UNIVERSITE D’ANGERS

FACULTE DE MEDECINE

Année 2015 Ne°.......

THESE

pour le

DIPLOME D’ETAT DE DOCTEUR EN MEDECINE

Qualification en : CHIRURGIE MAXILLO-FACIALE

Par

Jean-Daniel KUN-DARBOIS

Né le 7 octobre 1981, a Paris

Présentée et soutenue publiquement le : 4 février 2015

LA TOXINE BOTULIQUE INJECTEE DANS LES MUSCLES
MASTICATEURS CHEZ LE RAT ADULTE ENTRAINE UNE PERTE
OSSEUSE MANDIBULAIRE CONDYLIENNE ET ALVEOLAIRE ASSOCIEE
A LA PROLIFERATION OSSEUSE D'UNE ENTHESE

BOTULINUM TOXIN IN MASTICATORY MUSCLES OF THE ADULT RAT
INDUCES BONE LOSS AT THE CONDYLE AND ALVEOLAR REGIONS OF
THE MANDIBLE ASSOCIATED WITH A BONE PROLIFERATION AT A
MUSCLE ENTHESIS

Président : Monsieur le Professeur Maurice AUDRAN

Directeur : Monsieur le Professeur Daniel CHAPPARD



LISTE DES ENSEIGNANTS DE LA FACULTE DE
MEDECINE D'ANGERS

Doyen Pr. RICHARD
Vice doyen recherche Pr. PROCACCIO
Vice doyen pédagogie Pr. COUTANT

Doyens Honoraires : Pr. EMILE, Pr. REBEL, Pr. RENIER, Pr. SAINT-ANDRE
Professeur Emérite : Pr. Gilles GUY, Pr. Jean-Pierre ARNAUD

Professeurs Honoraires : Pr. ACHARD, Pr. ALLAIN, Pr. ALQUIER, Pr. BASLE, Pr. BIGORGNE, Pr. BOASSON,
Pr. BOYER, Pr. BREGEON, Pr. CARBONNELLE, Pr. CARON-POITREAU, Pr. M. CAVELLAT, Pr. COUPRIS, Pr. DAUVER,
Pr. DELHUMEAU, Pr. DENIS, Pr. DUBIN, Pr. EMILE, Pr. FOURNIE, Pr. FRANCOIS, Pr. FRESSINAUD, Pr. GESLIN,
Pr. GINIES, Pr. GROSIEUX, Pr. GUY, Pr. HUREZ, Pr. JALLET, Pr. LARGET-PIET, Pr. LARRA, Pr. LE JEUNE, Pr. LIMAL,
Pr. MARCAIS, Pr. PARE, Pr. PENNEAU, Pr. PENNEAU-FONTBONNE, Pr. PIDHORZ, Pr. POUPLARD, Pr. RACINEUX,
Pr. REBEL, Pr. RENIER, Pr. RONCERAY, Pr. SIMARD, Pr. SORET, Pr. TADEI, Pr. TRUELLE, Pr. TUCHAIS, Pr. VERRET,

Pr. WARTEL

PROFESSEURS DES UNIVERSITES
ABRAHAM Pierre
ASFAR Pierre
AUBE Christophe
AUDRAN Maurice
AZZO0UZI Abdel-Rahméne
BARON Céline
BARTHELAIX Annick
BATAILLE Frangois-Régis
BAUFRETON Christophe
BEAUCHET Olivier
BEYDON Laurent
BIZOT Pascal
BONNEAU Dominique
BOUCHARA Jean-Philippe
CALES Paul
CAMPONE Mario
CAROLI-BOSC Frangois-Xavier
CHABASSE Dominique
CHAPPARD Daniel
COUTANT Régis
COUTURIER Olivier
CUSTAUD Marc-Antoine
DARSONVAL Vincent
de BRUX Jean-Louis
DESCAMPS Philippe
DIQUET Bertrand
DUVERGER Philippe
ENON Bernard
FANELLO Serge
FOURNIER Henri-Dominique
FURBER Alain
GAGNADOUX Frédéric
GARNIER Francois

Physiologie

Réanimation

Radiologie et imagerie médicale
Rhumatologie

Urologie

Médecine générale

Biologie cellulaire

Hématologie ; Transfusion

Chirurgie thoracique et cardiovasculaire
Gériatrie et biologie du vieillissement
Anesthésiologie-réanimation

