caused by serotypes C1 and D [22]. Botulinum neurotoxin serotype A (BoNTA) is
the most toxic substance known to man with an estimated intravenous lethal dose (LD50)
of 1-2 nanogram per kilogram (ng/kg) in humans [23]. Now, however, the lethal toxin
has been developed as a safe medicinal product for clinical pharmacotherapy in a large
number of medical conditions in humans [24,25], and it is also used in the field of veterinary
medicine [26].

1.2. Botulinum Toxin Products and Uses

Several products are marketed around the globe with different product
characteristics [27-30]. The chronological footprint tracking of the US-marketed botulinum
neurotoxins approved by the FDA [31,32] shows OnabotulinumtoxinA (Botox) by Allergan
Inc., approved for several conditions such as blepharospasm, hemifacial spasm, strabismus,
cervical dystonia, glabellar lines, axillary hyperhidrosis, chronic migraine, upper limb
spasticity, neurogenic bladder, lateral canthal lines, overactive bladder, lower limb spastic-
ity in adults, forehead lines, and upper limb spasticity in children. IncobotulinumtoxinA
(Xeomin) by Merz Pharma was approved by the FDA for a number of conditions such
as cervical dystonia, blepharospasm, glabellar lines, upper limb spasticity in adults, and
sialorrhea. Other approved products are AbobotulinumtoxinA (Dysport) by Ipsen Biophar-
maceuticals, RimabotulinumtoxinB (Myobloc/Neurobloc) by US World Med-Solstice, and
PrabotulinumtoxinA (Jeuveau) by Evolus Inc.

There are several conditions for which BoNT is not yet approved for clinical use, but
off-label use has been presented, with beneficial effects, for example, in dermatology [33-35],
primary headaches other than migraine [36], depression [37], and neuropathic pain [38,39].
One large area in which the off-label use of BONT has been practiced for the last two decades
is dermatology, for various conditions that appear with or without itch [40-43]. This
focused review is dedicated to conditions accompanied by itch. Please consider that
the use of BoNT in the field of cosmetology [44] is also active, but it is not the focus of
this review. Interested readers are referred to a recent publication in this domain [45].
In the following, clinical evidence from the literature is presented first to indicate the
current status for the use of BONT in clinical conditions with itch. Thereafter, evidence
is presented from basic science to outline the mechanistic basis for the antipruritic effects
of BoNT. The purpose of this review is to accelerate the work in the field and motivate
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progression towards presenting the mechanism-based antipruritic action of BoNTs, which
can potentially strengthen, accelerate, and facilitate their approval for itchy conditions.

2. Clinical Evidence for the Use of BoNT in Clinical Conditions with Itch

Itch is a sensory modality that is also called pruritus [46]. It often appears as an uncom-
fortable and unpleasant sensation and usually provokes a strong desire to scratch [46,47].
Dermatological conditions are often accompanied by itching [48]. Chronic itch [49], in
particular, reduces the overall quality of life in affected patients, such as patients with atopic
dermatitis (AD) [50,51]. Several types of itch have been defined, e.g., pruriceptive itch,
neurogenic itch, neuropathic itch, and psychogenic itch [52,53]. This classification has been
mainly based on the underlying mechanisms together with clinical manifestations [53].
Itch accompanies some systemic disorders, for example, some chronic kidney and liver
diseases [54]. Diabetic neuropathy and shingles are among neurological disorders with
itching as one of their debilitating symptoms [55-57]. Although probably not fully accurate,
the first report of the antipruritic effect of Botulinum Toxin Type A (BoNTA) appeared in
2002, which presented the beneficial effects of BONTA for lichen simplex in an open-label
pilot study [58]. In the same year, the antipruritic effect of BONTA was reported in hand
dyshidrotic dermatitis [59]. Following these initial reports of the antipruritic effect of
BoNTA, further investigations have continued [43,60], and successful treatments are being
reported in the literature for many other dermatological conditions, such as Hailey—Hailey
disease [61] and psoriasis [62].

A limited number of review articles are available, for example, the 2017 review on
botulinum toxin off-label use in dermatology [63]. Another review [64] from the same year
is also available, with a focus on novel indications of BONT in dermatology. The most recent
systematic review came out in 2021 [60]. This review included 167 studies from 1994 to 2020,
and based on the evidence, diseases for which BoNTs could have therapeutic potentials
were listed. These also included conditions with itch (e.g., post-herpetic neuralgia, notalgia
paresthetica, Hailey—Hailey disease, and psoriasis) [60]. Most of these reports are based
on case studies or case series that are considered to have an evidence level of three or
four; hence, the grade of recommendation for use will be C and D [65]. On the other hand,
there are cases of randomized control trials where results show no statistically significant
effect of BONT on itch, for example, the level of itch on the visual analog scale (VAS) or
hyperpigmentation in notalgia parasthetica [66]. It is not clear as to what reason similar
results of observational or case series are not repeated when studies are conducted as RCTs.
This might be related to a true lack of effect, or other influential factors such as criteria
for inclusion of participants (diversity, responsiveness, or lack of response) or selection
of outcome measures (sensitivity, specificity) that might mask a statistically significant
antipruritic effect. A review from 2018 [67], with a focus on localized chronic itch, evaluated
available studies on the effect of BONTA following intradermal administration. The authors
found 25 studies conducted between 1996 and 2016 [67], where 11 articles were identified
as relevant for further evaluation. This review [67] followed PRISMA and rated the studies
based on the grade of recommendation. The toolkit provided by the Oxford Centre for
Evidence-based Medicine Levels of Evidence was used in this review [67] to grade each
study. The findings [67] showed that prospective observational studies and case reports
mostly resulted in complete relief, strong improvement, and long-lasting effects (Table 1).
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Table 1. Summary of studies examining the effect of botulinum toxin type A in chronic pruri-
tus. CR, case report; POS, prospective observational study. % Determined based on the Oxford
Centre for Evidence-based Medicine levels of evidence. Reused with permission (license number:

5376990524166) from Elsevier and Copyright Clearance Center.

Grade of

Recommendation Study Design Diagnosis N Regimen Degree of Pruritus Reduction Reference
c POS Lichen simplex 4 100 U/mL BoNT/A One treatment led to complete relief of (58]
spaced 2 cm apart symptoms lasting 4 months
c POS Partial-thickness to 9 25U/mL BoNT/A One treatment led to a reduction in symptoms [68]
full-thickness burns (spacing unknown) to <3/10 lasting an average of 6.3 months
L 20 U/mL BoNT/A One treatment led to a reduction in the mean
¢ Pos Inverse psoriasis 15 spaced 2.8 cm apart  visual analog score to 2.1/10 lasting 3 months (41
. In 3 patients: 1 treatment led to “symptomatic
C POS g:st;}lgiaca 5 450 ;_iérdnli fn?ll\aIT; 1:/? improvement” lasting 1 month; in 2 patients: [69]
P P P 1 treatment led to “worsening of pruritus”
Notalgia
paresthetica, 0.27-0.47 U/mL o Lo
c POS meralgia 6 BoTN/A (spacing One treatment led to a 28% reductlun in the [70]
R mean visual analog score lasting >6 weeks
paresthetica, and unknown)
neuropathic itch
First patient: 1 treatment led to complete
. relief of symptoms lasting >18 months;
C POS aNreost:l‘llgtiaca 2 15'3 ;iécranL c]?:I:Ta/r? second patient: 2 treatments spaced 18 [42]
P P P months apart led to complete relief of
symptoms lasting an unknown duration
. . 333 U/mL .
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Collectively, systematic and non-systematic literature reviews, including all types of
studies (e.g., case reports, case series, and RCTs), show that many applications of BoNT for
dermatological conditions with and without itch are still off-label. Moreover, it seems that
in the majority of cases, BONTA might not be considered first-line therapy, but perhaps an
option for patients with persistent or recurrent issues that remain unsolved or irresponsive
to other treatments [43,76]. Toyama et al., in a recent review [76], presented a long list
of available options for troublesome itch, where, among other options (e.g., medications
used for depression and phosphodiesterase-4 inhibitors), BONTA is also listed [76]. These
authors also indicated that itch was relieved by BoNTA in patients with several conditions,
such as chronic lichen simplex, inverse psoriasis, and post-burn itch [40,58,71]. As outcome
measures, when the eczematic area and severity index (EASI) was used to determine the
therapeutic effect, BONTA reduced this score in chronic lichen simplex. Moreover, in inverse
psoriasis, BONTA reduced the PASI (psoriasis area and severity index) [40]. Pruritus and
hyperhidrosis were both shown to be diminished in pediatric Fox-Fordyce disease [77].
BoNTA could also reduce itching related to keloid scars [78], in particular, when it was
combined with triamcinolone [79], against atopic dermatitis [80] and post-burn itch [68].

BoNTs provide long-term therapeutic effects, and this characteristic is in favor of
patient compliance [81]. However, it can be a costly treatment, and its comparable effects
with other available agents might place BoNTs in the third or fourth line of therapy. It is
too early to recommend the regular use of BoNTs at this stage, but it is not unlikely that
we will witness the appearance of more reports on conditions in which stronger evidence
exists for the beneficial effects of BONTs. Further clinical trials must consider careful design
and patient inclusion criteria, safe and effective dosing, and an optimal interval in repeated
administration. In addition, a strategy for determining and implementing primary and
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secondary outcome measures would help in the more accurate identification of responders.
The determination of influential factors, such as age, gender, and ethnic background, would
also aid in targeting the right group of patients for the optimal effect. The formation of
neutralizing antibodies [82] and the influence on safety and efficacy must also be taken into
consideration for future clinical studies.

3. Mechanism(s) of Action of Botulinum Neurotoxins

As summarized above, BONTA has been shown to reduce itch in several clinical
dermatological conditions with itch as a common troublesome symptom [67,76]. Therefore,
the next logical question would be to ask how this occurs [43,83]. Before addressing this
question, two main clarifications are needed: (1) how botulinum toxin interacts with cells,
receptors, and neurotransmitter release, and (2) how itch is generated and transmitted.

In the following section, the mechanism of action of BoNT in inhibiting the Ach re-
lease at the neuromuscular junction [84] is presented first. This is the proposed mech-
anism underlying muscle paralysis that can lead to respiratory failure and death in
botulism [4,85]. The muscle relaxation effect of BONT explains its medical use for sev-
eral conditions, such as spasticity and strabismus, where abnormal or excessive muscle
spasm is problematic [86,87]. Secondly, to understand the inhibitory action of BONTA on
itch, itch mechanisms are presented.

3.1. Mechanism of Action of Botulinum Neurotoxin in Blocking Neurotransmitter Release

Botulinum toxin consists of two chains, light and heavy chains, that are connected
through a disulfide bond. The heavy chain, from its C-terminal region, binds to receptors
at the presynaptic neurons [88]. A two-step receptor binding has been proposed: the first
is binding to polysialoganglioside (PSG), which is followed by binding to SV2 (synaptic
vesicle glycoprotein) [88]. This binding forms a complex that undergoes an endocytosis
process. Within the cytoplasm, the disulfide bond is cleaved, permitting the light chain to
act on the SNAP-25 (synaptosomal-associated protein-25) and cleave it. This is one of the
protein components required for the vesicle fusion and exocytosis process. Interestingly,
different serotypes cleave different proteins, which are Soluble N-ethylmaleimide-sensitive
factor Attachment protein REceptors (SNAREs) [89]. Once vesicle fusion is prohibited,
there is no vesicular release of transmitters from nerve terminals [18,19,90,91]. Figure 1
presents the proposed mechanism of action of BoNT in blocking the Ach release [87].

Identifying the blockade of Ach by BONTA has sparked the interest of some researchers
to look into other potential neurotransmitters that are blocked by BoNT. In one of the
active areas, pain research, the analgesic action of BONT was investigated extensively [92].
BoNTA shows analgesic efficacy in various pain conditions, such as musculoskeletal
pain [93], dental medicine [94], and neuropathic pain [95], but it is only FDA approved for
chronic migraine [96,97], among other headache and related disorders [98]. The proposed
mechanism of action of BONTA for migraine [99-101] has also been postulated by several
researchers based on findings from basic and clinical research [102-104]. At a cellular—
molecular level, some of the identified neurotransmitters and pathways targeted by BONTA
in pain are applicable in explaining the antipruritic effects of BONTA [43]. This is perhaps
because itch and pain interact and share some similarities while holding to the uniqueness of
each modality [105-108]. Our studies from cells to animals and human experimental models
of pain [83,109-114] revealed that BONTA inhibits the release of several neurotransmitters
involved in pain, including glutamate [113,114]. Other studies have also shown that BONTA
blocks the release of glutamate, CGRP, and substance P [115-118]. Readers are directed to a
recent review by Matak et al. [92] for details on the mechanism of action of BoNT in pain.

A series of investigations by Burstein’s group highlighted that BONTA acts on the
C-fibers to reduce pain and that TRPV1 and TRPA1 channels play a critical role [119]. In
addition, this group has proposed that BONTA is capable of altering inflammatory gene
expression and immune cells in migraine prevention, where it can reduce pre-existing
inflammation [120].
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Figure 1. Botulinum toxin type A (BoNT-A) mechanism of action. The BoNT-A heavy chain is
shown in green and the light chain in yellow, linked by a disulfide bond. Acetylcholine (Ach),
the neurotransmitter that is blocked by BoNT-A, is shown as red dots within a circular vesicle
in the nerve terminal. The effects of chemodenervation via injection of BONT-A are summarized
at macroscopic, microscopic and molecular levels. SNAP 25, soluble N-ethylmaleimide fusion
protein/attachment protein; VAMP, vesicle-associated membrane protein. Reused from [87] for non-
commercial/educational purposes under a Creative Commons license (Attribution-Noncommercial),

Springer Nature.

Considering the evidence for the blockade of the vesicular release of substances by
BoNTA presented above, it is not implausible to propose that BONTA may block the release
of substances that contribute to the sensation of itch [52]. To explain this, it is essential to
present how itch is generated and transmitted. The section below presents what is known

about pathways leading to an itching sensation.
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3.2. Itch Mechanisms

Pruritus or itch is an uncomfortable sensation that generates a strong desire to
scratch [121], which is seen in both humans and animals [122]. Itch is a unique sensory
modality within the somatosensory system, and once it becomes chronic, it poses major
distress and impairs the quality of life of the affected individuals [123]. In addition, people
with chronic itch frequently suffer from self-harm when they are in the loop of uncon-
trollable itch—scratch cycles [124]. Itch is often associated with dermatological conditions,
but it can also be a hallmark of systemic, neurological, and psychogenic conditions [123].
The mechanisms of itch have been extensively investigated in recent years, and as a result
of the better understanding of itch pathways, several targeting sites and molecules have
been identified and introduced to the field. Figure 2 presents a simplified sketch of the
itch signaling pathway from the primary sensory neurons to the brain [125]. It is yet to be
determined where and how exactly BoNT targets itch alongside this signaling pathway.
Evidence is, however, being accumulated (Please refer to Section 4).

Brain
PFC S1 Parietal cortex
SMA sz Precuneus
PMC Thalamus BG
M1 IC
Cerebellum cc
Primary sensory neuron
e
H1, Hd
i 9 PLCB3
Spinal cord Histamine e
12-lipoxygenase
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BNP NPRA Tryptase PAR2
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Figure 2. Itch signaling pathway: Schematic illustrating the transmission of itch from the primary
sensory neurons to the brain. Itch stimuli (pruritogens) activate itch-sensing neurons in the dorsal
root ganglion (DRG) that innervate the skin, which then stimulate second-order neurons in the spinal
cord and multiple brain regions. Indicated in the tables are pruritogens, itch-selective molecules and
receptors expressed in the primary sensory neurons and spinal cord, and brain regions activated by the
cutaneous application of a pruritogen. STT, spinothalamic tract; SPA, spino-parabrachio-amygdaloid
pathway; PEC, prefrontal cortex; SMA, supplementary motor area; PMC, premotor cortex; M1, primary
motor cortex; S1, primary somatosensory cortex; S2, secondary somatosensory cortex; CC, cingulate
cortex; IC, insular cortex; BG, basal ganglia; GRP, gastrin-releasing peptide; GRPR, gastrin-
releasing peptide receptor; BNP, B-type natriuretic peptide; NPRA, natriuretic peptide receptor A;
NK-1, neurokinin-1; H1, histamine H1 receptor; PLC[33, phospholipase C (33; PLA2, phospholipase A2;
5-HT, 5-hydroxytryptamine (serotonin); 5-HT-2, 5-HT receptor subtype 2; PAR2, protease-activated
receptor 2; Mrgpr, Mas-related G-protein-coupled receptor; ET-1, endothelin-1; ETA, endothelin-1
receptor A; BAMS-22, bovine adrenal medullary peptide 8-22. Reused from [125] under an open access
terms of the Creative Commons Attribution Non-Commercial License, BMB Rep, Korean Society for
Biochemistry and Molecular Biology.
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Historically, two main categories of itch have been defined, histaminergic and non-
histaminergic itch [126], which are closely related but act independently from each other
as two separate pathways. Chronic pruritus is proposed to involve the nonhistamin-
ergic pathway [127]. In itch transmission, two families of receptors are found to con-
tribute: G protein-coupled receptors (GPCRs) and transient receptor potential (TRP) chan-
nels [127,128]. Numerous molecules are found that activate these receptors, for example,
at-the-periphery [129] histamine; serotonin; nerve growth factor; interleukins IL-4, 13,
and 31, among many others. The itch sensation can be induced by the direct or indirect
activation of these receptors and channels and activators of these are released from var-
ious cells, including T-cells, mast cells, and keratinocytes [129]. The number of players
emphasizes that there is no singular cause of itch, and as a consequence, mechanisms
underlying various chronic itch conditions differ [129]. Figure 3 depicts detailed peripheral
mechanisms underlying some of the chronic itch conditions [129].
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Figure 3. Mechanisms of chronic itch: (a) Age-related loss of touch-sensitive Merkel cells is associated
with increased mechanical hyperkinesis. However, the loss of TLR5 A 3-LTMRs that detect mechanical
itch leads to the loss of mechanical itch sensitivity and the attenuation of chronic itch. (b) The
current understanding of CTCL itch occurs through two main pathways. First, IL-31 released
by neoplastic T cells can directly activate neuronal itch receptors, whereas IL-4, IL-2, and IL-6
enhance itch. (c) Psoriasis-associated itch mechanisms are not completely understood. Endogenous
pruritogens, including IL-31, TSLP, and mast cell-derived PGE2 and ET1, have all been implicated,
whereas NGF and type 2 cytokines may further potentiate itch by enhancing neuronal excitability.
(d) AD-associated itch is primarily generated by type 2 cytokine-induced itch neuron excitability
and reciprocal modulation by neurons. Endogenous pruritogens, released by immune cells and
keratinocytes, include peptides, proteases, and mast cell-, basophil-, and ILC2-derived factors.
AD, atopic dermatitis; CGRP, calcitonin gene-related peptide; CTCL, cutaneous T-cell lymphoma;
DC, dendritic cell; ILC, innate lymphoid cell; KLK, kallikrein; LC, Langerhans cell; LTC4, leukotriene
C4; NP, nonpeptidergic; SP, substance P; Th, T helper; TLR, Toll-like receptor. Illustration assistance
provided by Ruvido Medical Illustration. Reused from [129] with permission (license number:
5379421293131) from Elsevier and Copyright Clearance Center.
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Several reviews are available, and readers are encouraged to look deeper into itch
pathogenesis and treatments [123,125,129-131].

Antipruritic effects of BONT have been presented in clinical cases in the literature
(see Section 2). Investigators have tried to identify how BoNT can reduce or stop itch. To
understand the mechanisms underlying the antipruritic effects of BoONT, cell-based studies,
laboratory animal investigations and human experimental models have been employed to
provide the mechanism-based evidence that is presented below.

4. Mechanisms Underlying the Antipruritic Effect of BONTs

As presented above, merging known mechanisms underlying BoTN effects at the
cellular-molecular level, and mechanisms of itch generation and transmission can help
understand the mechanism(s) underlying the antipruritic effect of BONT. This knowledge,
combined with evidence of the antipruritic effects of BoNTs at the clinic is beneficial and
important because it can potentially strengthen, accelerate, and facilitate the current efforts
towards further investments in pushing the field forward for the potential approval of
BoNTs for itchy conditions. In addition, it can advance the scientific field in terms of gaining
a better understanding or providing evidence of neuronal, glial, and immune-modulatory
systems involved in itch and targeting them with BoNTs and compounds similar to BoNTs.
Further information, such as dosing, interval, and safety information, can also be gained
through such preclinical studies. Experimental models of itch [132] are helpful in this
regard, as clinical conditions of itch accompany several other confounding factors [133]
that cannot be eliminated while studying itch mechanisms. The concept of itch models is
somewhat similar to the concept of modeling other medical conditions, e.g., pain. In ex-
perimental human models of pain [134] and central sensitization [135], healthy volunteers
act temporarily as subjects for the provocation of pain, which is an ethical, controlled, and
short-term condition. In this scenario, the application of a chemical algogen or other types
of stimuli (thermal, ischemic, mechanical, or electric) produces pain and other measurable
outcomes, such as pain sensitivity, measured by a visual analog scale (VAS) and vasomo-
tor responses. In these experimental models, responsiveness to various analgesics [136],
including BoNT, has been evaluated [110-112,137].

4.1. Human Surrogate Models of Itch—Antipruritic Effects of BONT

Human surrogate models of itch have provided a platform for studying new antipru-
ritic compounds, as well as the investigation of the mechanisms underlying antipruritic
effects of already approved compounds for other conditions, for instance, BoONTs. Ex-
perimental itch [132,138,139] in humans is induced over a short period and is usually
assessed psychophysically. Itch has been provoked by the application of electrical [140],
mechanical [141], and chemical stimuli, the latter being through the application of, for exam-
ple, histamine [142,143], cowhage [144,145], capsaicin [146], BAMS8-22 [147], 3-alanine [148],
and serotonin [149].

In 2009, we tested if the administration of BONTA subcutaneously can reduce itch in
a human model of itch [83]. The study recruited 14 healthy male subjects, and the itch
was artificially provoked by histamine, which was delivered to the volar forearm skin
using a prick test [83]. An amount of 5 U of BONTA (BOTOX®, Allergan) or a similar
volume of saline (control) was administrated prior to the histamine provocation test [83].
Baseline assessments were conducted, and itch intensity and neurogenic inflammation
produced by the histamine prick test were evaluated one day, three days, and a week
after the administration of BONTA or saline. The results of this study [83] showed that
BoNTA was capable of diminishing itch intensity and reducing the area of itch perception
compared with saline at all time points post-treatment. The itch resolution time was also
shorter in BONTA-treated areas, and the maximum effect was seen on day 7. The flare
area (observable skin reaction in the form of redness) was smaller on the BONTA-treated
arm at all post-treatment time points. Histamine-induced elevated blood flow and skin
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temperature subsided following the application of BONTA, with the largest effect seen on
days 3 and 7. This study showed that BONTA can inhibit histaminergic itch in humans [83].

Later, in 2017, a group of researchers [150] applied a non-histaminergic model of itch
in healthy humans and investigated if BONTA can also exert antipruritic effects. In this
study, 35 (16 males and 19 females) healthy volunteers were enrolled, and experimental itch
was provoked by the application of cowhage [145] (Mucuna pruriens). Arthur and Shelley,
in 1955 [151], were the first to discover that cowhage induces itching and scratching. This
is the effect of mucunain, which is the active component of cowhage and is chemically
classified as a cysteine protease. This substance binds to proteinase-activated receptors 2
and 4, so-called PAR-2 and PAR-4, respectively [134]. This model is proposed to mimic
chronic itch conditions in humans, which are often non-histaminergic and do not respond to
antihistamines [152]. In this study, 10 U of BONTA (BOTOX®, Allergan Inc., Irvin, CA, USA)
administered intradermally could reduce the itch intensity at all time points compared with
the saline that was used as the control treatment. Sensory tests in this study [150] included
skin temperature sensitivity, pain, and itch following cowhage and post-treatment, and
measurements were performed at baseline, week 1, month 1, and month 3 post-treatment.
This study [150] provided evidence for the long-term effect of BONTA against itch, lasting
3 months following a single application.

Taken together, these two studies, using both histaminergic and non-histaminergic
itch models in humans, showed the antipruritic effects of BONTA, where it reduced itch
and related symptoms (neurogenic flare, skin temperature, skin blood flow, and paresthesia
in the form of hyperknesis and alloknesis) in human skin as early as 1 week, and up to
3 months in the cowhage model [150].