Chirurgie orthopédique et traumatologique
Génétique

Parasitologie et mycologie
Gastroentérologie ; hépatologie
Cancérologie ; radiothérapie
Gastroentérologie ; hépatologie
Parasitologie et mycologie

Cytologie et histologie

Pédiatrie

Biophysique et Médecine nucléaire
Physiologie

Chirurgie plastique, reconstructrice et esthétique
Chirurgie thoracique et cardiovasculaire
Gynécologie-obstétrique

Pharmacologie

Pédopsychiatrie

Chirurgie vasculaire ; médecine vasculaire
Epidémiologie, économie de la santé et prévention
Anatomie

Cardiologie

Pneumologie

Médecine générale



GARRE Jean-Bernard
GOHIER Bénédicte
GRANRY Jean-Claude
GUARDIOLA Philippe
HAMY Antoine

HUEZ Jean-Francois
HUNAULT-BERGER Mathilde
IFRAH Norbert

JEANNIN Pascale
JOLY-GUILLOU Marie-Laure
LACCOURREYE Laurent
LASOCKI Sigismond
LAUMONIER Frédéric
LEFTHERIOTIS Georges
LEGRAND Erick

LERMITE Emilie

LEROLLE Nicolas
LUNEL-FABIANI Francgoise
MALTHIERY Yves

MARTIN Ludovic

MENEI Philippe

MERCAT Alain

MERCIER Philippe

MILEA Dan

NGUYEN Sylvie

PELLIER Isabelle
PICHARD Eric

PICQUET Jean

PODEVIN Guillaume
PROCACCIO Vincent
PRUNIER Fabrice
REYNIER Pascal

RICHARD Isabelle
RODIEN Patrice

ROHMER Vincent
ROQUELAURE Yves
ROUGE-MAILLART Clotilde
ROUSSEAU Audrey
ROUSSEAU Pascal
ROUSSELET Marie-Christine
ROY Pierre-Marie
SAINT-ANDRE Jean-Paul
SENTILHES Loic

SUBRA Jean-Frangois
URBAN Thierry

VERNY Christophe
WILLOTEAUX Serge
ZAHAR Jean-Ralph
ZANDECKI Marc

Psychiatrie d'adultes
Psychiatrie
Anesthésiologie-réanimation
Hématologie ; transfusion
Chirurgie générale

Médecine générale
Hématologie ; transfusion
Hématologie ; transfusion
Immunologie
Bactériologie-virologie ; hygiéne hospitaliere
Oto-rhino-laryngologie
Anesthésiologie-réanimation
Chirurgie infantile
Physiologie

Rhumatologie

Chirurgie générale
Réanimation
Bactériologie-virologie ; hygiéne hospitaliere
Biochimie et biologie moléculaire
Dermato-vénéréologie

Neurochirurgie

Réanimation

Anatomie

Ophtalmologie

Pédiatrie

Pédiatrie

Maladies infectieuses ; maladies tropicales
Chirurgie vasculaire ; médecine vasculaire
Chirurgie infantile

Génétique

Cardiologie

Biochimie et biologie moléculaire
Médecine physique et de réadaptation
Endocrinologie et maladies métaboliques
Endocrinologie et maladies métaboliques
Médecine et santé au travail

Médecine légale et droit de la santé
Anatomie et cytologie pathologiques

Chirurgie plastique, reconstructrice et esthétique

Anatomie et cytologie pathologiques
Thérapeutique

Anatomie et cytologie pathologiques
Gynécologie-obstétrique
Néphrologie

Pneumologie

Neurologie

Radiologie et imagerie médicale
Bactériologie-virologie ; hygiéne hospitaliére
Hématologie ; transfusion



MAITRES DE CONFERENCES

ANNAIX Claude
ANNWEILER Cédric
AUGUSTO Jean-Francgois
BEAUVILLAIN Céline
BELIZNA Cristina
BELLANGER William
BLANCHET Odile
BOURSIER Jérome

BRIET Marie

CAILLIEZ Eric

CAPITAIN Olivier
CASSEREAU Julien
CHEVAILLER Alain
CHEVALIER Sylvie
CONNAN Laurent
CRONIER Patrick

de CASABIANCA Catherine
DINOMAIS Mickaél
DUCANCELLE Alexandra
DUCLUZEAU Pierre-Henri
FERRE Marc

FORTRAT Jacques-Olivier
HINDRE Francois
JEANGUILLAUME Christian
JOUSSET-THULLIER Nathalie
KEMPF Marie