This field is still open for further investigation by applying these or other surrogate
models of itch, combined with other subjective (psychophysics and quantitative sensory
testing) and objective measures, for example, the bioanalysis of biomarkers through mi-
crodialysis, skin micro biopsy, or imaging studies. We employed the human dermal
microdialysis technique [153] and presented that BONTA inhibits the release of neurotrans-
mitters, e.g., glutamate, in human skin [114]. It is valuable to understand how BoNTs
interact with various cell types, including immune cells and nerve endings. The modeling
of some dermatological conditions that accompany itch is not ethical in healthy humans;
therefore, it is proposed that at least selected measurement techniques be used in patients
pre- and post-BoNT treatments for the identification of the mechanism of action. These
conditions include, but are not limited to, post-herpetic neuralgia, notalgia paresthetica,
Hailey-Hailey disease, and psoriasis.

4.2. Rodent Surrogate Models of Itch—Antipruritic Effects of BONT

Animal studies [154] are of great importance to understand the underlying mecha-
nisms of pathogenesis and the action of drugs in humans. These models, however, can only
mimic limited aspects of pathogenesis and often accompany translational challenges from
animals to humans due to multiple factors, including species differences [155]. Considering
these limitations, several itch models [132] have been developed and tested in different ani-
mals, mainly rodents. These models resemble itch of both an acute and chronic nature and
have been employed to understand how itch is transmitted and how it can be targeted at
various points of transmission [156]. Followed by the discovery of Arthur and Shelley [151]
about the pruritogenic properties of cowhage, in 1963, Joglekar and colleagues [157] applied
cowhage ointment (5%) topically and reported the provocation of itching and scratching in
dogs. Since then, several models have been introduced, for example, bombesin-induced
itch in rats [158] and intrathecal morphine injection in monkeys [159]. An easy subcuta-
neous injection of pruritogen in experimental mice was introduced in 1995 by Kuraishi
and his colleagues [160], in which they selected the necks of mice where scratching bouts
using the hind legs could be quantified as the outcome. This model and similar ones
helped in the identification of neurotransmitters and neuromodulators of itch, as well as
itch signaling pathways. A long list of substances has been used to induce itching and
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scratching behavior, for example, serotonin [161], chloroquine [162], SLIGRL (Ser-Leu-Ile-
Gly—Arg-Leu, a proteinase-activated receptor-2 agonist) [163], interleukin-31 (IL-31) [47],
and phoenixin [164].

In addition, it is possible to develop animal models of diseases that accompany itch
and other symptoms to study mechanisms and treatment options. Among many disease
models, NC/Nga mice are, for example, used for studying AD-like skin lesions and atopic
dermatitis [165]. The modeling of psoriasis [166] has also been achieved with the aid of
a Toll-like receptor 7 agonist, imiquimod, which is applied to the backs of mice. Another
model is the dry skin model [167], which is induced by the application of a 1:1 mixture
of acetone and ether to the nape of mice’s necks. In addition to in vivo models, and the
behavioral outcomes of itch-evoked scratching [122], other measurements can be planned,
such as in vitro investigations, to help in the identification of cellular and molecular aspects
and changes following the application of various compounds to provoke or inhibit itch.

Although the antinociceptive effects of BoONTs have been extensively tested in animal
models of pain [168-170], the antipruritic effects of BONTs have only been investigated in a
couple of itch provocation and disease model studies. These studies have proposed the
potential antipruritic mechanisms of BoNTs to be the blockade of neurotransmitter release,
the blockade of mast cell degranulation, the downregulation of TRPs, and the inhibition of
neuroimmune key players, such as IL-17. In the following, these findings are presented
in detail.

In the study by Ramachandran and colleagues [171], compound 48/80 or chloroquine
was injected intradermally into mice to induce itch. The compound 48/80 is known to
induce mast cell-dependent scratching, while chloroquine is known to be a mast cell-
independent compound to provoke itching and scratching. The researchers applied both
BoNTA; and BoNTB; (1.5 U, intradermal injection) to test their effects on days 2, 7, 14,
and 21. In this study [171], saline was used as a control. They also investigated human
and murine mast cells in culture and investigated the direct effect of BoNTs in vitro [171].
This study identified the interaction of BoNTs with mast cells, and findings demonstrated
that both compound 48/80 and chloroquine provoked itching and scratching behavior,
and BoNTs could reduce these outcomes. An explanation of the mechanisms underlying
these effects, however, did not appear to be straightforward [171]. Pre-treatment with
BoNTA; and BoNTB; inhibited compound 48/80-provoked mast cell degranulation in
culture. This finding indicated that these toxins may directly affect mast cells and prevent
the degranulation of these cells. Since BoNTs target SNAREs, the authors [171] investigated
the target component of this complex by simulating the inhibition of SNAP-25 or VAMPs
by BoNTs A; and By, respectively. The mRNA expression of SNAP-25 in mast cell cultures
was very low in both cases of mice and human cell cultures. To confirm this finding, the
authors [171] performed immune staining for SNAP-25 and VAMPs, and the cleavage of
these isoforms became evident. The Western blot result, however, did not show SNAP-25
in mast cells, and there was no indication of BONTB; on mast-cell-expressed VAMPs. This
finding [171] raised speculation that BONTs may inhibit vesicular release from mast cells by
a mechanism other than the SNARE-related mechanism. The authors [171] speculated that
TRP channels might be involved [172,173], based on the literature exhibiting that BONTA;
inhibits TRPV1 receptor function. According to the authors [171], BoNTs may also inhibit
the depolarization-evoked calcium currents in mast cells. This can explain the inhibitory
effect on the compound 48/80-evoked response, because compound 48/80 induces mast
cell degranulation via calcium-dependent exocytosis [174,175]. Further investigation is
required to determine if BoNTs inhibit the degranulation of mast cells in itch via direct or
indirect mechanisms.

Another study [176] investigated the antipruritic effects of BONTA in itch models of
acute and chronic itch in mice. The authors applied compound 48/80, chloroquine, and
a mixture of acetone—diethyl and ether—water to provoke itch [176]. Intradermal BoNTA
could present a long-term inhibition of itch in both compound 48/80 and chloroquine
models of acute itch. The effect was seen from day 1 to day 14. Itch induced by acetone-
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diethyl ether-water was also reduced by BoONTA pretreatment up to day 14. To study the
potential mechanisms, the authors [176] looked at the levels of receptor expression in mice
dorsal root ganglia, where they found that BONTA could reduce the expression of TRPV1
and TRPA1 in both acute itch models provoked by compound 48/80 and chloroquine.
However, in the dry skin model of chronic itch, BONTA only reduced the DRG upregulation
of TRPA1 [176]. Collectively, based on these findings [176], the authors proposed that,
at least in part, the downregulation of TRPA1 and TRPV1 in DRG can contribute to the
antipruritic effects of BONTA.

A recent study [177] employed one of the disease models, psoriasis, and investigated
if BONTB could interfere with the immune axis of IL-23/Th17, which is proposed to act
as one of the primary modulators in psoriasis [178]. The study investigators [177] applied
imiquimod to artificially model psoriasis-like dermatitis [179] in mice. Following pre-
treatment with BoNTB, they found the significant suppression of cytokine production in
skin lesions. In addition, the cell counts for CD4+ T cells, CD11c+ dendritic cells, and
IL-17 were reduced dramatically [177]. The authors also found that BONTB reduced the
expression of substances P and CGRP on PGP9.5+ nerve fibers, which are reported to be
increased in the lesions of psoriatic skin [180,181]. Results from this study [177] emphasize
the importance of the neuroimmune system in psoriasis and that BONTB via inhibitory
action on this system could reverse the condition of lesioned skin. In this study, however,
itch or scratch behavior was not measured, and the effect of BONTB was mainly based on
the scoring of erythema, scale, the thickness of skin, and overall scale [177]. Therefore, it is
speculated that BONTB in this study might have also reduced itch and scratch behavior
in mice.

The cleaving effect of BONTs on SNARE has also been proposed as an ideal long-lasting
solution to break a vicious cycle of immune-nerve communication in pathologic conditions
such as AD [182]. BoNTA also blocks substance P and CGRP release [183], similar to what is
observed for BONTB [177]. BONTA can also prevent the upregulation of TRPA1 and TRPV1,
which occurs following the activation of Thy by cytokines [184] and breaks the vicious
cycle of neuro-immune contribution in AD [182]. It is reasonable to consider that when
SNAP-25 is cleaved by BONTA, the release of natriuretic peptide (BNP) from pruriceptive
neurons is inhibited [185], and this results in blocking itch transmission. BNP is known
to potentiate TRPV3 expression on keratinocytes, and it is proposed that BoNTs, most
likely B and D serotypes, can prevent this by cleaving VAMPs [186] (vesicle-associated
membrane protein).

Although a large amount of research work remains to be done regarding the antipru-
ritic effects of BoNTs, we can benefit from the knowledge accumulated about antinoci-
ceptive effects of BoNTs at the cellular and molecular levels. Considering this, one study
looked into the neuron—glia modulation of LPS-induced pain and the effect of BONT [187].
Results from this study showed that BONTA reduced the LPS-induced phosphorylation
of p38, ERK1/2, and NF-B and blocked the release of pro-inflammatory IL-1, IL-18, and
IL-6. Interestingly, it also blocked the release of anti-inflammatory IL-10 in microglia [187].
The authors [187] explained the action of BONTA in glial cells to be related to the acti-
vation of TLR2 and TLR4 receptors. An interesting finding of this study [187] was that
the activation of TLR2 in astroglia requires a microglial TLR4 receptor [187]. This can be
similarly investigated in itch provocation models to further identify glial roles in itch [188]
and the modulatory role of BoNTs on these cells in the peripheral and central nervous
system to inhibit itch. For example, we investigated the expression of SNAPs on satellite
glial cells (SGCs) in the trigeminal ganglia and found that BONTA can inhibit the vesicular
release of substances from these cells in vitro [113]. Such findings can add value to the
identification of peripheral components of itch transmission in sensory ganglia (trigeminal
and dorsal root ganglia). Moreover, differences and commonalities can be investigated to
determine if the region plays a role in anti-pruritic response within spinal-innervated or
trigeminal-innervated areas. This type of investigation can, for example, also address po-
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tential mechanisms underlying conditions such as psoriasis, where inverse psoriasis [189]
might show a better response to BoONTs compared with psoriasis.

The central effects of BoNTs, following their peripheral administration, have been the
subject of debate in the literature, and a consensus has not yet been reached as to their
direct or indirect effects [190-192]. A 2018 review by Caleo and Restani [191] summarizes
studies that have so far provided evidence of the retrograde transport of BONTA after
its peripheral injection and that this process might contribute to the clinical effects of
BoNTA through a direct action on the central circuits [191]. It is yet to be determined if this
or other mechanisms can be involved in the effects of centrally mediated itch in clinical
conditions such as chronic neuropathic itch [57,193]. Independent of the direct or indirect
mechanism of action, it has been proposed that central alterations made by BoNTs can offer
therapeutic applications to pathological conditions that are maintained by maladaptive
plastic changes, such as neuropathic pain [194,195] or neuropathic itch [57,193], which are
both difficult to treat. The accumulation of mechanism-based evidence with high-quality
data can potentially lead to the approval of BoNTs for the treatment of itch [43,60,67]
most likely in chronic itch states and in troublesome conditions that are resistant to other
treatment options. Figure 4 depicts an overview of the potential action points of BoNTs to
exert antipruritic effects. Questions marks indicate uncertainty or unknown areas in the
available literature, where further investigation is required for clarification.

Non-neuronal cells and

Immune cells Skin cells

Vasomotor and
Autonomic response

Itch perception?

Peripheral
components

ltch-related behavior? %/;,
Secondary consequences Sensory neurons and
(sleep, mental state, etc.)? neurotransmitter/neuropeptide

release
BoNTs

Unknown mechanisms

Figure 4. Proposed antipruritic mechanisms of BoNTs. Peripheral components of itch have been
studied extensively, and the literature provides evidence of the beneficial effects of BONTs on these
components, such as blocking the release of neurotransmitters and neuropeptides (pruritogen,
itch mediator) and blocking the vasomotor and autonomic components of itch. Spinal cord and
brain components of itch are being actively investigated, and animal experiments and imaging
studies are revealing components of itch mechanisms, transmission, and perception in addition
to itch behaviors and emotional response. Limited evidence in the literature points to potential
direct/indirect itch inhibitory effects of BoNTs in the central nervous system and these elements
(transmission, perception). Some unknown complex mechanisms might also exist that can indirectly
lead to antipruritic effects of BoNTs, which are yet to be determined. For details of this simplified
schematic, please refer to the text.
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5. Conclusions and Future Perspectives

Most of the clinical studies presented in the literature show potential for the benefi-
cial effects of BoNTs against itch and dermatological pathologies with itch as a cardinal
symptom. High-level evidence, resulting from well-designed conducted studies, will most
likely lead to the enhancement of the grade of recommendation to the point that BoNTs
can be approved for their antipruritic efficacy [60,67]. The long-lasting effects of BoNTs
after administration appear to be in favor of patient compliance, but the cost might be
inhibitory for regular use, in addition to responsiveness to other available compounds
with comparative effects to BONTs. Theoretically, it makes sense to evaluate each pruritus
condition prior to the selection of or switching to BoNTs. Safety considerations are also
crucial. The overall consensus is that BONTs are generally safe if used following the rec-
ommended dose and interval, but the risks and benefits must be weighted and justified
in each case [196]. It is predicted that the present and near-future focus will be directed
towards conditions with itch where stronger evidence is available for the choice of BONTs
against itch. This is a positive reason to conduct studies with a proper design. Points to be
considered can be moving toward study designs that can provide higher-grade evidence,
i.e., randomized controlled trials (RCTs) instead of observational, open-label, or case-based
studies. Blinding, and considering a placebo or control arm would minimize bias and
enhance the validity of results. This method can also help in determining the existence
or proportion of a placebo effect. Power calculation, the effect size for treatment, and
sample size determination will result in sufficient study size and limit the potential for false
positive or false negative results as a consequence of poor study power or small sample size.
A well-defined inclusion and exclusion criteria will also help in recruiting study participants
who are the target group for testing the study hypothesis as if BONTs can exert beneficial
antipruritic effects. In this line, multi-center studies that enable the recruitment of a large
number of participants can be helpful. Confounding factors, such as gender, age, and ethnic
background of participants must be considered and reported to permit the identification of
responders versus non-responders. The administration dose and interval of dosing (single
or repeated injections), and optimal way of delivery (e.g., intradermal or subcutaneous),
must also be justified and included in the study design. Current studies lack a unified
description of the location and dosage for the application of BoNTs. In terms of outcome
measures, the antipruritic effect seems to be a proper and important primary outcome.
However, discrepancies still exist in the application of validated or approved measurement
tools. Hence, it is valuable to describe in sufficient detail how the outcomes are measured.
Secondary outcomes can also be defined and described. For example, sleep quality can be
determined as a secondary outcome for the antipruritic effect as itch disturbs sleep and
reduce the quality of sleep. Well-defined study outcomes would allow for comparisons
between studies or meta-research (e.g., meta-analysis) in the future. BoNTs injections are
considered safe and well-established in the cosmetic field for example for facial wrinkles,
however, it is important to consider safety measures in the next trials investigating the
antipruritic effects of BoNTs. Collecting information such as patient satisfaction, or the
presence of tingling or bleeding during the injections can help in the determination of
benefits versus challenges or any potential risks.

The clinical practice reports show the main use of BoNTs for localized chronic pruritus
in a diverse range of dermatological conditions such as burns, scars, lichen simplex, and in-
verse psoriasis. However, the therapeutic response to BoNTs for itch of non-dermatological
origin [197] and itch as a systemic disease [198] (e.g., renal, liver, endocrine-metabolic
diseases, and hematologic-lymphoproliferative diseases) can also be investigated. BoNTs
could be a potential option when multiple symptoms are presented at the same time in
patients, for example, in cosmetic and non-cosmetic surgeries, where multiple complex
mechanisms including sensory alterations are involved (e.g., wound healing and ulcer
treatment [199]. It has even been claimed that “if there was ever a drug that was likely to affect
every cell of the body, this is BONT” [200].
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Preclinical surrogate models of itch in humans and laboratory animals confirm that
BoNTs are capable of preventing itch. Animal studies, in particular, could enrich our
understanding of the mechanisms of BoNTs antipruritic effects, and provide evidence
on acute and chronic itch prevention using BoNTs. These studies have also provided a
platform for the investigation of the peripheral and central effects of BoNTs and their
potential antipruritic mechanisms. The current understanding is that BoONTs potentially
inhibit itch at several levels, through the blockade of neurotransmitter and neuropeptide
release; the blockade of mast cell degranulation; the downregulation of TRPs; and the
inhibition of key players in the neuro-immune system, such as cytokines and interleukins
involved in itch, as well as the Thy cytokine-induced release of itch-promoting substances,
such as BNP. Independent of uncertainty around the direct or indirect central role of BoNTs,
accumulating evidence highlights the potential role of peripheral and central glia in itch
and the potential modulatory role of BoNTs.

Surrogate and preclinical models of itch can help in further studying the roles of neu-
ronal and non-neuronal (e.g., glia) components and their interactions in the development
and maintenance of chronic itch, and how BoNTs and other potential targets can prevent or
stop it. The field of itch pathogenesis and treatment [130] is active, and new formulations of
botulinum toxins with desirable safety profiles and enhanced potency are emerging [201].
The crossover of these two fields offers an exciting horizon for multifold potentials in the
future of chronic itch treatment and widening the medical indications of BoNTs.
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Abstract: In recent years, numerous studies have highlighted the significant use of botulinum neuro-
toxins (BoNTs) in the human therapy of various motor and autonomic disorders. The therapeutic
action is exerted with the selective cleavage of specific sites of the SNARE’s protein complex, which
plays a key role in the vesicular neuroexocytosis which is responsible for neural transmission. The
primary target of the BoONTs’ action is the peripheral neuromuscular junction (NM]J), where, by
blocking cholinergic neurons releasing acetylcholine (ACh), they interfere with neural transmission.
A great deal of experimental evidence has demonstrated that BoNTs are also effective in blocking the
release of other neurotransmitters or neuromodulators, such as glutamate, substance-P, and CGRP,
and they can interfere with the function of glial cells, both at the peripheral and central level. The
purpose of this review is to provide an update on the available experimental data from animal models
that suggest or confirm the direct interactions between BoNTs and glial cells. From the data collected,
it appears evident that, through mechanisms that are not yet fully understood, BoNTs can block
the activation of spinal glial cells and their subsequent release of pro-inflammatory factors. BoNTs
are also able to promote peripheral regeneration processes after nerve injury by stimulating the
proliferation of Schwann cells. The data will be discussed in consideration of the possible therapeutic
implications of the use of BoNTs on those pathological conditions where the contribution of glial cell
activation is fundamental, such as in peripheral and central neuropathies.

Keywords: botulinum; glia; peripheral nervous system; central nervous system; animal models

Key Contribution: This review constitutes an update on research concerning the possible interactions
between botulinum neurotoxins and both peripheral and spinal glial cells, mainly Schwann cells,
microglia, and astrocytes. The data covered in this review can help us to understand the mecha-
nisms underlying the interaction between BoNTs and glial cells. A better understanding of these
mechanisms may form the basis for the further use of BoNTs for therapeutic purposes.

1. Introduction

Botulinum neurotoxins (BoNTs) are produced by clostridium botulinum in the sub-
types of seven serotypes, named from A to G [1,2], in addition to the recently characterized
serotype X, and a certain number of chimeric neurotoxins [3,4]. In this paper, the different
types of BoNTs will be reported using the acronym BoNT/Y, where Y stands for serotypes
A to X. If the subtype is not specified, then the acronym BoNTs will be used in a generic
manner; where necessary, the commercial name will be used.

All BoNTs have similar structure, consisting of two chains (L-chain, 50 kDa, and
H-chain, 100 kDa) that are linked by a single disulfide bridge, with the L-chain being the
catalytic domain and the H-chain being the receptor-binding and translocation domain [5].
BoNTs act as powerful blockers of synaptic vesicle fusion at the peripheral neuromuscular
junction (NM]), where they block the release of acetylcholine (ACh). Inhibition of vesicular
ACh release is achieved via the cleavage of SNARE proteins, which constitute the protein
complex essential for the vesicular release evoked by the action potential at the NM]J.
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Different BoNT serotypes cleave different SNARE proteins: BONT/B, D, F, G, and X cleave
VAMP at single and different sites; BONT/C cleaves both syntaxin and SNAP-25, whereas
BoNT/A and E cleave SNAP-25 at different sites [6].

In recent years, many basic scientific studies, and a great deal of clinical evidence,
demonstrated that, apart from the canonical anticholinergic effects at the NMJ, BoNTs are
effective in inhibiting the ACh release at sites other than the NM]J, in addition to inhibiting
the release of neurotransmitters other than ACh [7]. Currently, there is no doubt that BONTs
can block the release of excitatory neurotransmitters and neuropeptides, such as glutamate,
substance-P, and CGRP. These substances, along with certain actions, are strongly involved
in pain modulation [8]. Moreover, the finding that BONTs may block their release provided
studies, that were conducted on both animal models and in clinics [9,10], with the impetus
to suggest the use of BoNTs as an analgesic for chronic pain conditions that did not respond
to other analgesic drugs; therefore, BONTs have been suggested as a third line analgesic
treatment [11].

Many studies have provided evidence for the fact that, apart from the canonical
action on neurons, BoNTs may interact also with glial cells, both in the central (CNS)
and peripheral (PNS) nervous system. Historically, the first evidence for an interaction
between BoNTs and glial cells, came from a series of in vitro studies in cultured astrocytes.
Jeftinija et al. [12] demonstrated that the pre-treatment of cultured astrocytes with BONT/A
or BoNT/C decreased both the baseline and the bradykinin-evoked release of glutamate.
Verderio et al. [13] demonstrated that BONT/B and BoNT/F are internalized to culture
astrocytes, whereas Araque et al. [14] demonstrated that a microinjection of cultured
astrocytes with light chain BONT /B strongly reduced SNARE protein-dependent glutamate
releases. Moreover, it was demonstrated that BONT /A also reduced the extracellular high
K*-induced increase in glutamate that was released from the astrocytes [15]. Other in vitro
studies showed that BONT/A blocked the uridine triphosphate-stimulated ATP release
from both cultured astrocytes that were isolated from rat cortexes [16] and Schwann cells
(SCs) that were cultured from the sciatic nerve [17]. An additional effect of BONT/A on
cultured SCs was found by Marinelli et al. [18]; in ex vivo experiments, Marinelli et al. [18]
found that, after a peripheral injection of BONT/A in mice that were subjected to a ligature
of the sciatic nerve, cleaved SNAP-25 co-localized with astrocytes. This finding has been
considered as strong evidence for the possible transcytosis of BONT/A from neuronal cells
to astrocytes. Blocking the release of astrocytic glutamate from BoNT /A may contribute to
the reduction of pain.

As the aim of this review is to give a description of the current findings on the
interaction between BoNTs and glial cells, further evidence will be discussed below. Given
that there may be a possible therapeutic application of BoNTs, regarding pathologies in
which glial cells are deeply involved in the onset and maintenance of the disease, particular
emphasis will be given to the evidence concerning the direct effects of BoNTs on glial
activation for the treatment of neuropathic conditions and/or neuronal lesions. Finally,
given the fact that the last review on this subject dates back to 2018 [19], this descriptive
review aims to update the current literature, starting from 2018, with the aim to stimulate
future studies on this important topic.

2. Search Strategy and Inclusion Criteria

The online search was conducted on the databases PubMed /MEDLINE, ScienceDirect,
Scopus, and Web of Science, and it included articles from January 2018 up to September
2022. The search on the databases were performed using all paired combinations of the term
‘botulinum” with (AND) one of the following terms: ‘glia’, ‘glial’, ‘microglia’, ‘macroglia’,
‘astroglia’, “astrocytes’, ‘oligodendrocyte’, ‘Schwann’, ‘satellite glia’, ‘ependymal’, ‘radial
glia’, and ‘enteric glia”. The experimental articles included both animal-based and clinical
studies; the only studies which were excluded were those that were conducted with
botulinum C3, a toxin which secretes the enzyme C3, that selectively causes the mono-ADP-
ribosylation of the small GTPases Rho-A, -B, and -C, thus inhibiting cell-Rho signaling.

112



Toxins 2022, 14, 704

neuron -

oligodendrocyte i

microglia 2=

astrocyte

|

"

Ine

Such exclusions are justified given the fact that the mechanism of action for the botulinum
toxin C3 is completely different from that of classical BONTs, which act on SNARE proteins;
this is the focus of the present review.