LACOEUILLE Franck
LETOURNEL Franck
MARCHAND-LIBOUBAN Héléne
MAY-PANLOUP Pascale

MESLIER Nicole
MOUILLIE Jean-Marc
PAPON Xavier
PASCO-PAPON Anne
PENCHAUD Anne-Laurence
PIHET Marc

PRUNIER Delphine
PUISSANT Hugues
SIMARD Gilles
TANGUY-SCHMIDT Aline
TURCANT Alain

Biophysique et médecine nucléaire

Gériatrie et biologie du vieillissement
Néphrologie

Immunologie

Médecine interne

Médecine générale

Hématologie ; transfusion

Gastroentérologie ; hépatologie ; addictologie
Pharmacologie

Médecine générale

Cancérologie ; radiothérapie

Neurologie

Immunologie

Biologie cellulaire

Médecine générale

Chirurgie orthopédique et traumatologique
Médecine générale

Médecine physique et de réadaptation
Bactériologie-virologie ; hygiéne hospitaliere
Nutrition

Biologie moléculaire

Physiologie

Biophysique

Biophysique et médecine nucléaire

Médecine légale et droit de la santé
Bactériologie-virologie ; Hygiéne hospitaliére
Biophysique et médecine nucléaire

Biologie cellulaire

Histologie

Biologie et médecine du développement et de la

reproduction
Physiologie
Philosophie
Anatomie
Radiologie et Imagerie médicale
Sociologie
Parasitologie et mycologie
Biochimie et biologie moléculaire
Génétique
Biochimie et biologie moléculaire
Hématologie ; transfusion
Pharmacologie

novembre 2014



COMPOSITION DU JURY

Président du jury :

Monsieur le Professeur Maurice AUDRAN

Directeur de these :
Monsieur le Professeur Daniel CHAPPARD

Membres du jury :

Monsieur le Professeur Maurice AUDRAN
Monsieur le Professeur Daniel CHAPPARD
Monsieur le Professeur Dominique GOGA
Monsieur le Docteur Michel KHOURI

Monsieur le Professeur Laurent LACCOURREYE
Monsieur le Professeur Pascal ROUSSEAU



A mon pére

Le Docteur Pierre Kiin, chirurgien cardio-vasculaire, dont j’aurais souhaité qu’il fit le
premier de mes maitres.

A mon grand-pére

Le Docteur Etienne Kiin, médecin généraliste, qui fut le premier médecin de ma famille.

A ma mere

Je lui dois tout.

A ma femme

Pour son soutien indéfectible, sa bonne humeur constante et son amour.

A mes deux filles

A « Babou »

A toute ma famille



A Monsieur le Professeur Dominique Goga

Etre un de vos ¢éléves est une chance et un honneur. Vous m’avez montré, par votre
enseignement exigeant, la voie de I’excellence chirurgicale. Votre soutien attentionné
ainsi que la confiance que vous me témoignez me sont tres précieux. Veuillez trouver
ici I’expression de mes plus vifs remerciements et de ma grande admiration.

A Monsieur le Professeur Daniel Chappard
Qui a osé accueillir un chirurgien dans son équipe de recherche. En faire partie est une
grande chance pour moi. Je tiens a vous exprimer mes remerciements les plus profonds

et toute ma reconnaissance pour la qualité et la diversité de la formation que vous me
prodiguez et également pour votre disponibilité de chaque instant.

A Monsieur le Professeur Maurice Audran

Que je remercie vivement d’avoir accepté si aimablement de faire partie de mon jury de
these et de le présider.

A Monsieur le Docteur Michel Khouri

Qui le premier m’a accueilli dans son service de chirurgie maxillo-faciale et a pris en
charge ma formation. Qu’il soit ici vivement remercié de I’enseignement solide qu’il
m’a prodigué.

A Monsieur le Professeur Laurent Laccourreye

Qui m’a accueilli dans son service, m’a appris beaucoup dans cette spécialité a la fois si
proche et si différente qu’est I’ORL et a bien voulu faire partie de mon jury de thése.
Qu’il soit ici vivement remercié.

A Monsieur le Professeur Pascal Rousseau

Que je remercie de tout ce qu’il m’a appris en chirurgie plastique ainsi que d’avoir

accepté de faire partie de mon jury de thése. Puisse une bonne collaboration entre nos
services perdurer.