3. Glia

Glia are non-neuronal cells existing both in CNS and PNS (Figure 1). The main
difference between glia and neurons, is that glial cells do not produce action potentials, and
thus, for many years, their function was considered to be exclusively structural, providing
only functional and protective support for neurons. For this reason, they were named “glia”,
which is a Greek translation for “glue”. The “gluing” function of glia is now considered
to be minor, and it has been widely recognized that glial cells are actively involved in the
modulation of the neuronal environment, and the regulation of many neuronal functions,
such as the nerve firing discharge, brain plasticity, the immune and inflammatory response,
the formation of the myelin sheath of axons, and recovery from nerve injuries [20]. Different
types of glial cells play different specific roles.

Central Nervous System Peripheral Nervous System

- L Schwann cell
| . 2
‘ - satellite glial cell #%

ganglion ...
e
v
—

Figure 1. Diagram of the main types of glial cells in the central and peripheral nervous system. In
the CNS, glial cells include astrocytes, oligodendrocytes, and microglia, whereas in the PNS, the
glial cells include SCs and SGCs. Other glial cells such as ependymal, radial, and enteric glial cells
are not depicted in this diagram. Parts of this figure were composed using pictures from Servier
Medical Art (accessed on 18 July 2022 from http://smart.servier.com), a free service provided by Les
Laboratoires Servier (accessed on 18 July 2022 from http:/ /www.servier.com). Servier Medical Art is
licensed under a Creative Commons Attribution 3.0 Unported License (accessed on 18 July 2022 from
https:/ /creativecommons.org/licenses /by /3.0/).

Glial cell types belong to two main categories: macroglia and microglia. Macroglia are
involved in the regulation and optimization of neuronal function, whereas microglia have
phagocytic properties and help make the neuronal environment safer. Macroglia exist in
four main forms in the CNS, namely, the oligodendrocytes, astrocytes, ependymal cells,
and radial glia. In the PNS, they exist in three main forms, namely, the Schwann cells,
satellite glial cells, and enteric glia.

Oligodendrocytes are cells that line axons in the CNS with their cell membrane, which
forms the myelin sheath, thus allowing electrical signals to propagate along axons more
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efficiently [21,22]. A single oligodendrocyte provides insulation for multiple neurons.
Oligodendrocytes also support the metabolic needs of the axons in nerve cells [23].

Ependymal cells form layers that delimit the space in brain ventricles and the spinal
cord with a continuous sheet of epithelium [24,25]. The main function of ependymal cells
is the production of cerebrospinal fluid [26]. Since they are ciliated cells, they help to
distribute neurotransmitters and hormones, and they also contribute to osmotic control
within the brain via the regulation of glucose and the uptake of ions [24].

Radial glia comprise a subgroup of glial cells that include Bergmann and Muller
cells. Radial glia are only found in specific areas of the CNS [27], namely, the cerebellum
(Bergmann cells) and retina (Muller cells), where they modulate neurotransmission and
optimize how information is processed. During brain development, radial glia also function
as neuronal stem cells [28].

Astrocytes, also called astroglia, are the most abundant type of macroglia in the
CNS [29]. They regulate the external chemical environment of neurons by recycling the
neurotransmitters that are released during synaptic transmission [30]. Astrocytes are also
involved in vasoconstriction and vasodilation, which are actions that occur after substances
such as arachidonic acid have been produced, as their metabolites are vasoactive. They also
connect neurons to blood vessels and help to maintain the permeability of the blood-brain
barrier, where they sense the levels of glucose and ions and regulate their flow into, or out
of, the brain [31].

Schwann cells (SCs) in the PNS operate similarly to the oligodendrocytes in the CNS.
They provide myelination to nerve axons and they modulate the extracellular fluid [32].
Unlike oligodendrocytes in the CNS, where a single oligodendrocyte myelinates multiple
axons, a single axon in the PNS is myelinated by multiple SCs. SCs not only have a
myelinating function, but they also exhibit phagocytic activity. In fact, together with the
infiltrating macrophages, they help to clear cellular debris after neuronal lesions, thus they
favor the regrowth of PNS neurons [33].

Satellite glial cells (SGCs) are small, flattened cells found in the PNS, where they
surround sensory and autonomic ganglia. These cells, which help to regulate the external
chemical environment, are highly sensitive to injury and inflammation, and they appear
to contribute to pathological states, such as acute and chronic pain [34]. In some respects,
their functions are similar to the astrocytes in the CNS [35,36]. In sensory neurons, SGCs
regulate K* levels, and the neurons respond to the evoked potentials [37].

Enteric glial cells are found in the lining of the intestines, among the enteric ganglia in
the digestive system, in smooth muscle layers, and in gut mucosa. They have many roles
that are related to homeostasis and the muscular digestive processes in the enteric nervous
system [38]. They are implicated in peristalsis, and they encourage contact between the
different cells of the intestinal wall [39]. Enteric glia are also involved in the pathogenesis of
inflammatory diseases concerning the enteric nervous system, such as inflammatory bowel
diseases, and of functional gastrointestinal diseases, such as irritable bowel syndrome [40].

Microglia are found in all regions of the brain and spinal cord. Microglia are specialized
macrophages that are capable of phagocytosis, which eliminates cellular debris and toxins,
thus protecting CNS neurons [41]. Microglia are small, relative to macroglia, with changing
shapes and oblong nuclei [42,43]. As macrophages, microglia hold fundamental roles
in terms of nervous tissue immunity and inflammatory responses [44]. They are also
implicated in many other processes that are involved in the optimization of different brain
circuits which enable cognitive development. In fact, microglia perform their “cleaning
action” by phagocyting previously formed synapses that are no longer useful [45].

4. Interactions between BoNTs, Microglia, and Astrocytes

The main evidence for the interactions between BoNTs, astrocytes, and microglia
comes from studies on pathological pain in animal models. Pathological pain is charac-
terized by an amplified response to normally harmless stimuli and an amplified response
to acute pain. With conditions that cause pathological pain, which results from a dys-
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function in the neuronal activity of sensory neurons, the activation of spinal glial cells,
microglia, and astrocytes, contributes to the development and maintenance of chronic
pain [46—49]. Glial cells are activated by the neuronal release of neuromediators, including
substance P, glutamate, and fractalkine. The activated glia may release other mediators that,
via a feedback action on glia and neurons, produce an amplification of the pain signals.
Critical mediators that sustain the amplification of pain have been demonstrated to be
pro-inflammatory cytokines [50,51]. In a previous review, Rojewska et al. [19] provided a
detailed analysis of the evidence that shows a modulatory interaction between BoNT/A
and microglia, astrocytes, and neurons under neuropathic pain conditions; they had a
particular interest in clarifying how BoNT/A may affect spinal neuron—glial interactions.
Starting with the review of Rojewska et al. [19], which gives a comprehensive review on
these topics before 2018, the current chapter of this review aims to provide an update on
the effects of BONTs on microglia and/or astrocytes by using the findings of newer studies.

Before analyzing the interaction between BoNTs and microglia in detail, some prelimi-
nary fixed points must be addressed. It is well recognized that, under pathophysiological
conditions, microglia can act in two different forms: a classic pro-inflammatory phenotype
and an alternative anti-inflammatory phenotype [52,53]. As a pro-inflammatory phenotype,
microglia release TNF-o, IL-1$3, IL-12, IL-23, and pro-inflammatory cytokines, which exac-
erbate inflammation and tissue injury. In contrast, as an anti-inflammatory phenotype, they
release TGF-§3, IL-4, IL-10, II-13, VEGE, BDNF, PDGF, anti-inflammatory cytokines, and
growth factors, which suppress inflammation and promote tissue recovery, respectively [47].
Differentiation of microglia towards the pro-inflammatory phenotype often occurs dur-
ing neuropathic pain, and a transition from a pro-inflammatory to an anti-inflammatory
phenotype may represent an innovative therapeutic strategy for relieving neuropathic
pain [19,47].

In a neuropathic pain model that involved a chronic constrictive injury (CCI) to the
sciatic nerve of a rat, Gui et al. [54] found that the subcutaneous injection of BONT/A
(10-20 U/kg Botox® into the metatarsal surface; three days after CCI) promoted the polar-
ization of a microglial to become an anti-inflammatory phenotype. This finding correlated
with the decreased expression of the microglial purinergic P2X7 receptor, along with the
increased mechanical withdrawal threshold and thermal withdrawal latency. The reduced
expression of P2X7 receptors was also confirmed by in vitro assays performed in a mi-
croglial cell line stimulated by lipopolysaccharide (LPS). The exact mechanism by which
BoNT/A reduced the expression of P2X7 receptors, and thus, the mechanism that caused
the microglia to become an anti-inflammatory phenotype, remains unknown. In another
report from the same laboratory [55], the authors confirmed that BoONT/A attenuated
CCl-induced neuropathic pain in rats by slowing the release of pro-inflammatory factors
from activated microglia, as well as mitigating the expression of SNAP-23. Reducing the
SNAP-23 expression in microglia occurs by targeting toll-like receptor 2 (TLR2), and its
adaptor protein, MyD88. Toll-like receptors are normally expressed in immune and glial
cells, where they regulate innate and adaptive immunity.

It is worth considering that the Botox dose used in references [54,55] appear particu-
larly high. In fact, the dose of 20 U/Kg would represent a dose of 1500 units for a 75 Kg
adult, which is exceptionally high (15 vials of 100 U per vial). In light of this, translating the
results in references [54,55] from rats to humans seems questionable; however, it should be
also noted that doses of BONT/A in animal models cannot be simply converted into thera-
peutic doses for humans on the basis of weight ratios, rather, they must be appropriately
chosen on the basis of toxicity criteria.

The role of TLR2-mediated neuroinflammation was also evidenced by Chen et al. [56],
who demonstrated that the unilateral subcutaneous facial injection of BONT/A (0.18 U of
Lanzhou manufactured BoNT/A into the whisker pad), in a trigeminal neuralgia model
induced by CCI of the distal infraorbital nerve in mice, attenuated bilateral trigeminal
neuropathic pain behaviors and inhibited the upregulation of microglia in TLR2 expression.
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Altogether, these results are confirmed by the findings of Piotroska et al. [57], who
revealed that BONT/A inhibits the expression of pro-inflammatory factors through the
modulation of NF-kB, p38, and ERK1/2. Moreover, it interacts with the TLR2/MyD88
signaling pathway, thus resulting in the decreased expression of SNAP-23 in LPS stimu-
lated microglial cells. The results from Piotroska et al. [57] are in line with the results of
Hepp et al. [58], who reported that SNAP-23 replaces SNAP-25 in microglia and oligoden-
drocytes. The effects of BONT/A on SNAP-23 seem to contrast with the natural molecular
targets of BONT/A in neuronal cells (i.e., SNAP-25); however, when analyzing the structural
features of SNAP-25, and its non-neuronal SNAP-23 isoforms, which include the murine
mSNAP-23 and human hSNAP-23, Vaydianathan et al. [59] found that BONT/A was ef-
fectively able to cleave the non-neuronal mSNAP-23, but not hNSNAP-23. Additionally,
BoNT/E was more efficient than BoONT/A in cleaving mSNAP-23. Notably, if BONT/A was
only able to block microglial mSNAP-23, this finding would pose an important limitation,
in that it would highlight the difficulty in translating these results to a therapeutic setting for
humans, from a pharmacological perspective (i.e., regarding the possibility of interacting
BoNT/A with microglia as an alternative method to treat chronic pain). Further research is
needed to clarify these points.

In a rat model involving a spinal cord injury (SCI), Yu et al. [60] observed that the com-
bined application of BONT/A (injection of two doses of 1.25 U of Botox® around the SCI site
and forelimb muscle) and minocycline, an antibiotic agent that also has anti-inflammatory
properties, synergistically reduced neuropathic pain and apoptosis by inactivating the glial
cells. In further detail, the authors found that the combination of BONT/A and minocycline
promotes the expression of the SIRT1 cell signaling pathway, inactivates the NF-«B, P53, and
PI3K/AKT signaling pathways, and attenuates an inflammatory response and oxidative
stress. These combined effects greatly enhance the therapeutic effect of the two drugs.

Feng et al. [61] showed that a single intraplantar, or the intrathecal, pre-administration
of BONT/A (0.5-1 U/kg of Botox®), in a rat that was subjected to a partial sciatic nerve
ligation (PSNL) pain model, significantly prevented PSNL-induced allodynia and thermal
hyperalgesia, together with a reduced upregulation of pro-inflammatory cytokines in the
spinal cord, dorsal horn, and dorsal root ganglions (DRGs). In order to determine the direct
effect of BONT/A on microglia and/or astrocytes, the authors also performed an in vitro
experiment on the LPS-activated glial cells that were treated with BONT/A (1-2 U/mL of
Botox®). They found that BoONT/A significantly inhibited the activation of LPS-activated
microglia and reduced the release of TNF-«, IL-6, I-13, iNOS, and MIP-1«, without any
effect on the astrocytes’ activation. This latter result appears to be in contrast with findings
that detect the cI-SNAP25 immunoreaction after treatment with BoONT/A, both in LPS-
activated astrocytes [56] and in spinal astrocytes, either in CCI pain models [18,62] or
in spinal cord injury models [63]. Interestingly, Finocchiaro et al. [64] reported a strong
reduction in the activation of spinal astrocytes, a study which also involved CCI mice
that were treated with BoNT/B (intraplantar injection of 7.5 pg/mouse of 150 KDa of
purified BoNT/B). Conversely, no difference in the expression of resting and activated
microglia were observed in CCI mice treated with BoONT/B. The discrepancies observed in
the different BoNTs serotypes may depend on the different targets of the toxins, namely,
SNAP-25 for BONT/A and VAMP-2 for BoNT/B, and the different expressions of these
targets in neuronal and non-neuronal cells.

The possible interaction between BoNTs and glial cells was not only analyzed in the
context of neuropathic pain, but also in the context of inflammatory pain. In a chronic
inflammatory pain model, which involved an intraarticular injection of a solution of com-
plete Freund’s adjuvant (CFA) into the ankle joint cavity of the left leg of a rat, Shi et al. [65]
observed that an intraarticular injection of BONT/A (5-10 U/Kg of Botox® into ankle
articular cavity) reduced CFA-induced pain-related behaviors in a dose dependent manner.
Similar behavioral effects were achieved by blocking the activation of spinal microglia and
reducing TNF-«. Furthermore, the authors found that the effect of BONT/A on spinal mi-
croglial activation was associated with the inhibition of spinal microglial P2X4R-P38SMAPK
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intracellular signaling pathways. Similarly, in a model that involved antigen-induced
arthritis of the temporomandibular joint (TM]) in rats, which was induced by injecting
and emulsifying CFA and methylated serum albumin, Munoz-Lora et al. [66,67] found
that the intra-TMJ injection of BONT/A (7 U/Kg of Botox®, or 14 U/Kg of Dysport®)
was able to reduce the P2X7/Cathepsin-S/Fractalkine microglia-activated pathway in the
trigeminal subnucleus caudalis. Moreover, BONT/A also reduced the protein level of IL-1f3
and TNF-«.

In all the studies presented thus far, the exact mechanism by which the peripherally
injected BONT/ A reaches the spinal cord, where it may block both neuronal synaptic release
and spinal glial activation, is not yet completely understood. As has been suggested in
many studies that have used animal models [68], a direct central effect of the peripheral
administration of BONT/A is conceivable as a consequence of its retrograde transport
along the axons of sensory neurons and its subsequent transcytosis to neuronal and non-
neuronal spinal cells, where it can block both the release of neurotransmitters and the
activation of spinal glia cells. It should be noted that, although the retrograde transport
of the toxin can be evoked as a mechanism by which the peripheral toxin can reach the
spinal cord in animal models, for obvious reasons, it is desirable that this does not happen
in humans. The retrograde transport of the toxin from the peripheral injection site, which is
an uncontrollable event, is an undesirable adverse effect, and in practical medicine, every
effort is aimed at ensuring that this event does not occur. In light of this, it is unthinkable
to consider the possibility of translating this type of mechanism, which concerns the
toxin—glial cell interaction, for use in a clinical setting. Nonetheless, this problem could
be circumvented by synthesizing new chimera toxins, which, if they are successfully
designed to recognize specific receptors, may selectively target glial cells. In recent years,
the development of engineered toxins has become the subject of intense research in the
field of botulinum toxins, and it is desirable that this continues further [69-71].

5. Interaction between BoNTs and Myelin Forming Cells

Oligodendrocytes and SCs are the myelin-forming cells within CNS and PNS, respec-
tively. A recent paper on the therapeutic potential of BONT/A in counteracting paralysis
and neuropathic pain, which used a model involving spinal cord injuries (SCI) in mice,
analyzed the possible interaction between BoNT/A and oligodendrocytes [63]. Oligo-
dendrocytes are highly susceptible to spinal cord damage that is induced by traumatic
injury, and they easily undergo apoptosis as consequence of SCI [72]. Accordingly, Vacca
et al. [63] observed a massive expression of the apoptotic marker Caspase 3, which is
partially co-localized with oligodendrocytes, at the epicenter of the spinal impact. An
intrathecal injection of BONT/A (15 pg/mouse of 150 KDa purified BoONT/A in spinal cord)
significantly reduced Caspase 3 expression, thus indicating protection against apoptotic
processes. In parallel to this, the spared tissue was also abnormally myelinated, with a
consequent reduction in axonal conduction. As a reactive response, to induce the healing
of the injured spinal cord, the surviving oligodendrocytes produce a myelin basic protein
(MBP) [73]. Vacca et al. [63] found an increased expression of MBP in saline-treated SCI
mice, whereas in BONT/A-treated SCI mice, the MBP was approximatively at the same
level as the naive mice, thus indicating that there was support for the reduced reactivity of
oligodendrocytes due to a minor degree of degeneration.

In the last decade, convincing evidence that supports the interactive effect of BONT/A on
SCs proliferation has also been obtained, mainly in CCI neuropathic mice. Marinelli et al. [74]
showed that the intraplantar injection of BONT/A (15 pg of 150 KDa of purified BoNT/A/
paw) in CCI mice prompts the functional recovery of injured hindlimbs, accelerates regener-
ative processes, and enhances the expression of proliferative cells in sciatic nerve tissue. In
a subsequent study that was performed in naive mice, the mice underwent an intraplantar
injection of BONT/A (15 pg of 150 KDa of purified BONT/A/paw). Marinelli et al. [18]
detected cI-SNAP-25 along the nociceptive pathway, which started at the hind paw skin and
ended at the spinal cord. In particular, in the sciatic nerve, cI-SNAP-25 co-localized with a
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glial fibrillar acidic protein, which is a protein expressed in unmyelinated fibers and in de-
differentiated SCs after injury [75]. To determine if BONT/A may directly interact with the
proliferative state of SCs, Marinelli et al. [18] performed an in vitro experiment and found
that the ACh released from SCs was reduced using BONT/A, thus suggesting that BONT/A
may not only cleave SNAP-25 in neuronal cells, but also in SCs. In accordance with this
finding, the presence of SNAP-25 in SCs has been demonstrated by Barden et al. [76] who
found a receptor cluster located in SCs, which was composed by SNAP-25, together with
other SNARE proteins, N-type calcium channels, and P2X receptors. The ACh release from
SCs, which was reduced by BoONT/A, may affect the proliferation of SCs. With this in mind,
it should be noted that low levels of ACh in the environment that surrounds the SCs, stimu-
lates SC proliferation, whereas high levels of ACh arrests SC proliferation [77,78]. After CCI
in vivo, the ACh that is released from the SCs, and from axons undergoing myelination,
may be blocked by BoNT/A, thus causing a consequent reduction of ACh levels in the
microenvironment that surrounds the regenerating nerve. This finding was confirmed by
Cobianchi et al. [79], who observed that a single intranerve injection of BONT/A (15 pg of
150 KDa of purified BONT/A /paw) in mice stimulates the regeneration of myelin fibers
and the speed of axonal elongation after an injury to the peripheral nerve; this occurs due
to the activation and proliferation of SCs. Similar results were obtained by Seo et al. [80],
who observed an increased proliferation of SCs after an intranerve injection of BONT/A
(7 U/Kg of Botox®) in the crushed sciatic nerve of rats. It is notable that, in contrast to
what was observed with BONT/A, BoNT/B reduces the proliferation of SCs; this could be
explained by considering the different targets of the two BoNTs [64].

6. Interactions between BoNTs and Other Glial Cells

Regarding the SGCs, Da Silva et al. [81] demonstrated that trigeminal SGCs express the
docking proteins, SNAP-25 and SNAP-23. Moreover, authors observed that a pre-treatment
with different concentrations of BONT/A (medium containing 0.1, 1, 10, and 100 pM of
Botox®) inhibited, in a concentration-dependent manner, the ionomycin-evoked release
of glutamate from cultured SGCs, thus indicating a possible direct interaction between
BoNT/A and SCGs through the cleavage of SNAP-25 and/or SNAP-23, which would
inhibit the vesicular release of glutamate. With this in mind, SGCs appear as potential
targets for future therapeutic options in the treatment of chronic pain [82]. Another in vitro
study on cultured trigeminal ganglions (TG) demonstrated a direct interaction between
BoNT/A and sensory mechanisms [83]. Accordingly, the authors observed the expression
of both SNAP-25 and BoNTs receptor SV2-A in TG. The expression of SNAP-25 ed SV2-A
was also observed in sphenopalatine ganglions that were isolated from rats and human
autopsies [84]. Interestingly, a mixed expression was observed between rats and humans.
In rats, SV2-A was expressed in SGCs and SNAP-25 in neurons, whereas the opposite was
observed in humans. The significance of the differential expressions between SNAP25 and
SV2-A remain unclear. Among the other glial cells, namely, ependymal, radial, and enteric
glial cells, no evidence of a possible interaction between BoNTs and these cells has been
presented until now.

7. Summary

In this review, the most recent evidence that highlight a possible interaction between
BoNTs, mainly BONT/A, and glial cells was presented and discussed. Two main conclusions
can be drawn from the cited articles, which might be considered as the strengths of this
review. First, it is confirmed that BONT/A is able to block the release of neuroactive
substances, not only from neurons, but also from glial cells. This action can contribute, for
example, to the analgesic activity of BONT/A for chronic pain, during which the activation
of microglia and astrocytes, secondary to the onset of painful phenomenology, contributes
to the amplification and maintenance of chronic pain itself. Second, the interaction between
BoNT/A and glial cells is not only confined to microglia and astrocytes. In fact, although
there are still only a few studies on this matter, BONT/A can interact with the glial cells
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that are responsible for the reconstruction of the myelin sheath of neural axons, such as
SCs and oligodendrocytes, and thus the gradual restoration of the myelin function may
occur even after it has been subjected to traumatic injury.

Although the strengths of this review are undeniable, at the same time, it has some
weaknesses. First of all, unfortunately, there are still few publications on this topic. This
is why the explanation of the results presented in this paper can sometimes appear in-
complete and controversial. Secondly, since the effects of BoONTs on glial cells are very
complex, and due to the diversity of the models used and the diversity of the glial cells
themselves, it is impossible, at this stage, to formulate a unifying mechanism of action.
Despite these weaknesses, this review still aims to establish a starting point for stimulating
further research on the interaction between BoNTs and glial cells in order to elucidate the
mechanism of action, which is still far from being defined.

8. Concluding Remarks and Future Perspectives

Although it still seems utopian to think of using BoNTs as agents that are capable
of blocking the activation and release of pro-inflammatory substances from glial cells in
humans, the door is open in terms of conducting more research on this topic. Certainly,
this constitutes a field of investigation that is worth being continuously explored in order
to clarify questions, mainly regarding the mechanism of action of BoNTs, which are still
unsolved; for example, a fundamental contribution should come from a definitive clarifica-
tion of the hypothesized retrograde transport of BoNTs. In particular, it would be useful to
precisely clarify the following questions:

1. Are all the effects of peripheral BoNTs on central spinal glial cells solely due to direct
interactions that occur after the retrograde transport of BoNTs?

2. How should this retrograde transport be controlled so that it does not cause adverse
effects after the BoNTs are injected?

3. Which receptors on the membrane of the glial cell allow BoNTs to enter the glial cell
and exert their proteolytic effect?

4. Is the mechanism of action of BoNTs inside the glial cells, as has been widely demon-
strated at the neuronal level? Are there specific internal glial cell targets involved?

These are just some of the questions that future studies on this topic should answer.
On a final note, it is worth considering that, once again, this fascinating molecule, the
botulinum toxin, never ceases to amaze with its multiple applications. Given that the
therapeutic use of this molecule began in the 70s, with the pioneering work of Dr. Alan
B. Scott and colleagues, who applied BONT/A in the ophthalmological field, there are no
other molecules in nature that have shown such a variety of effects and therapeutic uses,
both registered and non-registered. Surely, in the future, BONTs will continue to surprise.
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Abstract: The aim of this study was to investigate the frequency of hemorrhagic side effects of bo-
tulinum neurotoxin A injections (BoNT/A) for the treatment of benign essential blepharospasm (BEB)
and hemifacial spasm (HFS) in patients taking antithrombotic drugs (ATD). A total of 140 patients
were included (female: 65%; BEB: 75%; mean age: 70 & 12 years). According to their current an-
tithrombotic medication, participants were either assigned to the ATD group (41%), or to the control
group (59%). The ATD group was further divided into subgroups depending on the medication
administered: acetylsalicylic acid, ADP receptor antagonists, direct oral anticoagulants, vitamin-K
antagonists, or dual antiplatelet therapy. The frequency of hemorrhagic side effects was recorded
by retrospective analysis of past treatments as documented in the patient’s file set in relation to
the number of past treatments (hematoma frequency of past treatments, HFer0) as well as by a
prospective survey capturing the side effects of one single treatment (hematoma frequency of actual
treatment, HF,,;a1). There was no significant difference in hematoma frequency between the ATD
group and the control group, neither for past (HF etro: ATD: 2%; 45/2554; control: 4%; 109 /2744) nor
for the current BONT/A treatments (HF .11 ATD: 30%; 16/53; control: 31%; 22/72). Even between
ATD subgroups, hematoma frequency did not differ significantly. Overall, hemorrhagic side effects
of the BONT/A treatment for BEB and HFS were mild and non-disabling.

Keywords: hematoma; botulinum neurotoxin; blepharospasm; hemifacial spasm; antithrombotics; an-
ticoagulants

Key Contribution: Botulinum neurotoxin A injections for the treatment of benign essential ble-
pharospasm and hemifacial spasm are not associated with more frequent hemorrhagic side effects in
patients on antithrombotic drugs; regardless of the agent; than in patients without these drugs.

1. Introduction

Benign essential blepharospasm (BEB), a focal dystonia, is characterized by increased
blinking due to overactivity of the orbicularis oculi muscle. In the course of time the invol-
untary muscle contractions may be prolonged, causing functional blindness [1-4], and may
spread to neighboring muscles (Meiges syndrome) [5,6]. Up until now the underlying cause
of the disease remains unknown. Depending on the geographical region, the prevalence of
BEB varies between 1.7 and 13.3 per 100,000 [7,8]. Women are predominantly found among
those affected. The first symptoms usually appear between the fifth and seventh decade of
life [9,10].

Hemifacial spasm (HFS) is characterized by mostly unilateral, involuntary contractions
of the facial muscles innervated by the facial nerve. These can appear as slight muscle
tremors, significant twitching or long-lasting muscle spasms of individual facial muscle
groups or half of the face [11-14]. HFS usually occurs due to compression of the facial
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nerve [15] caused by neighboring arterial vessels of the brainstem and cerebellum as well
as masses, cysts, or bony abnormalities [16-18]. According to Rosenstengel et al. (2012),
approximately 8000-9000 people in Germany suffer from HFS [19], corresponding to a
prevalence of 9.9-11.8 per 100,000 inhabitants. Women are particularly affected [19,20],
as are people over the age of 40 years [20,21].

The unsatisfactory effects of numerous oral drugs [13,22] and a significantly higher
complication rate of surgical interventions [1,13] make regular injections of BONT/A the
therapy of first choice for BEB and HSF [22,23]. For this purpose, three different prepara-
tions of BONT/ A are currently available in Germany: onabotulinum toxin (Botox®, Allergan
Pharmaceuticals, Dublin, Ireland), incobotulinum toxin (Xeomin®, Merz Pharmaceuticals
GmbH, Frankfurt/Main, Germany) and abobotulinum toxin (Dysport®, Ipsen Pharma,
Paris, France). To treat BEB and HFS, a combined subcutaneous-intramuscular injection
of the toxin in affected muscles is carried out. Since the paralytic effect is only temporary,
the treatment must be repeated at regular intervals of usually eight to twelve weeks [24].

Compared to the high therapeutic effect, adverse effects of BONT/A treatment oc-
cur rarely, are mostly mild, and are only of short duration [13,25]. This also applies to
subcutaneous bleeding and hematomas around the injection sites. However, there is
concern that patients on antithrombotic medication are at higher risk of subcutaneous
bleeding and hematoma. Antithrombotic therapy is used to prevent or treat thrombosis
in patients in a variety of clinical situations of different cardiovascular conditions [26],
and includes two major classes of drugs: anticoagulants and platelet aggregation inhibitors.
Antiplatelet agents prevent or delay the activation and aggregation of platelets and include
acetylsalicylic acid (ASA) and ADP receptor antagonists (ADP-RA) [27,28], while a com-
bination of platelet aggregation inhibitor drug groups is referred to as dual antiplatelet
therapy (DAPT). Anticoagulants prevent or delay the formation of a red thrombus through
activated coagulation factors and include vitamin K antagonists (VKA) and direct oral
anticoagulants (DOAC).

According to the manufacturers of vitamin K antagonists (VKA), the subcutaneous-
intramuscular injection of BONT/A in patients undergoing therapy with these preparations
is contraindicated “due to the risk of massive bleeding” (direction for use Marcumar® 3 mg
tablets, MEDA Pharma GmbH & Co. KG, Bad Homburg, Germany, 2018; direction for
use Phenpro.-ratiopharm® 3 mg tablets, ratiopharm GmbH, Ulm, Germany 2018). The re-
spective directions for use of other antithrombotics do not include this contraindication
explicitly but include a warning about hematoma. However, due to lifestyle and demo-
graphic changes with an aging population, the number of patients with antithrombotic
medication is expected to increase. At the same time, the number of studies investigating
the risk of bleeding after BONT/A injection in patients on antithrombotic medication is
limited to date. The aim of this study was to assess the frequency and severity of hemor-
rhagic side effects of BONT/A treatment for BEB and HFS in patients on antithrombotic
medication. Special attention was paid to the medical relevance of these adverse effects
and their influence on the physical and psychological well-being of the affected patients.

2. Results
2.1. Demographic Data

A total of 140 patients were included in the study between May and November
2019. Overall, the mean (+SD) age of the participants was 70 & 12 [37,91] years, with
65% (n = 91) being women. Most participants underwent BoNT/A treatment for BEB
(75%, 105/140). In median, participants had already been treated at the University Eye
Clinic Bonn for 9 [0;33] years. The number of past BONT/A treatments, including the
current treatment, varied between two and 155 treatments, with a median of 35 treatments
per study participant. For the current treatment, 70% (73/105) of the participants suffering
from BEB were treated with Xeomin®, whereas Botox® was mostly used to treat HFS
(69%, 24/35). The median total dose of the BONT/A preparation administered for the
treatment of BEB was 35.0 [7.5;75.0] units of Botox® or 30.0 [5.0;85.0] units of Xeomin®.
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A median of 12.5 [7.5;30.0] units of Botox® and 20.0 [7.5;65.0] units of Xeomin® were
administered for the treatment of HFS. Antithrombotic medication was taken by 41%
(58/140) of the participants.

Table 1 shows demographic and treatment characteristics of patients in the control
group and the ATD group. Apart from age (p < 0.01) and the applied BoONT/A preparation
(p = 0.04), there were no significant differences between groups. The most frequently
used antithrombotic drug was ASA (52%, 30/58). Almost every fourth participant on
antithrombotic medication claimed to be on DOAC (24%, 14/58). The regular intake
of VKA, ADP-RA or DAPT was much less common. Table 2 shows demographic and
treatment characteristics of patients in the ATD group subgroups. Except for gender
distribution (p = 0.01), there was no significant difference between the subgroups of the
ATD group.

Table 1. Comparison of demographic and therapy-related characteristics of the participants in the

control and ATD group.
Characteristics Control Group (1 = 82) ATD Group (1 = 58)

Number of participants n (%) 82 (59) 58 (41)
Age (years) mean + SD 66 = 11 74 £ 10

Female n (%) 58 (71) 33 (57)

BEB n (%) 60 (73) 45 (78)

Xeomin® n (%) 55 (67) 29 (50)
Number of treatments median [R] 29 [2;155] 41 [2;137]

ATD, antithrombotic drug; BEB, benign essential blepharospasm.

Table 2. Comparison of demographic and therapy-related characteristics of participants taking
antithrombotic medication according to subgroup.

Characteristics ASA DOAC VKA ADP-RA DAPT
Number of participants n (%) 30 (52) 14 (24) 8 (14) 4(7) 2 (4)

Age (years) mean + SD 73+ 10 77 £ 9 73+ 16 82+5 73+5
Female n(%) 14 (47) 12 (59) 3(38) 4 (100) 0(0)

BEB n(%) 22 (73) 11 (79) 7 (88) 3(75) 2 (100)
Xeomin® n(%) 16 (67) 6 (43) 4 (40) 2 (50) 1 (50)

Number of treatments median [R] 41 [2;107] 46 [2;120] 29 [2;107] 25 [17;77] 6 [4;8]

Treatment duration median [R] 12 [0;33] 14 [0;24] 13[2;32] 5 [4;26] 2122]

(years)

ASA, acetylsalicylic acid; ADP-RA, adenosine diphosphate receptor antagonists; DAPT, dual antiplatelet therapy;
DOAG, direct oral anticoagulants; VKA, vitamin K antagonists.

2.2. Hematoma Frequency

More than one-third of patients had at least once experienced a hematoma after
treatment with BONT /A in the past (HFetr0) in both the control and the ATD group (control:
39%, 31/80; ATD: 38%, 22/58). Adjusting for the number of past BONT/A treatments,
HF etro averaged 3% (154/5298, [0.0;,100]) of treatments, with a mean of 4% (109/2744),
[0.0;100] within the control group and 2% (45/2554, [0.0:33.3] in the ATD group (Table 3).
The files of two participants in the control group were incomplete regarding the history of
side effects and were not included in the analysis.
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Table 3. HFietro and HF, . based on the number BONT/A treatments (T) and the number of
following hematoma events (H) in control and ATD group as well as ADT subgroups.

Group Past Treatments Current Treatment
T H HFretro T H HF,ctyal

n (%) n n Mean % [R %] n (%) n (%)

Control 80 (58) @ 2744 109 4 [0.0;100] 72 (58) P 22 31
ATD 58 (42) 2554 45 2 [0.0;33.3] 53 (42) 16 30
ASA 30 (52) 1231 24 2 [0.0;6.0] 27 (51) P 11 41

DOAC 14 (24) 730 7 1 [0.0;6.0] 13 (25)P 1 8
VKA 8 (14) 443 13 0 [0.0;14.5] 7 (13)P 1 14
ADP-RA 4(7) 140 0 0 [0.0;0.0] 4(8) 2 50
DAPT 2(7) 10 1 0 [0.0;33.3] 2(4) 1 50
total 138 (100) @ 5298 154 3 [0.0;100] 125 (100) 38 30

? Due to missing information, two participants of the control group were not included in the determination of the
absolute number of past hematoma events and HFetro. P 10 participants of the control group, three participants
on ASA, and one each on DOAC or VKA did not return the questionnaire and were therefore not included in the
determination HF, ... ASA, acetylsalicylic acid; ADP-RA, adenosine diphosphate receptor antagonists; DAPT,
dual antiplatelet therapy; DOAC, direct oral anticoagulants; VKA, vitamin K antagonists.

Overall, the proportion of patients with hematoma after current BONT/A treatment
(HF actua1) was 30.4% (38/125). Participants in both the control and ATD group were equally
affected by hematoma after current BONT/A treatment (HF,tq1: control: 31%, 22/72; ATD:
30%, 16/53). Within the subgroups ADP-RA and DAPT, half of all participants suffered a
hematoma after current BONT/A injection (ADP-RA: 50%, 2/4; DAPT: 50%, 1/2), whereas
for the participants who regularly took a DOAC the HF,,, was 8% (1/13). Despite
the evidence of these tendencies, a significant connection between the intake of certain
antithrombotic drugs and the occurrence of a hematoma after current treatment could not
be demonstrated (Table 3). A total of 15 participants (control: 10; ATD: 5) did not complete
the questionnaire on current BONT/A treatment and were not included in the analysis.

2.3. Hematoma Intensity

The majority of participants (42%, 15/36) reported that the hematoma occurred imme-
diately after treatment or on the same day (47%, 17/36). Only 11% (4/36) of the patients
with hematoma, all of whom belonged to the ATD group, stated that the hematoma ap-
peared one or more days after the BONT/A injection. The hematomas were visible for a
mean period (£SD) of 9.9 £ 7.4 [3.0;33.0] days. There was no significant difference between
the control and ATD group or between the ATD subgroups regarding the duration of the
hematoma. Two participants in the control group did not provide information on the
duration of the hematoma and were therefore not included in this analysis.

More than half of the participants stated that the hematoma was punctiform and
<1.5 cm in diameter (57%, 21/37). The other participants reported more pronounced
hematomas, however mostly <2.5 cm in diameter (24%, 9/37). The size of the hematoma
drawn in a facial image varied between two and 800 mm? per participant, with a mean
(£SD) of 118 & 203 mm?. There was no significant difference between the control and
ATD group or between the ATD subgroups regarding the size of the hematoma based on
drawings (Figure 1). One participant in the control group did not provide information on
the size of the hematoma and was therefore not included in this analysis.

126



Toxins 2022, 14, 769

Hematoma size according to drawing
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Figure 1. Depiction of hematomas drawn in a facial image after current BONT/A injection according
to their size and localization. Overview of mean, maximum and minimum of total hematoma area per
participant and sum of total hematoma area per group in comparison of the control and ATD groups.

Overall, 58 individual hematomas were drawn by 35 participants. Accordingly, a mean
of 1.6 + 0.8 [1;4] hematomas occurred per affected participant. The number of hematomas
following current BONT /A injection differed significantly (p = 0.02) between control and
ATD groups. Participants in the control group reported a mean of 1.4 & 0.7 [1;3] individual
hematomas, while participants in the ATD group suffered from a mean of 2.0 +0.9 [1;4]
hematomas. However, no significant difference in the number of hematomas after current
BoNT/A treatment was observed between ATD subgroups.

2.4. Hematoma Consequence

On a visual analogue scale (VAS) the mean (£SD) impairment caused by the hematoma
was reported as 1.4 + 2.2 [0.0;7.6], with most of the participants (49%, 16/33) feeling
completely unaffected (VAS: 0). There was no significant difference between the ATD group
(VAS: 1.4 + 2.3 [0.0;7.0]) and the control group (VAS: 1.4 & 2.2 [0;7.6.0]) or between ATD
subgroups. Cosmetic reasons (21%, 7/33), pain, or a feeling of pressure (9%, 3/33) were
given as reasons for the impairment caused by the hematoma. To deal with the disturbing
side effects, 27% (10/37) of those affected took further measures such as cooling affected
areas (22%, 8/37). Five participants (control: 4; ATD: 1) did not provide information about
impairment and were therefore not included in this analysis.

2.5. Non-Hemorrhaghic Side Effects

Regarding past BONT/A treatments in 84% (118/138) of patients records other side
effects than hematoma were noted. The most common were ptosis (34%, 47/139), lacrima-
tion (33%, 46/139), and unspecified visual disturbances (27%, 38/139). For two patients,
this information was not available.
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Regarding the current BONT/A treatment, most participants (60%, 74/124) reported
no side effects apart from hematoma. The most common included tearing (6%, 7/124) and
burning, pain, and dry eye sensation (4% each, 5/124).

3. Discussion

Our study shows that BONT/ A injections for the treatment of BEB and HFS are not
associated with more frequent hemorrhagic side effects in patients on ATD, regardless of
the agent, than in patients without—both in the retrospective analysis of past BONT/A
treatments and in the prospective survey on current BONT/A injections. Except the number
of single hematomas per patient, there is also no significant difference in the severity of
hematomas occurring after BONT/A treatment between patients on ATD, regardless of the
agent, and patients without.

However, the retrospectively determined hematoma frequency of past BONT/A treat-
ments (HFetro) was significantly lower than of the current BONT/ A injection (HF ¢tya1)—
both in the overall cohort of participants (p < 0.01) and within the control (p < 0.01) and
ATD group (p < 0.01).

Regarding past BONT/A treatments (HFeto), overall, a hematoma frequency of 3%
was determined. Various studies on the effectiveness and safety of different BONT/A prepa-
rations for the treatment of BEB and HFS revealed comparable results (Table 4). Bentivoglio
et al. (2009) retrospectively determined a hematoma frequency of 3.2% (43/1341) after treat-
ment of BEB [29]. Jankovic and colleagues (2011) also observed a comparable hematoma
frequency in patients with HFS [30]. In contrast, the hematoma frequency of 25.0% (16/64),
determined by Wabbels et al. (2010) was considerably higher and corresponds to HFS, a1
(30%) in our study [31].

Table 4. Overview of the hematoma frequency (HF) determined in past studies from the number of
observed treatments (T) and subsequently among the patients (P) In descending order.

Subject of Study P [n] T [n] H [n] HF [%] Methods 2 Reference
Hematoma frequency after current treatment questionnaire
of BEB and HFS (our study) 125 125 38 30 <14 days explicit (HFactual)
Hematoma frequency after past treatments patient’s record following
of BEB and HFS (our study) 138 5298 154 3 session open (HFretro)
Efficacy and safety of BOTOX® versus . Wabbels et al.,
Xeomin® for the treatment of BEB 64 64 16 250 Interview >4 weeks open 2010 [31]
Comparison of the effectiveness of preseptal Lolekha ot al.
and pretarsal injections of BOTOX® for the 40 80 4 5,0 Report >1 month open 2017 [32] v
treatment of BEB and HFS
Hematoma frequency of BONT/A treatment Schrader et al
of BEB or HFS taking phenprocoumon 28 437 19 44 patient’s record open 2018 [33] v

versus control group

Clinic features and treatment options of Grandas et al.,

BEB including treatment with BoNT/A 151 i > 5b 233°¢ patient’s record open 1988 [1]
B i BTN ™ S B 8 % peiesmndge STl
e s wen s a1 Peeldelodis Ve
Moggmdsly ol 3 o : s
]sfff];c];ig}; 2rclld Hs;;ety of BONT/ A treatment 83 241 6 25 report open ]aral(g(;\(/)i;gztlal.,
]jfff]i;Eag};ircllst;;ety of BoNT/A treatment 112 212 >2 b >1,8¢ report >3-6 days open Ple;lz)l;e[gzi,
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Table 4. Cont.

Subject of Study P [n] T [n] H [n] HF [%] Methods 2 Reference
Efficacy and safety of BONT/A treatment 106 1028 10 10 questionnaire following Hsiung et al.,
of BEB and HFS . session open 2002 [37]
Efficacy and safety of BONT/A treatment b c . Cillino et al.,
of BEB and HFS 131 920 >7 >08 patient’s record open 2010 [38]
Efficacy and safety of BONT/A treatment b c patient’s record following Ababneh et al.,
of BEB and HFS 32 lazn - 22 201 session open 2014 [39]
Efficacy and safety of treating HFS with 288 10,701 0 0,0 patient’s record open Kollewe et al.,

BoNT/A versus placebo

2015 [40]

2 Data source, time of data collection after BONT/A treatment and questioning technique used (open/explicit).
b Number of participants with at least one hematoma after BONT/A treatment. ¢ Missing information on the
number of hematoma events, therefore it is not possible to determine the exact hematoma frequency. BEB, benign
essential blepharospasm; BONT/A, botulinumtoxin A; HFS, hemifacial spasm.

The heterogeneous data on frequency of hematoma after BONT/A treatment within
our study and within the literature (Table 4) could be explained by different study designs.
Presumably, small, only briefly visible and non-burdening hematomas are often forgotten
and therefore only remembered when asked explicitly and in time, as in the case of determi-
nation of HFcya1. In contrast to this, determination of the HFyetro as well as the hematoma
frequency in numerous other studies was carried out by an open-ended questioning about
side effects of past BONT/A treatments without particular attention to hemorrhagic compli-
cations. In addition, the data collection usually took place several weeks after the treatment
in question. It can therefore be assumed that, both in determination of the HF et in our
study and the hematoma frequency in comparable studies that followed a retrospective
study design, fewer hematomas were recorded than actually occurred.

Given the large difference between HF, 4,1 and Hfrero, we consider it unlikely that
the higher hematoma frequency of current BONT/A treatments was randomly generated
by case number differences (current treatment: n = 125; past treatments: n = 5298). Since
participants received the current BONT/A injection by different physicians, a physician-
related increased hematoma frequency can also be ruled out.

To date, very few studies investigated the hematoma frequency after BONT/A treat-
ment in patients on antithrombiotic medication. Schrader and colleagues (2018) retrospec-
tively determined the hematoma frequency of BONT/A treatment for BEB, HFS, cervical
dystonia and stroke-related spasticity in patients on phenprocoumon. After a total of
231 and 206 BoNT/A treatments for BEB and HFS, respectively, there was no significant
difference in hematoma frequency between patients on phenprocoumon and their matched
controls (BEB: 5.2% vs. 2.6%; HFS: 3.9% vs. 2.9%). These results largely correspond to
the HF etro of the control and VKA group in our study. In contrast, the HF,.4,,; of both
groups in our study is considerably higher. The comparison of these results confirms the
already discussed assumption that an open-ended and delayed questioning of patients,
as performed when determining the hematoma frequency in the study of Schrader et al.
and the HF ¢y, in our study, underestimates the real hematoma frequency.

Furthermore, Jagatsinh and George (2012) investigated the safety of different BONT/A
preparations for the treatment of spastic disorders on warfarin [41]. After a total of 103 in-
tramuscular injections, none of the 14 participants registered hemorrhagic complications.
The hematoma frequency to be calculated would therefore be 0%, and corresponds to the
HF etro of the VKA group in our study. Again, the HF ¢4 of the VKA group determined
in our study is considerably higher than the hematoma frequency determined by Jagatsinh
and George. However, in view of the small number of participants on phenprocoumon in
our study, the comparison of the results is only possible to a very limited extent. In addition,
the comparability of the study results might be limited by the different pharmacological
properties of the VKA warfarin and phenprocoumon [24,42-44].
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There are no studies on the frequency of hematomas after BONT/A treatment on other
antithrombotics such as DOAC, ADP-RA or ASA. However, according to the direction
for use for the preparations in question, hematomas or bleeding generally after medical
interventions and injections or punctures occur “rarely” to “frequently” (>1/10,000 to
<1/10) depending on the respective preparation. This corresponds to a hematoma frequency
between >0.01% and <10.0%, and is therefore comparable to the HF ¢, determined in our
study to be between 0% (ADP-RA) and 2% (ASA).

4. Conclusions

In view of the results of our study, pausing antithrombotic medication with ASA, VKA
or DOAC in the context of BONT/A treatment for BEB and HFS does not seem justified.
However, since only a small number of patients on ADP-RA and DAPT were included
in our study, subsequent studies are necessary to be able to make a recommendation for
these agents. For future studies, it should be considered that timing and questioning
technique may lead to significant differences in the reported frequency and description of
hemorrhagic side effects.

Overall, our study showed that hemorrhagic side effects of the BONT/A treatment for
BEB and HFS are mild and non-disabling.

5. Materials and Methods

The study was approved by the local ethics committee of the “Rheinische Friedrichs-
Wilhelms-Universitdt Bonn” and has been performed in accordance with the ethical stan-
dards of the Declaration of Helsinki and its later amendments. All participants provided a
signed informed consent form for participation in this study. Participation did not affect
the patient’s medical care. Antithrombotic treatment was continued as prescribed and
therefore was not influenced by the study.

Patients with BEB or HFS undergoing regular treatment with BoNT/A at the Uni-
versity Eye Clinic in Bonn were consecutively included in the study. According to their
medication, the participants were assigned to the following study groups: the control
group (no intake of antithrombotic drugs), the ATD group (regular intake of antithrombotic
drugs), and their subgroups regarding the antithrombotic agent (ASA, ADP-RA, DAPT,
DOAC or VKA).

The frequency of hematomas caused by BoNT/A treatment for BEB and HFS was
recorded for two separate periods: in a retrospective analysis of past BONT/A treatments
(HFretro), and in a prospective survey on one single BONT/A treatment (HF ¢tya1)-

The HFetro was calculated for each participant and each study group from the absolute
number of past BONT/A treatments that caused a hematoma in relation to the total number
of BONT/A treatments in our clinic. Information on adverse events including hematoma
following past BONT/A treatments was collected from patient records. Adverse events are
queried in a standardized manner at every follow-up visit in our clinic (about 8-12 weeks
after the respective treatment) and documented in the patient file. The patient records were
also used to collect data on demographics, diagnosis (BEB or HFS), specifics of the BONT/A
therapy performed in our eye clinic (duration, number of injections administered, type of
BoNT/A), comorbidities, and medication.