A Madame le Docteur Aurélie Franco

Qui a été mon premier chef en début d’internat et pour laquelle je garde une grande
amiti¢ ainsi qu’une grande reconnaissance pour I’enseignement de qualité qu’elle m’a
prodigué.

A Madame Héléne Libouban

Qui a bien voulu co-diriger tous mes travaux de recherche, a toujours su guider le
néophyte que j’étais dans les méandres de 1’avancée d’un protocole de recherche et s’est

toujours montrée si disponible. Qu’elle trouve ici mes sinceres remerciements et toute
ma reconnaissance.

A Monsieur le Professeur Boris Laure

Dont I’enseignement chirurgical, d’une qualité si élevée, a beaucoup contribué¢ a ma
formation. Qu’il trouve ici ma sincére reconnaissance et mes vifs remerciements.

A Monsieur le Professeur Vincent Darsonval

Aupres de qui j’ai eu la chance d’apprendre beaucoup en chirurgie plastique et
reconstructrice. Qu’il trouve ici ma sincére reconnaissance et mes vifs remerciements.
A Monsieur le Docteur Renaud Bréheret

Que je remercie de tout ce qu’il m’a appris en chirurgie cervico-faciale au cours de mon

semestre passé en ORL et pour qui j’ai gardé une grande estime. Puisse une bonne
collaboration entre nous perdurer.



A tous mes autres Maitres de chirurgie dont I’enseignement m’a été si
précieux au cours de mon internat :

Docteur Daniel Arnaud, Professeur Christophe Baufreton, Professeur Hervé Bénateau,
Docteur Alain Bizon, Professeur Jean-Louis de Brux, Docteur Anne Chatellier, Docteur
Cédric Hardy, Docteur Guillaume Lebourg, Docteur Anais Pétraud, Docteur Frédéric
Pinaud, Docteur Henri Robert, Docteur Amélie Rougeot, Docteur Florent Sury.

A toute I’équipe du GEROM :
Madame Laurence Lechat, Mademoiselle Lisa Terranova, Madame Florence Pascaretti,
Monsieur Romain Mallet, Monsieur Guillaume Mabilleau.

Merci de votre si bon accueil au sein de votre équipe et pour la bonne ambiance qui y
regne.

A toute I’équipe de ’animalerie de la faculté de la facultée de médecine

Dont I’aide m’a été indispensable pour mener cette étude a bien.



LIST OF ABBREVIATIONS

BV/TV: Trabecular bone volume

BTX: Botulinum toxin

CTRL: Control

Ct.Th: Cortical bone thickness

Df: Fractal dimension

LCt.Th: Lingual cortical bone thickness
LUT: Look up table

MicroCT: Microcomputed tomography
Mf: Muscular fibers

ROI: Region of interest

SEM: Standard error of the mean

V/Ct.Th: Vestibular cortical bone thickness

10



PLAN

1. Introduction

2. Material and methods
2.1 Animals and experimental procedure
2.2 Microcomputed tomography
2.3 Analysis of mandibular 3D porosity by a vector projection algorythm
2.4 Histology

2.5 Statistical analysis

3. Results
3.1 Body weight and anatomic muscle examination
3.2 MicroCT analysis of bone effects of BTX injection
3.3 Analysis of mandibular porosity by vector analysis

3.4 Histological analysis

4. Discussion

5. Figures and legends

6. References

11



1. INTRODUCTION

Type A botulinum toxin (BTX) is a bacterial metalloprotease produced by Clostridium
botulinum. It is a neurotoxin that causes specific inhibition of the neurotransmitter
release in cholinergic nerve terminals. Acetylcholine vesicles are blocked at the
presynaptic membrane of neuromuscular junctions because BTX degrades the SNAP-25
protein required for vesicle fusion and release of acetylcholine at the axon end [1]. This
leads to a transient muscle paralysis which is fully reversible in a few months [1-3].
BTX injection in the Mus Quadriceps femoris of rodents is now well-known to create a
model of tibial and femoral bone loss by immobilization which is easily quantified by
reduction of the trabecular bone volume and cortical thickness [4-6].

In human, BTX injections are used in masticatory muscles (Mus Masseter and/or Mus
Temporalis) for several indications such as trismus, bruxism, masticatory myalgia,
temporomandibular joint disorders or masseter hypertrophy [7-10]. It is also used in
facial injections (subcutaneous, intraglandular or intramuscular); the main indications
being sialorrhoea, blepharospasm, hemifacial spasm and aesthetic use [7, 8, 11]. There
are level 1 or 2 evidences supporting the efficacy of BTX in many of those treatments
[7, 12]. Repeated injections are needed in many indications. Side effects are rare and
reversible: non-desirable focal facial muscle paralysis by toxin diffusion and
complications at the injection site (bruising, pain, and edema) [13-16].