The HF, (a1 Was calculated for each study group from the number of participants who
suffered a hematoma after a single, currently performed BoNT/A treatment in relation
to the total number of participants in the group. The mentioned BoNT/A treatment was
performed by different physicians according to the patient’s current treatment regimen.
In order to ensure that the injection was carried out as usual and without special care,
the attending physician was not informed about the patient’s participation in the study.
Post-treatment, participants were given a questionnaire to assess the occurrence, size,
location, onset, and duration of hematoma, as well as the occurrence of non-hemorrhagic
adverse events after this single BONT/A injection. To assess the hematoma size in an
objective way, participants were asked to compare the hematoma to a 1 cent coin (about
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1.5 cm in diameter, 207 mm?), a 2 euro coin (about 2.5 cm in diameter, 520 mm?) or a
quarter of the face. In addition, the area of hematomas drawn in the facial image was
calculated by creating representative polygons using the SketchAndClac software (Dobbs,
Elliott M. “www.SketchAndCalc.com” (accessed on 12th November 2021). SketchAndCalc.
Elliott M Dobbs, 20 February 2011. Web, version 4.1.8.11.). A visual analogue scale (VAS)
ranging from 0 (no impairment) to 10 (worst impairment) was used to assess how much
the hematoma bothered the patients. Patients were asked to complete the questionnaire
within two weeks of the treatment in question and to return it to our clinic.

Statistical analysis of the pseudonymized data was performed using the statistical
program IBM SPSS Statistics, version 26 (IBM Corp., Armonk, NY, USA). Results were
expressed as mean, standard deviation, minimum, median, quartiles, and maximum.
For determining statistical significance between groups, the Mann-Whitney-Test (control
vs. ATD group) and the Kruskall-Wallis-Test (between ATD subgroups) were performed
(p < 0.05 considered statistically significant).
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Abstract: Factors associated with neurotoxin treatments in children with cerebral palsy (CP) are
poorly studied. We developed and externally validated a prediction model to identify the prognos-
tic phenotype of children with CP who require neurotoxin injections. We conducted a longitudi-
nal, international, multicenter, double-blind descriptive study of 165 children with CP (mean age
16.5 & 1.2 years, range 12-18 years) with and without neurotoxin treatments. We collected functional
and clinical data from 2005 to 2020, entered them into the BTX-PredictMed machine-learning model,
and followed the guidelines, “Transparent Reporting of a Multivariable Prediction Model for In-
dividual Prognosis or Diagnosis”. In the univariate analysis, neuromuscular scoliosis (p = 0.0014),
equines foot (p < 0.001) and type of etiology (prenatal > peri/postnatal causes, p = 0.05) were linked
with neurotoxin treatments. In the multivariate analysis, upper limbs (p < 0.001) and trunk muscle
tone disorders (p = 0.02), the presence of spasticity (p = 0.01), dystonia (p = 0.004), and hip dysplasia
(p = 0.005) were strongly associated with neurotoxin injections; and the average accuracy, sensitivity,
and specificity was 75%. These results have helped us identify, with good accuracy, the clinical
features of prognostic phenotypes of subjects likely to require neurotoxin injections.

Keywords: prediction model; neurotoxin treatment; cerebral palsy

Key Contribution: BTX-PredictMed identified clinical features of prognostic phenotypes of subjects
likely to require neurotoxin injections; the clinical features being neuromuscular scoliosis, equines
foot, type of etiology, upper limbs, trunk muscle tone disorders, the presence of spasticity, dystonia,
hip dysplasia.

1. Introduction

Cerebral palsy (CP) comprises a group of non-progressive motor control and posture
disorders due to brain damage during the early stages of development. Clinical mani-
festations include involuntary movements or gait abnormalities, movement alterations
(loss of tone or spasticity of the trunk and limbs with exaggerated reflexes), and abnormal
posture [1]. The progression of dynamic contracture into fixed contracture is an issue of
paramount importance for the effective use of botulinum toxins.

Muscle hyperactivity can be effectively reduced by injecting botulinum toxins [2].
Over the past 25 years, botulinum toxins have emerged as the most widely used medical
intervention in children with CP. Botulinum toxins reduce muscle strength and tone, with
a small, short-term improvement in walking and function. The lack of knowledge on
pathophysiology and mechanisms leading from hypertonia to contractures explains the
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complexity of CP. In addition, little is known about the most commonly used treatment,
botulinum toxin (BTX) [2].

Electronic Medical Record (EMR) data are very useful in identifying health outcomes.
They contain rich clinical information, including laboratory test results, vital signs, dis-
charge summaries, progress notes, and radiologic and pathologic images and reports,
among other information.

Computational phenotyping is the creation of computer-processable algorithms to
identify individuals with specific health conditions, diseases, or clinical events from EMR
data [3,4].

Large-scale EMRs are an obvious data source for clinical phenotype discovery research.
However, EMRs are designed primarily for clinical care, and some effort is required to
adapt them as a data source for research. EMRs have been employed in clinical [5,6] and
genomic [7,8] research using expert domain knowledge to devise phenotype specifications
that identify clinical cohorts of interest manually.

One of the key changes needed to achieve precision and personalized medicine is to
let the data speak for themselves, to tell us what the phenotypes are, abandoning the use
of historical clinical descriptions of each disease. This view is supported in recent studies,
indicating that long-recognized diseases such as spasticity in CP are not single entities
but collections of many different phenotypes that may or may not coincide with historical
disease boundaries [2].

The analysis of EMR with machine-learning methods could help to clarify these issues.

Machine learning (ML) is a contemporary artificial intelligence discipline for analyzing
complex data. ML employs algorithms to find patterns in data that are not obvious
to humans. Regression and logistic regression (LR) are among the first supervised ML
algorithms for creating predictive health models [9-11]. ML algorithms are considered
supervised if the output classes are labeled (e.g., BTX treatment, yes/no). Thus, supervised
ML prediction models can help identify patients who will undergo BTX treatment.

Prediction models can predict the probability (Prob) of a condition (e.g., BTX treatment)
being present [12-14]. In supervised ML algorithms, the output is obtained from labeled
training samples. Through the training examples, the program learns a function (e.g.,
logistic regression) that will predict new incoming patients with unknown conditions.

In previous studies, we developed [1] and validated [15] “PredictMed,” a super-
vised ML model to predict neuromuscular scoliosis and hip dysplasia [10,16], gastrostomy
placement [17], and identify factors associated with intellectual disability [18] and autism
spectrum disorder [19] in individuals with CP. PredictMed has also proven effective in
predicting osteoarthritis in young adults using statistical data mining and machine learn-
ing [9].

In the present study, we implemented and externally validated the BTX-PredictMed
ML model to predict prognostic phenotypes of children with CP needing BTX treatment.

Following the development of a prediction model, external validation is strongly
recommended, that is, to evaluate the model’s performance on other participant data not
used for model development [13,20-22]. External validation requires that predictions about
outcomes be made using the original model for each subject in the new dataset, and be
compared with observed outcomes [23]. In this study, we applied the same predictive
model to patients from different centers and countries to evaluate the model’s performance
through external validation.

From a clinical perspective, a reliable predictive model to identify the phenotype of
children with CP who need BTX treatment would allow healthcare providers to recruit and
schedule patients more efficiently, thereby reducing medical costs.

From a research perspective, this validated predictive model is easily adaptable and
could be used in different fields of medicine.
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2. Results

We developed and externally validated BTX-PredictMed, a statistical machine-learning
model to identify factors associated with neurotoxin treatments for children with CP from
two European centers.

This is the first study highlighting the influence of neuromuscular scoliosis, truncal
tone disorders, and type of etiology as features constituting the prognostic phenotypes of CP
children needing BTX treatment. This study also confirmed previous results [2,24-29] about
spasticity, equines foot, hip dysplasia, and manual ability as clinical features predicting the
need for BTX treatment for this population.

In univariate analysis, the factors linked with neurotoxins treatments were:

e  Neuromuscular scoliosis: p = 0.0013, Odds ratio (OR) = 2.7;

e  Equines foot: p < 0.001, OR =4.1;

e  Type of etiology: prenatal > peri/postnatal causes, p = 0.05, OR = 0.53.
Factors linked with neurotoxins treatments in multivariate analysis were:
Upper limbs ability, p < 0.001, OR = 3;

Trunk muscle tone disorders, p = 0.02, OR = 1.9;

The presence of spasticity, p = 0.01, OR = 2;

Dystonia, p = 0.004, OR =5.3;

Hip dysplasia, p = 0.005, OR = 4.

The multivariate analysis had an accuracy of 76%, sensitivity of 67%, specificity of
81%, and an average of 75%.

3. Discussion

The present study has shown that children with CP with equines foot, hip dysplasia,
and dystonia were four to five times more likely to undergo neurotoxin treatments com-
pared to a similar group that lacked these clinical features. Low levels of MACS (OR = 3),
the presence of spasticity (OR = 2), neuromuscular scoliosis (OR = 2.9), and truncal tone
disorders (OR = 1.9), are also strong predictors of phenotypes of CP children needing
BTX treatment.

On the opposite side, prenatal etiology appears to be less related to BTX injections
than perinatal or postnatal (OR < 1).

As expected, spastic foot is the prognostic phenotype’s main feature.

Since the nineties, botulinum treatment of spastic equines foot has been recom-
mended [30-32]. In young children with CP and high GMFCS, multilevel injection of
BTX can be used for focal treatment of spasticity, particularly for the lower extremity [30].

Injection and distal injection were significantly related to a more significant gain in
gross motor function in the younger age group [30]. The functional hindrance of the spastic
equines foot is often the initial obstacle noted by parents and specialists.

BTX injections into the gastrocnemius and soleus muscles have been effective regard-
less of the duration of treatment and the number of sessions. However, cerebral palsy, the
patient’s age, and the impairment level [33] influence this efficacy. In CP children with
upper and lower limb spasticity, there is increasing evidence of the time-limited beneficial
effect of BTX in decreasing muscle tone. Decreased muscle tone in the lower limbs may
translate into improved ambulation in children with CP with spastic equino-varus [30].

We have noticed that children with CP and lower MACS scores (better manual skills)
will be more likely to undergo neurotoxin treatment. We, therefore, assume that casts,
orthoses and/or orthopedic surgery, should be preferred in case of severe joint deformity
related to strong, long-lasting spasticity [33].

Despite the association of BTX and hip dysplasia being classic and widely recom-
mended in the literature [28,29,34], high-quality evidence of the prevention of hip dis-
placement is lacking. From a physiopathologic mechanism perspective, BTX treatment
is recommended [27] in patients with initial subluxation or with strong spasticity and
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concomitant risk factors of dislocation before radiologic evidence of subluxation [16,17];
the high odds ratio confirms this trend.

We noted that dystonia was strongly associated with BTX treatment, even if this
practice is sparsely recommended in the literature [27]. Unfortunately, our data do not
allow increasing evidence pro or contra to this indication. We plan further research on this
topic in the future.

There is a pronounced trend toward BTX treatment in CP children with spastic-
ity [2,25-29]. The present study specifies the phenotype subtypes: about half of the patients
with diplegia received BTX, and roughly one-third of patients with hemiplegia, triplegia,
or quadriplegia.

Despite this, we have highlighted the link between BTX treatments, neuromuscular
scoliosis, and truncal tone disorder. BTX is poorly described for neuromuscular scoliosis
treatment [25], and data support its inefficiency [26]. With regard to truncal tone disorder,
this subject is nearly absent from the literature.

According to the present research, prenatal etiology appears to be less associated with
BTX than perinatal or postnatal. Since the prediction model scored a low odds ratio and
there are no studies on this, future research is needed to confirm this finding.

Patients with focal /segmental disabling spasticity are ideal candidates for BTX treat-
ment, and there is a growing need for the early selection of suitable candidates [35].
An algorithm has been implemented to support managing adult patients with disabling
spasticity by aiding patient selection for BTX treatments [35]. Identifying the prognos-
tic phenotype through BTX-PredictMed could be a reliable support for identifying and
selecting younger patients.

Similar results in two separate groups and the totality of patients confirm the validity
of the prediction model, which can also be applied to other fields of medical research.

The availability of a robust predictive algorithm would allow healthcare providers
to better understand, prevent and manage orthopedic deformations during growth by
delaying or avoiding fixed contractures. It would also facilitate early consultation with
a qualified neurotoxin specialist, improving the overall quality of care for patients and
families. The personalization of therapies would also lead to a reduction in costs.

3.1. Tolerance and Precautions

Side effects were rare and mostly transient: cramps, pain, or hematoma at the injection
site, rashes, and pseudo-influenza syndromes. We have not noted any contraindications,
such as amyotrophic lateral sclerosis or major respiratory occlusion. Other problems, such
as myasthenia gravis, Lambert-Eaton syndrome, or amyotrophic lateral sclerosis, have not
been found either. Adherence to good practice recommendations, such as adherence to low
doses in the first injection and delays between injections, remains the best prevention [24].

3.2. Limitations

Limitations of this study include the limited number of patients and the retrospective
analysis. This resulted in high specificity and accuracy of diagnosis, while sensitivity
was moderate.

The study of the predictive performance of the algorithm by increasing the number of
patients and independent variables (>15) will be our next issue.

For the current study, we had a limited cohort of patients to study (hundreds). We
plan to study and fine-tune the model on a much larger number (thousands) to confirm
and possibly improve the model’s predictive performance. In this regard, PredictMed has
already achieved excellent results in predicting osteoarthritis in adults using statistical
data mining and machine learning [9]. At this stage, we plan to calibrate this model on a
much larger database to test its potential overfitting (e.g., by studying a receiver operating
characteristic curve) due to the limited number of patients and with respect to a large
number of features and independent variables [10]. We also plan to use Lasso (L1) and
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Ridge (L2) regularization techniques to improve PredictMed model and implement clinical
decision support systems, a tool supporting professionals in making medical decisions.

4. Materials and Methods
4.1. Study Design

This longitudinal, multicenter, multinational study was conducted between June 2005
and June 2021. For model implementation, data collection and assessments were conducted
in the last six months of 2017, while data analysis began in June 2018 and lasted 24 months.

External validation followed the guidelines of the “Transparent Reporting of a multivari-
able prediction model for Individual Prognosis or Diagnosis” (TRIPOD) Statement [13-15].

We compared two groups of CP children with and without BTX treatment in a double-
blind study. These CP children, treated in specialized units, had severe motor disorders and
cognitive impairment. The development data showed no differences in setting, eligibility
criteria, outcome, and predictors.

The flow diagram of study participants for analysis is shown in Figure 1. All consented
to be enrolled in the study (Figure 1).

Database of Hospitals A (France) and B (Poland)
Potentially eligible patients:
1120 participants with Cerebral Palsy

¥ R

678 children in the 442 Children of the University
Health area of Nice A Hospital of Lublin B
\ \/
102 met the 63 met the
inclusion criteria inclusion

v v

Total number of patients enrolled in the study= 165

Figure 1. Flow diagram of study participants for analysis.

The mean age was 15.7 years (range: 12-18 years; standard deviation [SD] 1.8). The
mean follow-up was 5.1 years (range: 3—12 years). 165 patients (91 male, 74 female) assessed
between June 2005 and June 2020 were included (Table 1). There were no dropouts during
the trial period.
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Table 1. Clinical presentation according to the presence or absence of Neurotoxin Treatments.

Pediatric Hospital A Children Hospital B Mtiitic%nter
Patients Profile Neurotoxin Treatments Neurotoxin Treatments
Yes(o)  No(o)  Total(h)  Yes(%)  No®%)  Total@) ° "
Patients n. (%) 17 (17) 85 (83) 102 (100) 49 (77) 14 (23) 63 (100) 165 (100)
Male 35 (58) 25 (42) 60 (100) 22 (70) 9 (30) 31 (100) 91 (55)
Female 23 (55) 19 (45) 42 (100) 18 (58) 14 (42) 32 (100) 74 (45)
Average age (mean, SD) 16.4 (1.8) 16.8 (1.8) 16.6 (1.8) 15.8 (1.8) 16.0 (1.8) 15.9 (1.8) 16.2 (1.8)
Spasticity, n. (%) 16 (21) 59 (79) 75 (100) 34 (48) 20 (52) 54 (100) 129 (78)
Hemiplegia 2(22) 7 (78) 9 (100) 3(75) 1(25) 4 (100) 13 (8)
Diplegia 1(6) 15 (94) 16 (100) 20 (86) 3(14) 23 (100) 39 (24)
Tri/quadriplegia 13 (26) 37 (74) 50 (100) 11 (41) 16 (59) 27 (100) 77 (68)
Dystonia n. (%) 10 (71) 4(29) 14 (100) 8 (66) 4 (36) 12 (100) 26 (16)
Well-controlled Epilepsy, n. (%) 10 (20) 40 (80) 50 (100) 23 (79) 6(21) 29 (100) 79 (48)
Intractable Epilepsy 4 (18) 18 (82) 22 (100) 10 (77) 3(23) 13 (100) 35 (20)
No Epilepsy 3(10) 27 (90) 30 (100) 16 (76) 5(24) 21 (100) 51 (31)
Severe Scoliosis (%) 23 (59) 16 (41) 39 (100) 16 (53) 14 (47) 30 (100) 69 (41)
Equines Foot (%) 31(75) 10 (25) 41 (100) 21 (75) 7 (25) 28 (100) 69 (41)
Hip Dysplasia (%) 18 (56) 14 (44) 32 (100) 13 (59) 9 (41) 22 (100) 54 (38)
Truncal tone disorder (%) 11 (21) 42 (79) 53 (100) 29 (74) 10 (26) 39 (100) 92 (56)
Ante-natal Causes 10 (16) 54 (84) 64 (100) 21 (84) 4 (16) 25 (100) 89 (54)
Perinatal Causes 4(14) 25 (86) 29 (100) 24 (72) 9 (28) 33 (100) 62 (37)
Postnatal Causes 3(34) 6 (66) 9 (100) 4 (80) 1(20) 5 (100) 14 (9)

4.2. Botulin Toxin Clinical Use

BTX treatment specialists selected children requiring BTX injections based on their
clinical and functional characteristics. Once information on possible side effects was
provided, the patient’s and/or parents” approval was explicitly expressed. The date of
injection, doses and muscles treated, and pain assessment through a visual analog scale,
were recorded.

The specialties Dysport, Botox, Neurobloc, and Xeomin, were available and used
for our patient’s neurological conditions. We determined the location of the muscles by
palpation, ultrasound, or electromyogram (EMG) needle with injection. This allowed
for the noninvasive identification of muscles and surrounding structures [25], and these
procedures are especially beneficial in children.

4.3. The Doses

The dose depends on the patient’s weight, the severity of the spasticity, the number of
muscles treated, the type of toxin, and the size of the muscle. The units were different and
were not international units—there is no recognized equivalence: 1 mL for Botox, 2.5 mL for
Dysport, 100 Allergan units/mL, and 100 Speywood units per 1 to 2.5 mL. The maximum
recommended total dose for children was:

e  For Botox, 300 units per session and 20 Allergan units/kg;
e  For Dysport, 1000 units per session and 30 Speywood units/kg (professional agreement).

In adults, the recommended total dose is:

e  For Botox, 500 Allergan units;
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e  For Dysport, 1500 Speywood units.

In the case of the first injection, lower initial doses were recommended, especially in
patients with comorbidities:

e  For Botox, 3 to 8 units/kg without exceeding 300 units per session;
e  For Dysport, 10 units/kg in unilateral injections and 20 units/kg in bilateral injections
without exceeding 1000 units per session.

We envisaged at least three months’ break between two sessions [24].

4.4. Measurements

All data were collected from the Electronic Medical Records by the senior author.
Medical notes were written by a multidisciplinary team that included pediatric neurologists,
epidemiologists, pediatricians, orthopedic surgeons, and physiotherapists. Narrative notes
were coded and filled in the database of BTX-PredictMed [9,20].

Data on diagnosis, etiology, type of spasticity, functional assessments, epilepsy, clinical
history, and radiology were collected anonymously between 2005 and 2020.

CP etiology was classified as [1]:

e  antenatal: cerebral malformation, genetic, prematurity, infection, vascular;
e  perinatal: anoxic, infectious ischemic;
e  postnatal: postnatal anoxic/ischemic injury epilepsy, cranial trauma, infectious.

Motor function was assessed using the Gross Motor Function Classification System
(GMFCS) and the Manual Ability Classification System (MACS) [15,24]. Both have a 5-point
classification system with higher scores indicating worse motor functioning (Figure 2).

80
70
60
50
-
L 40
w
= 30
: I I I I I
10
0 = I II I - I I IIII
GMFCS MACS FMS PPAS MCPHCS
mi 2 10 75 64 55
ulil 28 15 43 20 26
=i 20 34 19 34 15
niv 5 48 25 30 9
mv 75 58 3 17 5
mvi 0 0 0 0 10
Vil 0 0 0 0 45

Figure 2. Distribution of patients according to the Manual Ability Classification System (MACS),
Gross Motor Function Classification System (GMFCS), Melbourne Cerebral Palsy Hip Classification
Scale (MCPHCS), Functional Mobility Scale (FMS), and Posture and Postural Ability Scale (PPAS).
Nonapplicable (0).

Scoliosis was defined by a Cobb angle > 10° on the spinal radiograph and classified as
severe at a Cobb angle > 40° [1,15] (Table 1).

Neurological status was assessed by the presence of hypertonia in the upper or lower
extremities, the type of spastic disorder (hemiplegia, diplegia, tri/quadriplegia), the severity
of epilepsy, and the presence of dystonia. The modified Ashworth Scale of Bohannon and
Smith and the modified Tardieu Scale [1,15] have been used to quantify spasticity.
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The severity of epilepsy has been determined by pediatric epileptologists and classified
as “well-controlled” or “intractable” [36] based on the guidelines of the International League
Against Epilepsy. These guidelines define intractable epilepsy as a continuous seizure
despite treatment attempts with at least two antiepileptic drugs [37,38] (Table 1).

Dysplasia was estimated based on the Perkins line: 0% was assigned if the migration
percentage (MP) was negative and the lateral margin of the femoral head was medial to
the Perkins line. Percent migration (MP) was scored as 100% when the entire femoral head
was lateral to the Perkins line.

The hips were classified as normal (MP less than 33%), subluxated (MP = 33 up to 89%)
or luxated (MP > 90%) according to the migration percentage [16,17]. Clinical measurement
of the hip focused on internal rotation and hip abduction. The modified Harris score
(MHHS) [16] was used to assess hip function, pain, and gait. The Melbourne Cerebral Palsy
Hip Classification Scale (MCPHCS) [39,40] was used to classify hip morphology. In the
case of multiple radiographs, a pediatric orthopedic surgeon evaluated the most recent one.
All patients had at least one pelvic radiograph.

Trunk functional abilities were ascertained with the Functional Mobility Scale (FMS) [16],
the Posture and Postural Ability Scale (PPAS), and the Lower Extremity Functional Scale
(LEFS) [17]. Trunk muscle tone was assessed with the Trunk Impairment Scale (TIS) [16]
(Figure 2).

The variables investigated were:
Neurotoxins treatments (NT);
Presence of Neuromuscular scoliosis (NS);
Trunk muscle tone disorder (TT);
Spasticity (SP);

Dystonia (D);

Epilepsy (E);

Hip Dysplasia (HD);

Equines foot (EF);

Gastrostomy feeding (GA);

Sex (SE);

Etiology (ET);

GMFCS;

MACS.

ET, TT, SP, D, SE, GMFCS, MACS, and E were assessed in the first control; NT, NS, HP,
GA, and EF were assessed in the last control.

© OO0 00000000 0 O

4.5. Statistical Analysis

We performed Fisher’s exact tests and developed contingency tables [41] for identify-
ing the distribution frequencies and the confidence intervals of factors associated with BTX
treatments. Then, we used the web-based epidemiological calculators MedCalc® statistical
software 20.123 and OpenEpi software 3.01 [42,43] to calculate 95% confidence intervals,
odds ratios, and Z-statistics (Table 2).

The glm() function of the open-source software R 4.2.2 [44—46] was used to predict
each patient’s probability of undergoing BTX treatment; the common thresholds for select-
ing relevant variables (with p-value < 0.2) [44,45] were employed as independent input
variables in a bespoke multiple logistic regression model [44,46]. The binary dependent
variable was the presence of BTX treatment (yes/no).

The selected Independent variables entered in BTX-PredictMed were: ET, TT, SP, D, E,
NS, GMEFCS, SE, MACS, and HD.

In accordance with the statistical learning theory reported by Vapnik and Chervonen-
kis [47], we divided the patients into a “training set” to train the LR model and a “test
set” to check the performance of the model. We checked whether each subject in the “test
set” was correctly predicted as a potential developer of epilepsy (or not) by calculating the
sensitivity, specificity, and accuracy [43].
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Table 2. Contingency table comparing subjects with and without Neurotoxin Treatments using the
Fisher’s exact test.

Multicenter ~ Hospitals
Pediatric Hospital A + Children Hospital B A B

Independent Variables Neurotoxin

_ Treatments  ggsRatio 95% CIs  ZStatistic p Value pValue p Value

Yes No
Yes 39 30

Neuromuscular Scoliosis (NS) 2.86 1.50-5.43 3.20 0.0013 0.007 0.006
No 30 66
. Yes 45 30

Equines Foot (EF) 4.12 2.13-7.95 422 <0.0001 <0.0001 <0.0001

No 24 66
. Yes 31 58

Etiology (ET) 0.53 0.28-0.99 1.96 0.05 0.05 0.05

PreNatal > Peri/PostNatal causes

No 38 38

To minimize the dependence on the composition of the training and test sets, cross-
validation was used. Cross-validation is a technique to evaluate the generalization of
the results of a statistical analysis on an independent data set. We randomly generated
20 couples of training and test sets; for each couple, we calculated the sensitivity, specificity,
and accuracy of the predictions; and finally averaged all couples. Accuracy, sensitivity, and
specificity were defined in terms of True Positive (TP), True Negative (TN), False Negative
(FN), and False Positive (FP) [43].

Then, we compared the predictions with the patient’s known status (e.g., whether
he/she has BTX or not) for each patient in the “test set,” calculating the sensitivity, speci-
ficity, and accuracy of the predictive logistic regression algorithm (Table 3).

Table 3. List of the logistic regression coefficients associated with the presence of Neurotoxins Treatments.

Logistic Regressions

Independent OddsKatio Standard . Prob(>1Z1)
Variables Logarithm Linear Error Z Ratio p Value
Intercept 1.563 4.77 0.879 1.777 0.075

Scoliosis (NS) 0.146 0.863 0.476 —0.308 0.757

Truncal Tone Disorder (TT) 0.626 1.870 0.277 2.258 0.023
Etiology 0.077 1.080 0.316 0.246 0.805

Spasticity (SP) 0.677 1.967 0.285 2.374 0.017

Dystonia (D) 1.670 5.312 0.583 2.864 0.004

Epilepsy (E) 0.227 1.254 0.349 0.649 0.515

Gender (SE) 0.512 1.668 0.421 1.215 0.224

GMECS score 0.299 0.741 0.312 —0.957 0.338

MACS score 1.085 2.959 0.250 —4.334 <0.001

Hip Dysplasia (HD) 1.392 4.022 0.500 2.7822 0.05

Logistic Regression: The increasing of TT, SP (Quadriplegia/triplegia >Diplegia> hemiplegia), D, MACS score,
and HD are factors associated with the presence of Neurotoxin Treatments (in the “Odds Ratio-Linear” column).
This means, more precisely, that for every unit increase in SP, the log odds = In(p/1—p) increases 1.967 times
(where p = probability of having Neurotoxins Treatments). The “Prob(>|z)” column indicates the significant
strength of the respective parameter in terms of the p-value as the presence of Neurotoxin Treatments. This means
that the significance of TT, SP, D, MACS score, and HD in predicting the presence of Neurotoxin Treatments is
very probable, with a p-value < 0.05. The best machine learning model score performed with an accuracy of 76%,
sensitivity of 67%, specificity of 81%, and an average score of 75%.
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Abstract: Introduction: Detrusor injection with onabotulinumtoxin A (OnabotA-DI) is an established
therapy for overactive bladder (OAB). Little is known about the exact onset and course of the effect in
the days after the injection therapy. By using a new type of app-controlled automated diary pod, for
the first time, the precise onset of the effect of OnabotA-DI can be documented in real time. Materials
and methods: Patients due for OnabotA-DI were asked to document voiding 3 days before and
up to 3 weeks after therapy using the Diary Pod app. The detrusor injection was performed with
onabotulinumtoxin A (Botox®), 100 units, at 20 sites of the detrusor muscle in a standardized manner.
Voiding on the injection day itself was not documented. Results: A total of 17 patients (15 women,
2 men; aged 33-83 (mean 64.6; median 70) years) were included in the study. The handling of
the Diary Pod app was user-friendly, and elderly patients did not encounter technical problems.
The results of patients with reliably documented micturitions showed a continuous reduction in
micturition frequency every day from the first day and significantly from day 5. For 24 h voiding,
from 12.83 4= 5.54 in the 3 days before injection, the following mean values were found with significant
(p < 0.05) changes after the intervention: 9.17 + 3.19 on day 5, 8.75 £ 3.69 on day 10, 7.17 £ 2.04 on
day 15, and 5.75 & 0.5 on day 20. These changes were in similar proportions during the daytime
and nighttime. Conclusions: Contrary to previous knowledge, the effect of the OnabotA-DI set in
from the first postoperative days and was reflected a similar extent in day and night micturition. This
study is the first to document the onset of action of OnabotA-DI in real time.

Keywords: overactive bladder; botulinum toxin; urinary incontinence; urinary bladder; injections; in-
tramuscular

Key Contribution: Real-time documentation of the effect of onabotulinumtoxin A detrusor injection
in OAB patients shows that the action starts already on the first days after injection and reaches
significance on the fifth day.

1. Introduction

As defined by the International Continence Society [1], the overactive bladder (OAB)
syndrome, urge syndrome, or urgency-frequency syndrome can be described by the presen-
tation of urgency, with or without urge incontinence, usually with frequency and nocturia.
These symptom combinations are suggestive of urodynamically demonstrable detrusor
overactivity but can be due to other forms of urethro-vesical dysfunction. These terms can
be used if there is no proven infection or other obvious pathology (e.g., bladder stones, blad-
der tumors, bladder outlet obstruction due to benign prostatic hyperplasia, or uterovaginal
descenus). OAB is purely a patient-reported condition. These OAB symptoms can substan-
tially limit the quality of life and cause various social, work-related, psychological, and
sexual problems [2—4]. Epidemiological studies from Europe and the US have shown that
the symptoms of OAB increase significantly with age and can occur in up to 16-17% of the
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population [5-7]. According to the current European Association of Urology (EAU) guide-
lines [8,9], behavioral therapy approaches such as weight loss, reducing nicotine and coffee
consumption, pelvic floor therapy, and bladder training are therapeutic options. However,
OAB is a domain of drug approaches such as anticholinergics or (33-receptor agonists such
as mirabegron [8,9]. If these medications are ineffective or discontinued because of side
effects [10], the patient can be offered more invasive measures as second-line therapy.

In 2013, onabotulinumtoxin A detrusor injection (OnabotA-DI) was approved by the
US Food and Drug Administration for the treatment of idiopathic OAB in patients whose
urgency or frequency with urge incontinence did not respond adequately to anticholinergic
drugs or who were intolerant to these drugs [11]. According to the EMBARK study
reported by Nitti et al. [11], this therapy is carried out as part of a cystoscopy procedure
and provides effective alleviation of all OAB symptoms after 12 weeks [11], to the following
extent: a 47.9% reduction in urinary urge incontinence, 16.9% reduction in frequency, 31.6%
reduction in urgency, and 20.2% reduction in nocturia. Clinically meaningful improvements
from baseline in all I-QOL and KHQ multi-item domains indicated a positive impact on
HRQOL [4]. This therapeutic approach has proven to be more effective in reducing urge
incontinence than oral medication [12,13]. Numerous, generally similar data exist on the
duration of the effect of onabotulinumtoxin A in the urinary bladder [14]. The effect of
100 U of onabotulinumtoxin A in a long-term study by Nitti et al. based on the time to
patient re-treatment request showed a median of 7.6 months, but this varied greatly [15]:
34.2% of the patients requested re-treatment within 6 months, 37.2% after 612 months, and
28.5% after more than 12 months.

However, data are sparse for this approach concerning the exact onset of action in the
days after the OnabotA-DI therapy, and we are not aware of any study that has explicitly
dealt with this issue. The drug information and numerous studies on this topic state only
that “a clinical improvement generally occurs within one to two weeks”, but when exactly
can the patient expect the first relief from the burdensome voiding frequency? By using a
novel app-controlled automated urine collection device (Minze-Health® Diary Pod), we
investigated the exact onset of the effect of OnabotA-DI in real time.

2. Results

A total of 17 patients were included in the study (15 women and 2 men). The
mean/median age was 64.6/70 (33-83) years. Unfortunately, the dropout rate was high;
four patients had to be excluded due to insufficient documentation (<6 documented post-
operative days), two due to postoperative UTIs, one due to device failure, and one due to
cancer (non-urological) diagnosed during the study period. On the other hand, nine very
well-documented pre- and post-interventional datasets were evaluated.

The baseline mean micturition frequency in the 3 days before the injection therapy
was 12.8 + 5.54 micturitions/24 h. Figure 1 shows the decrease in micturition frequency
over the 3 weeks. Table 1 shows the decrease in voiding frequency until a significant
decrease was achieved, and then every 5 days thereafter to day 20. Due to the generally
high variability, the mean micturition volume showed a delayed significant increase, from
an average of 194.8 mL before the injection to 244.1 mL on the ninth day after the injection.

Table 1. Decrease in voiding frequency after injection therapy. The reduction in micturition in 24 h reached
a trend on the 4th day and became significant on the 5th day. The reduction in voiding, separately during
the day and at night, reached a significant level from the 7th day (not separately shown).

Da Frequency Frequency Daytime Frequency Nighttime
y in 24 h (Mean + SD) P (Mean =+ SD) r (Mean =+ SD)
Average micturition —3to
BEFORE injection b 12.83 5.54 10.87 5.16 1.96 0.98
Average micturition 1 12.29 439 0.767 10.14 402 0.636 214 0.90 0.689

AFTER injection

148



Toxins 2023, 15, 30

Table 1. Cont.

Day . Frequency p Frequency Daytime p Frequency Nighttime
in 24 h (Mean + SD) (Mean + SD) (Mean + SD)
3 9.56 4.45 0.060 7.89 4.31 0.070 1.67 0.87 0.282
4 9.38 4.24 0.056 8.13 4.42 0.119 1.25 1.28 0.142
5 9.17 3.19 0.038 7.67 4.03 0.107 1.50 1.22 0.363
10 8.75 3.69 0.017 7.63 3.54 0.035 113 0.64 0.006
15 7.17 2.04 0.001 6.00 2.10 0.002 117 0.75 0.042
20 5.75 0.50 <0.001 4.25 0.96 0.001 1.50 1.29 0.049
24H FREQUENCY

25

o
PR R 0'* LA I R AN L N e SR SN G ST\ R S B S G
o .500@@0“60“‘.)0“‘ R T F T S N AU S S N A S o
e Lo oo o T v e o S - - S . A
& & & & FFFIFITFTIFTIEITFEE e
A @S'v A R R RN N I A R A

— patient 1 —=—patient 2 —=—patient 3 patient 4 —=— patient 5

—=—patient 6 —=— patient 7 —=—patient 8 = patient 9 =8=Average

Figure 1. Graphic representation of the decrease in micturition frequencies in 24 h, before and after
injection. The vertical line crosses on the day of injection. The mean value curve is in bold red.

3. Discussion

The patients evaluated in this study were representative of those typically affected with
OAB symptoms and are comparable to those in larger series (e.g., the approval EMBARK
study of Nitti et al. [11]). Although our patient series was small, the patients were especially
homogenous and displayed typical features. Therefore, the sample was representative of
average OAB patients: the increased micturition frequency of 12.8/24 h was similar to
that of the large series, as was the unequal gender distribution strongly in favor of women
(89.3%), and the mean age of 64.6 years [11,16]. The frequency of post-interventional UTIs
in our series at 11.8% (2 of 17) fits into the variable picture described in the literature of UTI
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rates of 0.4-24.5% [11,16]. In our study, these patients had to be excluded because a UTI
changes the micturition frequency significantly; accordingly, this would not reflect the effect
of the onabotulinumtoxin A. The considerable effort for the patients of the daily permanent
documentation and Diary Pod use also led to many dropping out. Unfortunately, one
patient had a diagnosis of breast cancer during the study period and did not want to
continue with the study, and one device did not function properly. However, despite
this high dropout rate, the results properly reflect the clinical picture of OAB, and thus,
they also reflect the course of action of the onabotulinumtoxinA therapy because of the
high homogeneity of the representative participants. Furthermore, this study was not a
proof-of-action study, but it does prove the onset of action for onabotulinumtoxinA after
application in the detrusor muscle.

Effective therapeutic results of OnabotA-DI are well-documented in patients with
OAB [14]. The duration of action has also been clarified: in the long-term follow-up study
reported by Nitti et al. [15], the overall median duration of the effect of onabotulinumtoxinA
100 U was 7.6 months. As mentioned, the median duration was 6 months or less in 150
of the 438 patients (34.2%), between 6 and 12 months in 163 patients (37.2%), and greater
than 12 months in 125 patients (28.5%). Moreover, to our knowledge, the onset of the
toxin’s effect has not been reported. This is the most important finding in our study: the
frequency of voiding per 24 h decreased significantly from the fifth post-interventional
day. Considering the absolute numbers, this also corresponds to a clinically substantial
decrease in micturition frequency: from 12.8 t0 9.2, i.e., —3.7 (—28.6%). In the pivotal study
by Nitti [11], this value was —16.9% at week 12 post-treatment.

The good effect of onabotulinumtoxin A on urinary bladder symptoms is convincing.
Its action is complex, especially with the most clinically used serotype botulinum toxin
type A; the neuromuscular transmission is inhibited in not only efferent but also afferent
nerves [17]. In the bladder, SV2 receptors, via which the neurotoxin is taken up into
the nerve cells [18], and SNAP25, which is part of the SNARE protein complex and the
primary target of botulinum toxin type A [19], are found in abundance and co-localize in
parasympathetic, sympathetic, and sensory nerves. Almost all nerves of the cholinergic
system (95%) present the SV2 receptor, as do 69% of the sympathetic and 58% of the sensory
fibers [20,21]. The exact site of action in the urinary bladder is debated: whether exclusively
or predominantly in the detrusor muscle and the suburothelial connective tissue or whether
the urothelium could already be the site of attack of the botulinum toxin. While the SV2
receptor could be detected [22], SNAP25 was not detected in the human urothelium [20].
The inhibitory effect on the transmitter release of acetylcholine and, thus on, muscular
overactivity is an important point of attack for botulinum toxin A. However, the release of
several other transmitters after botulinum toxin injections are suspected in animal studies,
e.g., ATP in healthy [22] and spinalized [23] animals. This could lead to a downregulation
of the purinergic component at the suburothelial [24] and detrusor level [25]. However,
the downregulation of the purinergic system is likely associated with reduced afferent
activation and signaling since the decrease in suburothelial purinergic P2X3 receptors
correlated well with the reduction in pathological sensations of urgency in patients [26].
Additionally, suburothelial capsaicin TRPV1 receptors, which play a role in the afferent
mechano-sensation and pain pathways of the urinary bladder sensitization, were found to
be downregulated after OnabotA-DI [24].

For the first time, our study documented precisely how the effect unfolds
clinically—although no direct neurophysiological proof of the effect could be provided,
of course (this would necessitate basic science investigations). However, regarding the
onset of the effect of OnabotA-DI, all studies have only noted that it can be expected
after around 1-2 weeks. Studies on the exact onset of action are rare. In striated muscle,
Hamjian et al. [27] showed in the human M. extensor digitalis brevis that after injection of
10U onabotulinumtoxin A, neurophysiologically detectable activity decreased from 48 h,
with a maximum decrease after 21 days. To our knowledge, no studies exist on the exact
onset of action on the bladder or any other smooth muscle in humans. However, the data
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from our study are very helpful in the informational discussion because patients otherwise
often expect an immediate onset of action.

4. Conclusions

Our study reveals for the first time the exact onset of the action of OnabotA-DI, using
the example of voiding frequency because this was the most reliable documented parameter
in the Diary Pod app. A trend of reduction can be seen from the 4th day, and a significant
and clinically meaningful change and alleviation can be expected from the 5th day after
OnabotA-DI. This is important information for the expectations of patients who choose this
minimally invasive therapy.

5. Materials and Methods

Adult patients with OAB symptoms, as described, were included in this study. All
patients had received oral anticholinergic or 33-receptor agonist premedication, but this was
discontinued because of insufficient effect or significant side effects, or contraindications
existed. OnabotA-DI was recommended. In order to make a per se good OnabotA-
DI effect likely, the EAU guideline recommendation [8,9] for the diagnosis of OAB and
the exclusion of other potential causes of the symptoms were carefully observed. This
was performed meticulously to minimize the rate of potential treatment failures due to
OnabotA-DI misindication, which would lead to misinterpretations of the onset of action.
Another inclusion criterion was the presence and confident use of a smartphone (subjective
assessment by the patients) to be able to load the Minze-Health app. The patients were
instructed in this app and also received instructions for use in their native language. The
procedure was scheduled for 2—4 weeks after this briefing.

The patients began using the Diary Pod app 3 days before the agreed injection date
to collect the pre-therapeutic basic data. The Minze Diary Pod (Figure 2) is an automated
bladder diary solution that includes a measuring device connected to a mobile app. The
Diary Pod is a device for all ages and genders that measures volume and time, and the
app assists the patient in keeping a bladder diary in a compliant way. The collected
data are visualized in a dashboard on the Minze Clinician Portal (Figure 3 left and right
graph), where the results can be analyzed, compared over time, or exported as raw data for
further research. The first morning void must be marked to stop the counting of nocturnal
voids (nocturia). Voiding related to defecation could not be documented and had to be
ignored. In principle, patients can also document drinking quantities and episodes of
urinary incontinence in the app, but this was not the primary aim of the study since we had
to assume that the manual registration of incontinence events in the app documentation
could be incomplete.

On the day of the injection (day 0), no micturition was documented. A urine test
was performed before the operation to rule out an acute UTI. The injection itself was
always carried out using a rigid cystoscope (17 or 21 French) in a specified manner [28]:
the onabotulinumtoxin A was dissolved in 10 mL of sodium chloride. The application was
carried out either under local anesthesia with 50 mL of lidocaine and a 20 min exposure
time or under general anesthesia (by an anesthetist), according to the patient’s preferences.
Twenty injections were made on the side walls of the bladder, the posterior wall, the base
of the bladder, and in the trigonum vesicae, sparing the ostia areas. The intervention was
always performed under perioperative antibiotic prophylaxis.

The automated Diary Pod was used again from the first postoperative day, ideally
continued for 21 days. A control visit was made around 1-2 weeks after the injection day
to rule out a UTT or significant residual urine formation.

Patients who showed a UTI in the control visit 1-2 weeks after the injection day
were withdrawn from the study because this has a very significant and negative impact
on the frequency of micturition. Likewise, patients who had not documented at least
2 preoperative and 7 postoperative days via the app could not be evaluated. Patients
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who had several gap days in a row in the visualized diary on the Minze Clinician Portal
documentation were also excluded.

Figure 2. The Diary Pod, an automated bladder diary solution that includes a measuring device connected
to a mobile app. The collected data are visualized in a dashboard on the Minze Clinician Portal.
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Figure 3. (Left side) Example of documentation of the kind and amount of drinking, micturitions,
urgencies, and leakages and (right side) the summaries of these values.

The ethics committee of the Charité Universititsmedizin Berlin was consulted for
the study.

Statistics: The mean voiding frequency value was calculated from the 3 days before the
injection therapy to obtain a picture of the pre-therapeutic state that was as representative
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as possible. This mean represented the reference value for the post-therapeutic voiding
frequencies. The values of the patients were compared with the baseline value (=average
of the first 3 days) per single day (after injection) using a one-sample t-test. All statistical
analyzes were performed using the program R-4.2.2. for Windows. Because of the several
potential disruptive factors in interpreting the onset of action (e.g., UTI, missing documen-
tation) and because of the relatively high effort for the patients (the motivation for app
documentation was expected to decrease once the therapy was completed and the desired
relief occurred), in the calculation of the patients to be included, we considered a high
dropout rate. This study was not supposed to prove the effect of OnabotulinumtoxinA but
to document the onset of the effect, and the number of completely evaluable patients was
calculated accordingly.
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Abstract: Xeomin®

is a commercial formulation of botulinum neurotoxin type A (BoNT/A) clinically
authorized for treating neurological disorders, such as blepharospasm, cervical dystonia, limb
spasticity, and sialorrhea. We have previously demonstrated that spinal injection of laboratory
purified 150 kDa BoNT /A in paraplegic mice, after undergoing traumatic spinal cord injury (SCI), was
able to reduce excitotoxic phenomena, glial scar, inflammation, and the development of neuropathic
pain and facilitate regeneration and motor recovery. In the present study, as proof of concept in
view of a possible clinical application, we studied the efficacy of Xeomin® in the same preclinical
SCI model in which we highlighted the positive effects of lab-purified BONT/A. Data comparison
shows that Xeomin® induces similar pharmacological and therapeutic effects, albeit with less efficacy,
to lab-purified BoNT/A. This difference, which can be improved by adjusting the dose, can be
attributable to the different formulation and pharmacodynamics. Although the mechanism by which
Xeomin® and laboratory purified BONT/A induce functional improvement in paraplegic mice is still
far from being understood, these results open a possible new scenario in treatment of SCI and are a
stimulus for further research.

Keywords: botulinum neurotoxin; spinal cord injury; regeneration; motor recovery; sciatic static
index; neuropathic pain; glial cells; mice

Key Contribution: Spinal injection of Xeomin® in paraplegic mice, subjected to traumatic injury at
the thoracic level of the spinal cord, induced spinal cord regeneration and motor recovery. These
beneficial effects were achieved by reducing excitotoxic phenomena, glial scar and inflammation.

1. Introduction

Botulinum neurotoxins (BoNTs) are produced by Clostridium botulinum in eight differ-
ent serotypes, named by letters from A to G, and X [1,2]. A number of different subtypes,
together with chimeric molecules, complete the large family of these toxins [3,4]. All
serotypes consist of a 100 kDa di-chain molecule, called heavy chain (HC), which binds to
nerve membrane receptors, and a 50 kDa molecule, called light chain (LC), which enters
the cytosol where it cleaves the soluble NSF (N-ethylmaleimide-sensitive factor) attach-
ment receptor (SNARE) proteins, the key components whose integrity is required for the
formation of the protein complex responsible for the fusion of synaptic vesicles with the
cell membrane [1,5-7]. All BoNTs act by specifically cleaving a different peptide bond on
one of the SNARE proteins: BONT/A and /E cleave SNAP-25; BoONT/B, /D, /G and /F
cleave VAMP/synaptobrevin; whereas BONT/C cleaves both syntaxin and SNAP-25 [8].

Several studies evidenced the use of BoNTs, mainly BONT/A and /B serotypes, for
therapy in a variety of human diseases [9,10]. Today, BONT/A and /B are licensed for
treatment of several autonomic nervous system and movement disorders, such as dystonias,
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muscle spasms, spasticity, excessive sweating, overactive urinary bladder, along with many
off-label uses in other neurological pathologies [11,12], besides the well-known treatment
for aesthetic purposes [13]. A potential role of BONT/A as a novel agent in pain relief has
also been demonstrated [14-20], and the use of BONT/A for the prophylactic treatment of
migraine has recently been approved [21-23].

In a previous study [24], we demonstrated the beneficial effect of spinal injection of
lab-purified 150 kDa BoNT/A protein in a mouse model of spinal cord injury (SCI) at two
different degrees of severity [25,26]. In severe SCI, traumatic spinal cord injury resulted in
complete hindlimb paralysis, while in moderate SCI, the damage was partial and the mice
retained some movement and sensation in the hindlimbs. Within one hour from SCI, i.e.,
during the acute phase of the injury, we injected a single dose of BONT/A (15 pg dissolved
in 5 uL of saline) and observed: (i) an extraordinary motor recovery from paralysis with
reconstruction of the damaged spinal cord in mice with severe SCI; and, (ii) in addition to
motor recovery, a prevention of the development of neuropathic pain, a comorbidity often
associated with SCI, in mice with moderate SCI.