The mandible is a non-weight bearing bone which is stimulated by masticatory muscles.
It is composed of alveolar and basal bone. Teeth roots are anchored into alveolar bone
by the periodontal ligament. Alveolar bone has a high plasticity and is remodeled at a
high rate. Its mechanical stimulation during mastication is essential in keeping the teeth
and underlying bone healthy. Loss of teeth leads to an irreversible alveolar bone
resorption [17, 18]. Alveolar bone loss is also found in several metabolic bone diseases
or due to glucocorticoid treatment [19-21]. However, trabecular bone is also present in
other parts of the mandible such as the condylar process. Fractures of this area are also
observed in clinical practice and may occur in osteoporosis [22, 23].

The aim of the present study was to evaluate bone changes following a unilateral BTX
injection in the right masseter and temporalis muscles in adult rats. Two areas were
selected and analyzed by microcomputed tomography (condylar and alveolar bone) 4

weeks after injection.
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2. MATERIAL AND METHODS

2.1. Animals and experimental procedure

Eighteen weeks-old male Sprague-Dawley rats (n=15), weighing 595 + 41 g, were used
for the study (Janvier-Labs, Le Genest-Saint-Isle, France). They were acclimated for
two weeks to the local vivarium conditions (24 °C and 12 h/12 h light dark cycle) where
they were given standard laboratory food (UAR, Villemoison-sur-Orge, France) and
water ad libitum. Rats were randomized into 2 groups: control group (CTRL, n=6) and
BTX-injected group (BTX, n=9). Rats from the BTX group were anesthetized with
isoflurane and injected intramuscularly with 2U of type A BTX: 1U in the Mus
Masseter and 1U in the Mus Temporalis (Botox®, Allergan Inc., Irvine, CA, USA).
Three points of injections for each Mus Masseter and two for each Mus Temporalis
were necessary. Rats of the CTRL group were similarly injected with equivalent volume
of saline solution. Rats were weighted weekly and were sacrificed 4 weeks after
injection by CO; inhalation. Facial skin was carefully dissected and removed to perform
visual examination of right and left masticatory muscles. Hemimandibles were then
dissected, defleshed and fixed in formalin until use.

Animal care and experimental protocols were approved by the French Ministry of
Research and were done in accordance with the institutional guidelines of the French
Ethical Committee (protocol agreement number 01732.01) and under the supervision of
authorized investigators.

2.2. Microcomputed tomography (microCT)

MicroCT of right and left hemimandibles was performed using a Skyscan 1172 X-ray
computerized microtomograph (Bruker microCT, Kontich, Belgium) equipped with an
X-ray tube working at 70 kV/ 100 pA. Bones were placed in plastic tubes filled with
water to prevent desiccation. The tubes were fixed on a brass stub with plasticine.
Analysis was done with a pixel size corresponding to 10.5 um; the rotation step was
fixed at 0.25° with a 0.5 mm aluminum filter. For each hemimandible, a stack of 2D-
sections was obtained and reconstructed using NRecon software (Bruker) and analyzed

with CTan software (Skyscan, release 1.13.11.0). Frontal and sagittal sections of
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alveolar regions and frontal sections of condylar regions were then obtained from 3D

models to perform measurements.

2.2.1 Alveolar bone measurements

Because the amount of alveolar and condylar bone is very limited in rodents,
measurements could not be done in 3D and were obtained on 2D sections as previously
reported [19]. Measurement of trabecular bone volume (BV/TV, expressed in % and
representing the percentage of area occupied by trabecular bone) was done on sections
of right and left hemimandibles using ImageJ 1.49c software. Condylar BV/TV was
measured using 3 serial frontal sections obtained in the middle of the condylar head
(Fig. 1A). Alveolar BV/TV was measured using 2 frontal sections and 1 sagittal section

of alveolar region (Fig. 1B-C). Measurements were averaged for each bone.

2.2.2 Cortical bone measurements

Measurements of the mandibular cortical thickness were performed on 2D frontal
sections of the right and left hemimandibles (taking the distal root of the first molar as a
reference point) using CTan. Eight measures were done (4 for the lingual side and 4 for
the vestibular side) and averaged to provide the lingual (LCt.Th, in um) and vestibular
(VCt.Th, in um) cortical thickness (Fig. 1B).