The purpose of the present study was to investigate whether the beneficial effects of
lab-purified BONT/A in counteracting SCI [24] could also be obtained using a commercial
formulation of BONT/A. Among the various formulations of BONT/A on the market, we chose
Xeomin® (IncobotulinumtoxinA; Merz Pharmaceuticals GmbH, Frankfurt am Main, Germany)
because this drug does not contain complexing proteins, which keeps the molecule similar
to the one purified in the lab.

2. Results
® on motor paralysis, we tested mice with both severe

To evaluate the effects of Xeomin
and moderate SCI; to evaluate the effect of Xeomin® on sensory deficits and neuropathic
pain symptoms, we tested only mice with moderate SCI. Furthermore, to avoid the entry of
toxin into the blood stream, as a consequence of the destruction of the blood-spinal barrier
by SCI at the thoracic level (T9-T11), we injected Xeomin® (single dose of 2.5 U dissolved
in 5 pL of saline) not directly to the lesion site but at the lumbar level (L4-L5). The dose of
toxin was chosen on the basis of the conversion ratio suggested by the manufacturer: 2.5U
of Xeomin® corresponds to approximately 15 pg of lab-purified 150 kDa BONT/A, a single
dose used in our previous study [24]. As the control group, some SCI mice were injected
with saline (0.9% NaCl).

Figure 1A shows the BMS score, expressed as incremental recovery (ABMS) starting
from day 3 after SCI (D3), obtained in severe SCI mice treated with saline or Xeomin®.
As inclusion criteria, all mice that at D3 performed a BMS score in the range 0-3 were
considered in this group. At D3, ABMS was calculated with respect to baseline value
of BMS = 9 (normal movement of the hindlimbs) and the days from SCI, which in our
experimental protocol is equal to 3, by using the Equation (1):

ABMS at D3 = ((BMS value at D3 — 9)/3) Q)

while at Dx (x = 7, 10, 14, 21, 28, 35), ABMS was calculated with respect to BMS value at D3
and the days from D3, by using the Equation (2):

ABMS at Dx = ((BMS value at Dx — BMS value at D3)/days from D3) )

Although an increasing trend was observed, the mean ABMS of saline- or
Xeomin®-treated SCI mice was not different from D3 to D21. Starting from D28,
Xeomin®-treated mice showed a significant amelioration of motor deficit when compared
with saline-treated mice (ANOVA for repeated measures: interaction time x treatment
Fe 54 = 7.557, p < 0.0001) (see also Supplementary Video-S1 and Supplementary Video-S2).

Figure 1B shows the ABMS score, as a function of days after SCI, obtained in moderate
SCI mice treated with saline or Xeomin®. All mice that at D3 performed a BMS score in the
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range of 3 to 6 were included in this group. Both saline- and Xeomin®-treated mice were
not significantly different.
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Figure 1. (A) Incremental ratio (ABMS) of motor recovery, calculated with respect to baseline for D3
(first day of the BMS measurement) or D3 for the subsequent days, in saline- or Xeomin®-treated
severe SCI mice (N = 5-6/group). Statistics: Tukey-Kramer post-hoc test: (*) p < 0.05, (**) p < 0.001 vs.
saline. (B) ABMS of motor recovery in saline- or Xeomin®-treated moderate SCI mice (N =5/ group).
(C) Percentage of mechanical allodynia threshold in saline- or Xeomin®-treated moderate SCI mice
(N = 5/group) with respect to the threshold before SCI. Statistics: Tukey-Kramer post-hoc test: (°°)
p < 0.0001 vs. baseline (blue dashed line at 100%); unpaired t-test at D28: (*) p < 0.05 vs. saline;
(D) Percentage of thermal hyperalgesia threshold in saline- or Xeomin®-treated moderate SCI mice
(N = 5/group) with respect to the threshold before SCI. Statistics: unpaired -test: (°°°) p < 0.0001 vs.
baseline (blue dashed line at 100%). (E) Sciatic Static Index (SSI) calculated from hindpaws’ footprints
in saline- (black line) or Xeomin®-treated (blue line) moderate SCI mice (N =5/ group). Values of
SSI = 0 represent normal walking, while negative values are an index of walking deficits. Statistics:
Tukey-Kramer post-hoc test: (*) p < 0.05, (**) p < 0.001 vs. saline. (F) Representative examples of
footprint walking track in saline- or Xeomin®-treated moderate SCI mice.
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Because the hindlimbs of moderate SCI mice were not completely paralyzed, these
mice retained nociceptive sensitivity and thus could respond to nociceptive stimuli. For this
reason, on moderate SCI mice, we were able to perform a behavioral analysis to ascertain
whether Xeomin® was able to counteract the onset of neuropathic pain. Figure 1C,D shows
the percentages of mechanical allodynia threshold (panel C) and thermal hyperalgesia
threshold (panel D) in moderate SCI mice, at different days post SCI, calculated for each
mouse with respect to the baseline threshold before SCI (BL) using Equation (3):

% of threshold = (threshold at Dx/BL) x 100 3)

Both saline- and Xeomin®-treated mice developed and maintained mechanical al-
lodynia for all time-points considered. ANOVA one-way comparing treatments with
their baseline shows a significant effect for both the saline (F5 59 = 13.645, p < 0.0001) and
Xeomin® (Fs 45 = 8.685, p < 0.0001) group. Post-hoc comparison between groups evidenced
that Xeomin® was significantly different from saline at D28.

More evident is the effect of Xeomin® on thermal hyperalgesia. In detail, the
threshold-to-thermal stimuli in saline-treated SCI mice was significantly reduced, indicat-
ing greater sensitivity to thermal pain, compared with baseline values at each testing day.
In contrast, the thermal pain response in Xeomin®-treated SCI mice was not significantly
different from baseline values. One-way ANOVA comparing treatments with their baseline
shows a significant effect for saline (F549 = 13.336, p < 0.0001) but not for the Xeomin®
group. This finding indicates that Xeomin® was able to prevent the worsening of thermal
sensitivity due to the development of neuropathy induced by SCI.

Figure 1E reports the Sciatic Static Index (SSI) calculated from the analysis of footprint
parameters in saline- or Xeomin®-treated moderate SCI mice. Figure 1F shows two repre-
sentative examples of footprint during walking. The SSI allows to evaluate motor function
and ambulation recovery because it analyzes footprint parameters not easily detectable
with BMS analysis. The SSI analysis shows that saline- and Xeomin®-treated moderate
SCI mice had an approximately 35% walking deficit at D3 after SCI, and only Xeomin®
treatment was able to induce rapid and significant recovery. Two-way ANOVA for repeated
measures shows a significant main effect for treatment (Fy 13 = 7.18, p = 0.015) and time
(F35 = 3.69, p = 0.0044). Moreover, note that the footprint of Xeomin®-treated mice at D28
and D35 showed a regular gait compared with saline-treated mice.

Figure 2 shows examples of immunofluorescence (IF) images of glial fibrillary acid
protein (GFAP, astrocyte marker) expression in spinal cord sections taken from the im-
pact zone in saline- or Xeomin®-treated severe SCI mice, at D35 after SCI. As previously
demonstrated [24], large areas of the spinal cord of saline-treated SCI mice were damaged
with glial scarring and astrocyte hyperactivation, and the spinal cord size was markedly
reduced with the spinal horns completely enveloped by the glial scar. In the Xeomin®
treated SCI mouse, although astrocyte activation and small glial scarring areas were still
present, especially in the impact zone, the spinal cord morphology was preserved, with
clearly recognizable dorsal and ventral horns.

To test whether Xeomin® could exert a neuroprotective action against excitotoxic
phenomena, as previously observed for lab-purified BONT/A [24], and considering that
glutamate induces excitotoxic cell death [27], we analyzed the expression of vesicular
glutamate transporter type 1 (vGLUT1) in colocalization with GFAP expression in severe
SCI mice, at D35 after SCI. Figure 3A,B shows representative examples of IF images of the
colocalization of vGLUT1 with GFAP expression in spinal cord sections taken from the
impact area. In the spinal cord of saline-treated SCI mice (panels A), a striking expression of
vGLUT1 was detected together with a strong colocalization with GFAP. In contrast, in spinal
cord of Xeomin®-treated mice (panels B), both vGLUT1 expression and its colocalization
with GFAP were strongly reduced.

158



Toxins 2023, 15, 248

Allen Brain Atlas: GFAP Nuclei (10x)
P56 adult mouse spinal cord D35 post-SCI SALINE D35 post-SCI XEOMIN
el W= \ ik

/ R
<@
-
\ 5 | T8
= /
\ s s /
e ) o //i
- ican

e e

e
AN+ \
- |
" P \
ifed - -
[~ < o L \
| A = \
@
| o ‘; X
\ o |
. o | T9
\ = /
‘\ Thads:
\ sy = e
) /
/\_,/
B S

e ‘
« i \
e | T10
| e /
‘\ s s

// T s ,,@ﬂﬁ’-r\
‘. i - \
r 5 e \\

/ FPT )
| J m i ‘ T
hy ™ |
\ /

\ "o s, | Tag /

\ - /

\‘x\ - 71/\\% -

Figure 2. Neuroprotective effects of Xeomin® on injured spinal cord. Representative examples of

confocal images (10x) deriving from thoracic (T8/T11) spinal cord of saline- or Xeomin®-treated
mice, collected at D35 after severe SCI. GFAP (green) marker evidences astroglia reactivity and /or
glial scar. With respect to the impact: EPI indicates the epicenter zone of injury, i.e., the core lesion at
T9, while PERI indicates the peri-lesioned zone of injury. Bar 300 pm.
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Figure 3. Xeomin® modulates astrocytes reactivity and glial scar formation. Representative examples
of confocal images (40x and 40x-zoom2 x ) deriving from thoracic (T9) spinal cord of: (A) saline- or
(B) Xeomin®-treated mice, collected at D35 after severe SCIL. Immunostaining in dorsal (DH) and
ventral horn (VH): GFAP (green) marker stains for astrocytes gliosis and glial scar, vGLUT1 (red)
marker stains for the glutamate transporter as indirect index of glutamate release, while merge
(yellow) indicates colocalization of the two markers. Dotted white boxes indicate areas where the
zoom was taken. Bar 60 um.

3. Discussion and Conclusions

In a previous article [24], we demonstrated that a spinal injection of lab-purified
150 kDa BoNT/A was able to: (i) induce spinal nerve regeneration and motor recovery
in a severe SCI mice model; and (ii) counteract the development of neuropathic pain in a
moderate SCI mice model. These effects correlated with reduced activation of spinal glia
and reduced formation of glial scar, events that positively contrast the cascade of adverse
phenomena occurring during SCIl-induced secondary injury [28-32]. Thus, by modulating
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the glial response, BONT/A allows a gradual progression toward a facilitated recovery of
motor and sensory function.

In the present study, we tested Xeomin® to evaluate its possible therapeutic potential
in counteracting SCI with a view to its possible clinical application. We chose Xeomin®
because, of all the BoNTs available on the market, it is the commercial formulation that
most closely matches the lab-purified BONT/A. Although our findings unequivocally
demonstrate a therapeutic effect of Xeomin on SCI, we also highlighted some substantial
differences in comparison with the effects of lab-purified BONT/A. The most evident
regards the pharmacokinetic. In fact, in comparison with the lab-purified BONT/A, we
observed a delay in the regenerative and neuroprotective effects on SCI with Xeomin®,
as well as modest effectiveness. In detail, the time of onset of therapeutic effects was the
first day after administration in the case of lab-purified BONT /A [24], while in the case of
Xeomin®, it was three weeks after administration.

Another discrepancy concerns motor recovery, estimated by the BMS parameter. In
fact, motor recovery was almost complete in the case of lab-purified BoNT/A, with BMS
values between 8 and 9 [24], while motor recovery was not complete in the case of Xeomin®,
with BMS values between 6 and 8. This is particularly evident in the moderate SCI model
in which it was not possible to highlight better motor recovery of Xeomin® compared to
saline. This is probably caused by the ability of the murine axons to regenerate. When the
neurological insult is moderate and does not completely affect the spinal nervous system,
the natural functional recovery can mask the limited therapeutic effect of Xeomin®. It is
also evident that, although Xeomin® appears to be ineffective in moderate SCI, analysis
of footprints during walking demonstrates a strong ability of Xeomin® to induce early
functional recovery.

Comparing the results obtained from lab-purified BONT/A [24] with results obtained
from Xeomin®, another difference immediately emerges in the effects on neuropathic
pain. In fact, although Xeomin® was able to mitigate the symptoms of neuropathic pain,
it did not completely prevent the onset of neuropathic pain or restore the physiological
threshold, especially in mechanical allodynia. On the other hand, from an overview of
spinal morphology, astrocytosis and excitotoxicity, Xeomin® was effective in inducing
neuroprotection and reduction of glial scar.

All these discrepancies can be reasonably attributed again to pharmacodynamics. It
has been already demonstrated that different BONT /A formulations influence the effec-
tiveness requiring a dose adjustment [33-35]. In particular, Byun et al. [35] evidenced
that BONT/A with high efficacy and duration is that one lacking human-derived com-
ponent (coretox®), such as human albumin, which are substituted by polysorbate 20
and L-methionine. Also the higher efficacy of our lab-purified BoONT/A, with respect
to Xeomin®, could be explained by the absence of these animal components. This is an
important point to be considered because pharmacodynamics and pharmacocinetics of the
toxin are influenced by the immunesystem response that can be activated by the exogenous
antigens, such as the effect exerted by human albumin in mice.

Moreover, the different onset of therapeutic effects of Xeomin®, the BONT/ A formu-
lation used in this study, compared to lab-purified 150 kDa BoNT/ A protein used in [24]
may originate from the difficulty obtaining the exact correspondence between doses of
toxin, expressed by units of Xeomin® and pico-grams of BONT/A in [24]. Dose correspon-
dence between picograms and units of Xeomin® was calculated considering that vials of
Xeomin® contained approximately 600 pg of toxin per 100 units, thus 15 pg of lab-purified
10 kDa BoNT/ A corresponded to 2.5 units of Xeomin®. Another discrepancy between the
two BoNT/A formulations resides in the solvent and/or excipients used in preparation
of lab-purified BONT/A and Xeomin®. Both BONT/A are prepared by dilution of stock
solution in saline (0.9%), but Xeomin® also contains human albumin and sucrose.

Overall, our results demonstrate that Xeomin® may be a possible candidate in clinical
application as a therapy against SCI, although a dose-response study would be desirable.
In conclusion, the present study represents proof of concept for the clinical application
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of BoONT/A in the therapy of traumatic SCI, as we validated and confirmed the pro-
regenerative and neuroprotective action of Xeomin®, one of the most used commercial
compounds in neurological disorders.

4. Materials and Methods
4.1. Animals

Four-month-old CD1 female mice (EMMA Infrafrontier, Monterotondo, Italy) were
used. Mice were housed in groups of 4 in standard cages under a 12/12 h light/dark
cycle (7:00 a.m.—7:00 p.m.), with food and water available ad libitum. Thirty minutes
before surgery, mice were moved to a surgical room and were randomly assigned to
different experimental groups. The groups’ size for in vivo experiments was calculated by
implementing a power analysis (Gpower 3.1), and the number of mice used is reported
in the figure legends. Testing was done by blind investigators as for treatment groups.
Care and handling of mice were in accordance with the guidelines of the Committee for
Research and Ethical Issues of IASP [36]. In vivo procedures were approved by the Italian
Ministry of Health (PR122/2019, 10 February 2019) on the use of animals for research.

4.2. Surgery

Different groups of mice were subjected to SCI with severe or moderate traumatic
injury. Detailed surgical procedures and postoperative care were as described in [24,25].
Spinal cord contusion was done at the thoracic level (T9-T11) using a cortical PinPoint
precision impactor device (Hatteras Instruments Inc., Cary, NC, USA). Impactor parameters
were as follows: middle, round, and flat tip (#4); depth: 5 mm; velocity: 3 m/s (severe SCI)
or 1 m/s (moderate SCI); dwell time: 800 ms (severe SCI) or 75 ms (moderate SCI).

4.3. Drugs

Within 1 h from contusion, a single dose (2.5U in 5 pL saline) of Xeomin
(Merz Pharmaceuticals GmbH, Frankfurt am Main, Germany), or saline (5 L), was spinally
injected through intervertebral space at the lumbar level (L4-L5), using an automatic
injector (KDS 310 Plus; KD Scientific; Holliston, MA, USA) equipped with a 10 pL sy-
ringe (Hamilton #701; Biosigma; Cona, Italy) with a needle of 30 um internal diameter
(Eppendorf, Hamburg, Germany). Injections were made at 2 uL./min and, to avoid liquid
reflux, the needle was maintained in situ for 3 min after the end of the injection, as already
described in [24,25].

®

4.4. Behavioral Test: Basso Mouse Scale (BMS)

For all mice groups, the hindlimb functions were assessed by estimating the BMS score
in an open field arena as previously described [24]. The BMS score is a parameter, ranging
from 0 to 9, where 0 indicates complete paralysis while 9 indicates normal hindlimbs
movement. Each mouse was tested at D3, D7, D10, D14, D21, D28, and D35 post-SCI, and
BMS scores of left and right hindlimbs were averaged together. Mice with a BMS score
between 0 and 3 at D3 were included in the severe SCI group, while mice with a BMS score
between >3 and 6 at D3 were included in the moderate SCI group. Mild-lesioned mice with
BMS > 6 were excluded. To better appreciate amelioration in BMS values, we calculated
the incremental BMS performance for the first day of BMS measurement (D3).

4.5. Nociceptive Tests

Mechanical allodynia was tested using a Dynamic Plantar Aesthesiometer
(Model 37,400, Ugo Basile Srl, Comerio, Italy) as described in [37]. Thermal hyperal-
gesia was tested using an automatic plantar test instrument (Plantar Test, Ugo Basile,
Comerio, Italy) as described in [38]. For the thermal hyperalgesia test, a cut-off time of 15 s
was imposed to avoid damage of hindpaw skin tissue. Both the mechanical and thermal
threshold were measured before injury (baseline value) and at D3, D7, D10, D14, and D28
after SCI, on the same moderate SCI mice, with an interval between the two tests of one
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hour. For each mouse, two values of mechanical and thermal threshold after SCI were obtained
because the two hindpaws, the right and the left, can develop different degrees of neuropathic
pain. At each testing day, threshold values were averaged from 3 consecutive measurements
per hindpaw and reported as a percentage with corresponding the baseline value.

4.6. Sciatic Static Index

As well as the BMS score, recovery of the hindpaw functionality was also analysed
by the the recording of the walking footprints in moderate SCI mice, as described in [39].
Footprints were collected by painting with ink on the plantar surface of the hindpaws.
The toe spread (TS), from the 1st to 5th toe, and the paw length (PL), from the tip of the
3rd toe to the most posterior aspect of the paw, were considered to calculate the Sciatic
Static Index (SSI). These parameters were measured from at least five footprints, taken from
three different walking tracks. At each different walking track, the plantar surface of the
hindpaws were repainted with ink, to avoid that footprint becoming weaker after a few
runs. As suggested by [40], SSI was calculated by the equation:

SSI = +101.3 x (ITS — NTS)/NTS — 54.03 x (IPL — NPL)/NPL — 9.5

where ITS and NTS are the injured and normal toe spread, respectively, while IPL and NPL
are the injured and normal paw length, respectively. SSI values range between 0 (normal
fuction) to 100 (complete loss of hindpaw functionality).

4.7. Immunohistochemistry and Confocal Images

Spinal cords from saline- or Xeomin-treated animals were harvested at D35 for IF
analysis as described in [24]. Briefly, sacrify mice were immediately perfused with saline
and 4% paraformaldehyde (PFA) in phosphate buffer solution (PBS; pH 7.4). The spinal
cord was removed, maintained 48 h in 4% PFA in PBS and, after cryoprotection with a
solution of 30% (w/v) sucrose in PBS, conserved at —80 °C. A selection of T9-T11 tissue
slices (40 microns) were collected in PBS up to the IF procedure. For double IF staining,
slices were incubated 48 h with the following primary antibodies diluted in PBS with
0.3% Triton (Sigma-Aldrich St. Louis, Missouri, USA): (i) anti-GFAP (astrocytes marker;
mouse monoclonal 1:100; Sigma-Aldrich); (ii) anti-vGLUT1 (vesicular glutamate trans-
porter 1; guinea pig 1:200; Millipore AB5905). After three washes in PBS, the slices were
incubated 2 h at room temperature with ALEXA Fluor 488 donkey anti-mouse (1:100;
Jackson ImmunoResearch Europe Ltd, Cambridge, UK) and Rhodamine goat anti-guinea
pig (1:100; Jackson ImmunoResearch Europe Ltd, Cambridge, UK). After 2 washings in
PBS, slices were incubated 10 min with bisBenzimide, DNA-fluorochrome (Hoechst, 1:1000,
Sigma-Aldrich Italia, Milano, Italy) in PBS.

Low (10x) and high (40 x) magnification IF images were recorded by a confocal
microscopy using a TCS SP5 microscope (Leica Microsystems Srl, Milan, Italy), in sequential
laser scanning mode, to rule out cross-bleeding between channels. Images were analysed
by I.A.S. software (Leica Microsystems Srl, Milan, Italy).

4.8. Data Analysis

Experimental data are expressed as mean + sem. Group comparisons were conducted
by one-way or two-way ANOVA for repeated measures or by Student’s {-test. Post hoc
comparisons were made with the Tukey—Kramer (statistical significance at p < 0.05). Data
analysis was performed by StatView SAS (version 5.0, Cary, NC, USA).

Supplementary Materials: The following supporting material can be downloaded from the websites:
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Abstract: Temporomandibular disorders (TMD) are complex pathologies responsible for chronic
orofacial pain. Intramuscular injection of botulinum toxin A (BoNT/A) has shown effectiveness in
knee and shoulder osteoarthritis, as well as in some TMDs such as masticatory myofascial pain, but its
use remains controversial. This study aimed to evaluate the effect of intra-articular BONT/A injection
in an animal model of temporomandibular joint osteoarthritis. A rat model of temporomandibu-
lar osteoarthritis was used to compare the effects of intra-articular injection of BONT/A, placebo
(saline), and hyaluronic acid (HA). Efficacy was compared by pain assessment (head withdrawal
test), histological analysis, and imaging performed in each group at different time points until day 30.
Compared with the rats receiving placebo, those receiving intra-articular BONT/A and HA had a
significant decrease in pain at day 14. The analgesic effect of BONT/A was evident as early as day 7,
and lasted until day 21. Histological and radiographic analyses showed decrease in joint inflamma-
tion in the BONT/A and HA groups. The osteoarthritis histological score at day 30 was significantly
lower in the BONT/A group than in the other two groups (p = 0.016). Intra-articular injection of
BoNT/A appeared to reduce pain and inflammation in experimentally induced temporomandibular
osteoarthritis in rats.

Keywords: osteoarthritis; temporomandibular joint disorders; injection intra-articular; botulinum
toxins; type A

Key Contribution: Intra-articular injection of BONT/A appears to reduce pain and inflammation
in a rat model of temporomandibular joint osteoarthritis. This treatment could have a place in the
management of temporomandibular joint dysfunction in humans.

1. Introduction

Temporomandibular disorders (TMD) are a heterogeneous group of conditions that
involve the temporomandibular joint (TM]) and associated tissues, causing chronic pain,
joint noises, limitation of mandibular movement, and impaired quality of life. About
5-12% of the population in industrialized countries are estimated to suffer from TMD [1],
with the most common problems being TM]-related myalgia, arthralgia, and headache, as
well as intra-articular pathologies such as disc displacement, degenerative joint disease
(osteoarthrosis and osteoarthritis), and subluxation. The management of intra-articular
TMD is complex and multidisciplinary. Treatment should be non-invasive in the first
instance, with painkillers, physiotherapy, and stress management [2]. Oxygen-ozone
therapy is the subject of some studies in the treatment of TMD and shows interesting
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results [3,4]. For patients not responding to noninvasive measures, pain relief may be
obtained with intra-articular injection of hyaluronic acid (HA), platelet-rich plasma (PRP),
or corticosteroids, but the long-term effectiveness is limited, and repeated injections increase
the risk of adverse effects [5].

Chronic pain results in peripheral and central sensitization due to excess pain fiber
activity, with resultant lowering of the pain threshold. Botulinum toxin type A (BoNT/A)
reduces peripheral and central sensitization by decreasing the release of neuropeptides and
neurotransmitters from cells or nerve endings [6,7]. Intramuscular injection of BONT/A
has been used for more than 20 years for the treatment of chronic pain and has proven
efficacy in TMD with a predominantly muscular component or mixed origin [8,9].

In patients with knee or shoulder osteoarthritis resistant to systemic treatment and
intra-articular HA or corticosteroid injections, intra-articular BONT/A has shown very
promising results, reducing pain and improving quality of life without causing major
adverse effects [10-18]. In some studies, pain relief after articular BONT/A lasted up to 8
weeks after the injection [11,13]. Furthermore, in a study of patients with non-neuropathic
nociceptive knee pain, Arendt et al. [19] demonstrated a correlation between pain sever-
ity and response to BONT/A. However, some authors are more reserved regarding the
efficacy of intra-articular BONT/A. In a study of 105 patients with knee osteoarthritis,
Mendes et al. [20] showed that the pain reduction achieved with intra-articular BoNT/A
was not significantly different from that achieved with intra-articular corticosteroid or
saline. In a multicenter, double-blind, randomized, placebo-controlled study of 158 patients
with knee osteoarthritis, McAlindon et al. [21] found no significant difference in pain reduc-
tion between patients treated with intra-articular BONT/A versus saline. High-powered
randomized controlled studies are needed to evaluate the effectiveness of intra-articular
BoNT/A in the shoulder, knee, and ankle. The indications must be clearly specified, par-
ticularly the osteoarthritis stage, as BONT /A seems to be more effective in patients with
advanced disease and severe pain [22].

There is limited literature on the use of intra-articular BONT/A in TM] osteoarthritis
(TMJOA) [8]. Two previous studies that evaluated the effect of intra-articular BONT/A in
albumin-induced TMJOA in rats reported a decrease in inflammatory mediators after the
injection [23,24]. One of these studies assessed neuropeptide release and pain response
(using a behavioral scale) and showed that the peripheral inhibition of release of glutamate,
substance P, and calcitonin gene-related peptide (CGRP)—all neuropeptides involved in
the pain signal—was responsible for the decrease in arthritis and persistent hypernocicep-
tion [24]. The first clinical evaluation of intra-articular BONT/A in humans was conducted
by Batifol et al. in 2018 [25]. In this non-controlled study about patients suffering from TMD
with severe chronic pain resistant to systemic treatment and intra-articular injections of HA
and other drugs, intra-articular BONT /A (30 IU administered unilaterally or bilaterally)
brought about a significant reduction in temporomandibular joint pain up to 3 months
after injection, but had no effect on mouth opening and joint noises. In 2022, Sari et al. [26]
showed an improvement in pain relief and mouth opening with intra-articular injection of
BoNT/ A following arthrocentesis in patients with anterior disc displacement.

Given the poor literature but promising data on the effectiveness of BONT/A in
TMJOA, in this three-arm controlled trial we aimed to compare the effect of intra-articular
BoNT/A with that of saline (placebo) and HA (as a reference molecule with proven
efficacy in the treatment of articular forms of TMD) in a rat model of TMJOA induced by
monosodium iodoacetate (MIA) injection.

2. Results
2.1. Clinical Observation (Body Weight Change)

All of the rats in the placebo and HA groups gained body weight steadily over time;
in contrast, the body weight of the rats in the BONT /A group slightly decreased initially
(between day 2 and day 7) and then gradually increased until day 30 (Figure 1).
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Figure 1. Evolution of mean weight of rats over time: before (D-2 and D0) and after (D2 to D30)
intra-articular injection of placebo (saline), hyaluronic acid 1% (HA, Ostenil Mini®; TRB Chemedica
SAS, Archamps, France), and botulinum toxin A (BoNT/A, incobotulinumtoxinA / Xeomin®; Merz
Pharma, Frankfurt am Main, Germany).

2.2. Nociception Assessment

Table 1 and Figure 2 show the left TM] HWT values in the three groups. In each group,
the HWT values were significantly lower at day 0 (two days after induction of TMJOA)
than at day —2, highlighting that the TMJOA model was well induced. In addition, at day
—2 and at day 0 (two days after induction of TMJOA), the HWT values were comparable
between the placebo, HA, and BoNT/A groups. At day 2, there were also no significant
differences in HWT values between the three groups. At day 7, the mean HWT was
significantly lower in the placebo group than in the BoNT/A group (17.56 + 9.50 vs.
58.06 4 18.42; p = 0.05). At day 14, the mean HWT was significantly lower in the placebo
group than in the HA group (16.75 £ 10.29 vs. 65.88 & 11.62; p = 0.028) and the BONT/A
group (16.75 £ 10.29 vs. 66.06 & 22.53, p = 0.019); the difference between the HA group and
the BONT/A group was not statistically significant (p = 0.422). At day 21, the mean HWT
was significantly lower in the placebo group than in the BONT/A group (30.91 + 13.64 vs.
86.01 % 20.42; p = 0.048), but the differences between the placebo group and HA group or
between the HA group and BoNT/A group were not statistically significant. At day 30, the
mean HWT was comparable between the three groups.

Table 1. Left temporomandibular joint head-withdrawal test values (in grams) of rats with temporo-
mandibular joint osteoarthritis at different time points: before (D-2 and D0) and after (D2 to D30)
intra-articular injection of placebo (saline), hyaluronic acid 1% (HA, Ostenil Mini®; TRB Chemedica
SAS, Archamps, France), and botulinum toxin A (BoNT/A, incobotulinumtoxinA / Xeomin®; Merz
Pharma, Frankfurt am Main, Germany). * significant p value.

Left
HWT, Grams D-2 DO D2 D7 D14 D21 D30
Mean + SD
Saline 91.99 + 15.03 29.81 + 15.48 26.71 +9.96 17.56 + 9.50 16.75 £+ 10.29 30.91 + 13.64 47.54 + 14.19
HA 88.02 +£9.59 44.85 + 16.68 62.96 + 21.69 67.75 + 15.04 65.88 £+ 11.62 63.03 £+ 7.31 61.47 +6.15
p 0.99 0.41 0.20 0.17 0.03 * 0.16 0.52
Saline 91.99 £+ 15.03 29.81 £+ 15.48 26.71 £ 9.96 17.56 + 9.50 16.75 + 10.29 30.91 £ 13.64 47.54 +14.19
BoNT/A 103.87 + 11.63 45.92 + 15.39 43.73 +17.73 58.06 + 18.42 66.06 £ 22.53 86.01 £+ 20.42 87.48 £ 11.92
P 0.90 0.47 0.45 0.05* 0.02* 0.05* 0.22
HA 88.02 £9.59 44.85 + 16.68 62.96 + 21.69 67.75 + 15.04 65.88 + 11.62 63.03 £ 7.31 61.47 + 6.15
BoNT/A 103.87 + 11.63 45.92 + 15.39 43.73 +17.73 58.06 + 18.42 66.06 + 22.53 86.01 + 20.42 87.48 +11.92
P 0.91 0.83 0.99 0.70 0.42 0.28 0.46
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Figure 2. Box plot of the left temporomandibular joint head-withdrawal test values (HWT; in grams)
of rats with temporomandibular joint osteoarthritis before (D-2 and D0) and after (D2 to D30) intra-
articular injection of placebo (saline), hyaluronic acid 1% (HA, Ostenil Mini®; TRB Chemedica SAS,
Archamps, France), and botulinum toxin A (BoNT/A, incobotulinumtoxinA / Xeomin®; Merz Pharma,
Frankfurt am Main, Germany). * significant p value.

2.3. Histological Analysis

Figure 3 shows the results of the histological assessment (modified Mankin histological
scores) of the left TM]J (with MIA induced osteoarthritis). Changes in the profile of the
histological scores over time were different in the three groups. In the placebo group, the
Mankin scores were largely similar at different time points: 4.50 £ 0.87 (n = 3) at day 2,
3.83 £1.15 (n = 3) at day 14, and 4.15 & 1.71 (n = 14) at day 30. In the HA group, the
Mankin score increased progressively: 2.83 4= 0.76 (n = 3) at day 2, 3.50 & 0.87 (n = 3) at
day 14, and 4.00 & 2.11 (n = 14) at day 30. Similarly, in the BONT/A group, the Mankin
score increased over time: 1.00 £ 0.87 (n = 3) at day 2, 2.00 £ 0.00 (n = 3) at day 14, and
2.31 £ 1.09 at day 30 (n = 14). The mean Mankin score at day 30 was significantly lower in
the BoNT/A group than in the other two groups (p = 0.016).
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Figure 3. Modified Mankin histological scores of rats with temporomandibular joint osteoarthritis
at day 2, day 14, and day 30 after intra-articular injection of placebo (saline), hyaluronic acid 1%
(HA, Ostenil Mini®; TRB Chemedica SAS, Archamps, France), and botulinum toxin A (BoNT/A,
incobotulinumtoxinA / Xeomin®; Merz Pharma, Frankfurt am Main, Germany).
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2.4. 8FDG PET Imaging

Table 2 and Figure 4 show the standard uptake value (SUV) on I8EDG PET at day
30 in each group. SUV expresses the rate of ¥ FDG consumption in the area of interest,
standardized by the weight of the animal and the dose injected, showing the degree of
inflammation and thus osteoarthritis. The median SUV in the left TM] was comparable
between the placebo and HA groups (1.09 [0.95, 1.13] vs. 1.01 [0.86, 1.06], respectively);
the median SUV in the BONT/A group was slightly lower (0.89 [0.88, 0.91]) than the two
other groups.

Table 2. Standard uptake value measured on '®FDG positron emission tomography scans per-
formed at day 30 after intra-articular injection of placebo (saline), hyaluronic acid 1% (HA,
Ostenil Mini®; TRB Chemedica SAS, Archamps, France), and botulinum toxin A (BoNT/A,
incobotulinumtoxinA /Xeomin®; Merz Pharma, Frankfurt am Main, Germany).

SUV-Mdn (Q1;Q3)

Left Right
Saline (n = 5) 1.09 (0.95;1.13) 0.9 (0.79;0,90)
HA (n=5) 1.01 (0.86;1.06) 1.01 (0.89;1.08)
BoNT/A (n=5) 0.89 (0.88;0.91) 0.92 (0.83;0.93)

Figure 4. Representative 'FDG PET scans in a rat with temporomandibular joint osteoarthri-
tis at day 30 after intra-articular injection of placebo (saline) (A), hyaluronic acid 1% (HA, Os-
tenil Mini®;, TRB Chemedica SAS, Archamps, France) (B), and botulinum toxin A (BoNT/A,
incobotulinumtoxinA / Xeomin®; Merz Pharma, Frankfurt am Main, Germany) (C).

3. Discussion

This study evaluates the effect of intra-articular injection of BoNT/A
(incobotulinumtoxinA / Xeomin®) versus intra-articular injection of saline or HA in a rat
model of TMJOA. The use of the MIA-induced osteoarthritis model, based on the work of
Barry et al. [27], allowed for assessment of the effect of these three substances over time.
Reduction in TMJOA-related pain after intra-articular injection was similar in the BONT/A
and HA groups at day 14, with both groups having significantly better pain relief than the
placebo group. Moreover, the BONT/A group also had significantly better pain relief than
the placebo group at day 7 and day 21.

3.1. Generalization

The results of this study are consistent with most previous studies on the subject,
finding an effectiveness of BONT/A in reducing osteoarthritis-related pain [10-18]. Indeed,
we showed prolonged improvement in osteoarthritis-related pain from day 7 to day 21 with
intra-articular injection of BONT/A compared with intra-articular injection of the placebo
(saline). Some studies also showed prolonged pain relief after intra-articular injection
of BONT/A, lasting up to 8 weeks after the injection [11,13]. Nevertheless, McAlindon
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et al. [21] showed contradictory results in human knee osteoarthritis, concluding to no
significant difference between the intra-articular injection of BONT/A and placebo (saline)
in reducing the daily average numeric rating scale pain score over 7 days at 8 weeks.
Their results are consistent with Mendes et al. [20], who found, in their randomized
controlled trial, a higher short-term effectiveness of intra-articular injection of triamcinolone
hexacetonide than the intra-articular injection of BONT/A in reducing pain. It should be
noted that the study involved only one dose of botulinum toxin (100 IU in a human knee),
which may constitute a bias by underestimating the effectiveness of intra-articular injections
of botulinum toxin. Focusing on TMJ, two previous studies on animal models of TMJOA
have shown a decrease in pain mediators after intra-articular BONT/A injection [23,24]
and, in addition, Lora et al. [24] demonstrated decrease in pain in behavioral tests. Our
results are in line with these previous findings in TMJOA.

Rezasoltani et al. [28] showed that intra-articular BONT /A was more effective than HA
for controlling pain and recovering function in patients in knee osteoarthritis. Conversely,
Anil et al. [29] found that intra-articular stromal vascular factor, PRP, and HA were superior
to BoNT/A for pain control (assessed by visual analog scale score) and functional outcomes
(WOMAUC score) in knee osteoarthritis. Our results showed no significant difference in pain
improvement in TMJOA treated with intra-articular BONT/A and HA; however, while pain
in the BONT/A group was significantly lower than in the placebo group at day 7, day 14,
and day 21, pain in the HA group was significantly lower than in the placebo group only at
day 14. Thus, our results suggest that both BONT/A and HA can relieve TMJOA-related
pain, but the effect of BONT/A acted earlier and was more prolonged.

3.2. Interpretation

The observed effect of intra-articular BONT/A on TMJOA-related pain relief is consis-
tent with its known pharmacologic properties. Intra-articular BONT/A inhibits the release
of nociceptive neurotransmitters such as glutamate, substance P, and CGRP, leading to a
reduction in pain and inflammation [24]. Glutamate is the main excitatory neurotransmitter
in the nervous system of adult mammals and is involved in both pain neurotransmission
and central sensitization. Glutamate release has been shown to result in inflammation, pain,
and edema [7]. Meanwhile, animal models of adjuvant arthritis and of chronic inflamma-
tory pain have shown marked upregulation of CGRP and mRNA in dorsal root ganglia
neurons, as well as elevation of CGRP levels in primary afferent terminals of the spinal
dorsal horn [30]. Furthermore, blocking of CGRP has been shown to block behavioral and
electrophysiologic signs of enhanced pain in animals with inflammation [31]. In addition,
Shi et al. [32] recently reported that the anti-inflammatory effect of BoONT/A in chronic
arthritis may also be due to the inhibition of microglial cell activation and the release of
microglia-derived tumor necrosis factor o (TNF-«). It is known that microglial cells are
activated in chronic pain and release proinflammatory cytokines such as interleukin 6,
TNFa, and interleukin 18, and thereby cause neuroinflammation. Moreover, P2 x 4 recep-
tors (P2 x 4R) expressed in microglia are involved in neuropathic and inflammatory pain.
All of these mechanisms may explain the pain reduction achieved by the intra-articular
injection of BONT/A.

The histological findings in this study offer further evidence in support of the efficacy
of BONT/A in treatment of TMJOA, with the mean modified Mankin score in the BONT/A
group being significantly lower than in the other two groups. The pattern of improvement
of osteoarthritis over time was similar in the BONT/A group and the HA group, but the
mean Mankin scores were lower in the BONT/A group at each time point that those in the
HA group. Our findings also suggest that BONT/A may have an early direct action on the
histology, as the modified Mankin score at day 2 was 1.00 £ 0.87 in the BONT/A group
versus 4.50 &+ 0.87 in the placebo group. This may be via an effect on the early inflammatory
phase of osteoarthritis, with a decrease in the release of inflammatory neuropeptides and
the expression of inflammatory cytokines limiting joint degradation [31-33]. Our results
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are consistent with the literature, but the mechanism of action of BONT/A in the TM] needs
to be clarified in future studies.

The PET scan performed at day 30 in each group provided additional supportive
information. SUV values were similar in the placebo and HA groups; however, they were
slightly lower in the BONT/A group. Increased '8FDG tracer uptake was not specific
to inflammation, but it could be seen in any area with a significant glycolytic activity,
for example, areas with active repair processes. This made interpretation difficult, es-
pecially in the HA group. Nevertheless, the lower bilateral SUV values in the BONT/A
group were in favor of a decrease in TMJOA at day 30 and corroborated the clinical and
histological findings.

3.3. Limitations of the Study

This study has several limitations. The first was the choice of HA as the reference intra-
articular treatment for TMJOA. We chose HA because it is currently the most widely used
intra-articular treatment for TMJOA because of its viscosupplementation properties [5].
Other injectable substances such as corticosteroids and PRP are also used. Intra-articular
corticosteroids, alone or in combination with other drugs, have not shown better results
than intra-articular HA and, moreover, are associated with a risk of condylar resorption [5].
Several studies have shown good results with intra-articular PRP in TMJOA, but the
manufacturing protocol is not standardized, and time and special equipment are required
to obtain PRP [5,29,34-36]. Second, the weight of the rats in the BONT/A group initially
decreased due to feeding difficulties, probably due to muscle weakness caused by the
diffusion of BONT/A into the masticatory muscles. Change from a hard to a soft diet
allowed the rats to eat normally and regain weight. This change in the weight and diet of
the rats may have induced stress and behavioral changes, which may have resulted in an
underestimation of the pain improvement in the BONT/A group. In addition, the volume
and concentration of the injected BONT/A was based on the articles by Lora et al. [23,24],
and recent studies in humans on the use of high doses of toxin showed a rare occurrence
of adverse effects [37,38]. Third, the study sample size of the study was calculated for the
statistical analysis of nociception; this sample may have been too small for the statistical
analysis of histological and PET imaging data.

4. Conclusions

Intra-articular injection of BONT/A (incobotulinumtoxinA / Xeomin®) appears to be
effective for reducing pain in experimentally induced TMJOA in rats. Histological and PET
imaging findings support these results. The mean Mankin osteoarthritis histological score
at day 30 was significantly lower in the BONT/A group than in the other two groups.

More high-powered preclinical and clinical studies are needed to determine the place
of intra-articular injection of BONT/A for the treatment of temporomandibular joint os-
teoarthritis and to draw a firm conclusion.

5. Material and Methods
5.1. Animals

Sixty male Wistar rats (6-weeks-old; weight of 250-300 g) were included in this study.
The rats were housed in individual cages in a temperature-controlled room (22 °C 4+ 1 °C)
with a 12-h dark-light cycle and allowed for free access to food and water. Manipulations
started after ten days of quarantine.

All of the procedures in this study were approved by Ministere de I'enseignement
supérieur, de la recherche et de I'innovation (APAFIS#25897, 29/10/2020).

5.2. Induction of Temporomandibular Joint Osteoarthritis and Injection Protocol

The animals were anesthetized by the inhalation of isoflurane mixed with pure oxygen
(flow rate: 1.5 L/min) for 2-3 min in a Plexiglas® chamber. TMJOA was induced in the
left TMJ of all rats by intra-articular injection of monosodium iodoacetate (MIA) into the
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upper compartment in normal saline (0.5 mg/50 uL of saline; Sigma, Saint Louis, MI,
USA) [27,39]. The injection protocol was based on the work of Fuentes et al. [40]. Two days
after MIA injection, the rats were anesthetized by the same technique and then randomly
divided into three groups: 20 rats (the BONT/A group) received intra-articular injection
of 2.5 UI/50 uL. BoNT/ A (incobotulinumtoxinA; Xeomin®; Merz Pharma, Frankfurt am
Main, Germany) in the left and right joint of each rat; 20 rats (the HA group) received
intra-articular injection of 50 pL of 1% HA (Ostenil Mini®; TRB Chemedica SAS, Archamps,
France) in the left and right joint of each rat; and 20 rats (the placebo group or saline group)
received intra-articular injection of 50 pL of 0.9% saline in the left and right joint of each
rat. Both Xeomin® and Ostenil® were selected because they are used in clinical practice. In
addition, Ostenil® has European certification for use in small joints, including TM]. Neither
Merz Pharma or TRB Chemedica were sponsors of the study.

5.3. Nociception Assessment

The head-withdrawal test (HWT) was used to assess pain. According to the systematic
review by Nicot et al. [39], long-term pain related to TMJOA has mostly been assessed by
measuring the threshold pressure value (in grams) that triggers a pain response. In this
study, a Von Frey aesthesiometer (Figure 5) was applied with gradually increasing pressure
to the rat TM]J till head withdrawal, vocalization, or both occurred, indicating nociception;
the threshold value was defined as the lowest pressure that induced the response. After
each measurement, the rats were weighed (in grams) to monitor their general wellbeing
before being returned to their cages.

Figure 5. Head withdrawal test method: gradually increasing pressure was applied using a Von Frey
esthesiometer to the temporomandibular joint area until the animal withdrew its head, vocalized, or
both, and the lowest value of pressure (in grams) that induced a response was recorded. The gesture
was performed on each temporomandibular joint of each rat.
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5.4. Histological Analysis

In each group, randomly selected animals were humanely killed at day 2 (n = 3), day 14
(n = 3), and day 30 (n = 14) by intracardiac injection of 0.2 mL of T61 under isoflurane
anesthesia and then immediately stored at —20 °C for at least 48 h. Then, clean-cut samples
of approximately 5 mm thickness were obtained from the TMJ area. The samples were first
placed in cassettes and fixed in 4% formaldehyde solution for 24 h, and then decalcified by
immersion in 15% ethylenediaminetetraacetic acid (EDTA; pH 7.2) solution for 5 days. The
prepared samples were stored in 70% ethanol solution at 4 °C until histological processing
(paraffin embedding, cutting, and staining) and analysis.

Briefly, the sections were first stained with hematoxylin and eosin (HE) staining to
select the slides of interest. The selected slides were thus stained with toluidine blue stain
(TB) and examined under the microscope for determining the histological osteoarthritis
score using the modified Mankin scale (Table 3). The higher the final score on the Mankin
scale, the more advanced the TMJOA stage [41,42].

Table 3. Modified Mankin scale for histological scoring of temporomandibular joint osteoarthritis.

Structure

Normal

Surface irregularities

Pannus

Cleft to transitional zone

Cleft to radial zone

Cleft to calcified zone

|G W ||~ O

Complete disorganization

Tidemark integrity

Intact 0

—_

Crossed by blood vessels

Proteoglycan staining

Normal

Slight reduction

Moderate reduction

Severe reduction
No dye noted
Cellularity

=W N RO

Normal

Diffuse hypercellularity

Cloning

WIN = |Oo

Hypocellularity

5.5. Positron Emission Tomography (PET) Imaging

PET with 2-deoxy-2-[18F] fluoro-D-glucose (8 FDG) was carried out for monitoring
the stage of inflammation. '8FDG radiotracer was used to visualize the areas of high
glucose consumption, caused in this case by synovitis and TMJOA bone lesions [43,44].
Imaging was performed at day 30 on five randomly selected rats in each group. The rats
were fasted the day before the examination. Intravenous administration of the '®FDG
radiotracer (30-35 MBq) and image acquisition were carried out under general anesthesia.
Manipulations were performed in compliance with the rules of human radioprotection [45].
The animals were isolated the first 24 h after radiotracer injection.
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5.6. Full Protocol Frame of the Study

Figure 6 summarizes the basic frame structure of the full protocol of analysis described
below: from TMJOA induction (day —2) to day 30 after therapeutic joint injection.

Pain assessment

+PET-CT 5 rats
+ 14 sacrifices for histology

D30

Pain assessment

D21

Pain assessment
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D14
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Figure 6. Full experimental protocol from temporomandibular joint osteoarthritis induction (day —2)
to day 30 after therapeutic joint injection.

5.7. Statistical Analysis

The sample size was calculated for three-group one-way analysis of variance (ANOVA)
using G*Power 3.1 (Heinrich-Heine-Universitét Diisseldorf, Diisseldorf, Germany), assum-
ing « =0.05, 3 = 0.2, standard deviation (SD) = 10, and effect size = 0.42. The calculated
sample size was 19 per group. The final sample size was set at 20 rats per group, keeping in
mind potential animal losses and the 3R’s rule for experimental procedures in animals [46].
Quantitative variables were expressed as means (fstandard deviation) or medians (in-
terquartile range; Q1, Q3), depending on the normality of the distribution. The normality
of distributions was assessed using histograms and the Shapiro-Wilk test. Categorical vari-
ables were expressed as numbers (percentage). The mean weights and HWT values on day
—2 and day 0 were first compared to check the comparability of the three groups. One-way
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ANOVA was used to compare the HWT values in the three groups. Levene’s test was used
to test the homogeneity assumption required by ANOVA. Multiple comparisons within
the experimental groups were performed using Tukey’s test. One-way ANOVA followed
by Dunnett’s test was used to compare the placebo group with the experimental groups.
Kruskal-Wallis test was used to compare the left TMJ Mankin score at day 30 because
the assumptions of one-way ANOVA were not met. All of the statistical analyses were
performed using XLSTAT 2022.5.1 (Addinsoft, New York, NY, USA). Statistical significance
was at p < 0.05.
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