2.3. Analysis of mandibular 3D porosity by a vector projection algorithm

Binarization of stacks of 2D sections was performed using CTan software (Skyscan)
and transferred to a lab-made software written in Matlab (Math Works, Natick, MA)
release 7.10. The algorithm has been extensively described elsewhere [24]. Briefly, on
the binarized images, porosity was visible in white and bone in black. For each
binarized image of the stack, the pores which belong to the same image column
received the same pseudo-color according to a look up table (LUT). The same color was
applied on the image boundary and on a frontal plane image which was constructed line
by line from all images of the microCT stack. A 3D model was reconstructed from the
subsequent colorized images with VG Studiomax (Volume Graphics GmbH,

Heidelberg, Germany). The frontal plane image was saved with the colorized LUT and
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analyzed by the FracLab plugging developed for ImageJ, to obtain the box plot fractal
dimension Ds (of the frontal plane image) [25, 26].

2.4. Histology

Osteotomy of the hemimandibles was performed in order to isolate the molar area.
Samples were then decalcified using Decalcifier 11® (Surgipath®, Leica Biosystems,
Richmond Inc., USA) during 8 days. The specimens were embedded in paraffin. Serial
frontal sections were performed (6 pm in thickness) and stained with HPS
(hematoxylin, phloxine saffron).

2.5. Statistical analysis

Statistical analysis was performed using the Systat statistical software release 13.0
(Systat Software Inc., San Jose, CA). All data were expressed as mean * standard error
of the mean (SEM). Differences among groups were analyzed by a non-parametric
ANOVA (Kruskall-Wallis) and between groups by the Mann and Whitney’s U test.
Data from right and left hemimandibles were compared using a paired t-test.

Differences were considered significant when p<0.05.
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3. RESULTS

3.1. Body weight and anatomic muscle examination

The change in body weight was insignificant in rats of the CTRL and BTX groups
during the time of the study. However, a significant difference was found between the 2
groups at weeks 2, 3 and 4 (p<0.05) (Fig. 2). The weight loss was -15 + 11.17 g (i.e. -
2.5 % of initial weight) in the BTX group. All rats of the BTX group presented a
masseter and temporal amyotrophy at the injected side (Fig. 3). No differences were

noticed in the CTRL group.

3.2. MicroCT analysis of bone effects of BTX injection

Bone loss was clearly seen on the right side of alveolar bone in the BTX group with less
trabeculae and wider marrow cavity (Fig. 4A-B). No difference was noted when
comparing both sides of the CTRL group. Trabecular bone loss was also clearly seen on
the right side of condylar bone in the BTX group (Fig. 4C-D) with a reduced trabecular
density. No differences were noted when comparing both sides of the CTRL group.

Of considerable interest was the occurrence of a hypertrophic bone proliferation at the
enthesis of Mus Digastricus on the right hemimandible. This proliferation was observed
in every rats of the BTX group but was not encountered on the non-paralyzed left side
(Fig. 4B and 5B). No such proliferation occurred in the CTRL group. These bony

proliferations appeared composed of thin trabeculae which evocated a bone metaplasia.

MicroCT measurements are summarized in Table 1. A marked decrease in alveolar
BV/TV (reaching -20%) was observed at the right vs. left hemimandible (p<0.0001) in
the BTX group. Similarly, a -35% reduction in condylar BV/TV occurred at the right vs.
left hemimandible (p<0.0001). The BTX group had a significantly lower condylar
BV/TV and alveolar BV/TV at the right side compared to the CTRL group (p<0.05).
There were no significant differences between left sides of the BTX group and both
sides of the CTRL groups for all parameters.

Cortical bone thickness was not significantly reduced on the right side of the BTX

group at both lingual and vestibular sites.
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3.3. Analysis of mandibular porosity by vector analysis

Porosity could be well evidenced on the frontal plane and at the surface of the 3D
models (Fig. 5C-D). The most porous areas appeared as red-orange and yellow areas
(hot colors) while the blue areas indicate a low porosity according to the LUT selected.
The area comprising the roots and the alveolar bone was selected by hand drawing of a
ROI on the frontal plane images. The lower limit corresponded to the upper part of the
incisor socket. No morphological difference was noted between the left and right sides
in the CTRL group. On the other hand, the amount of hot areas was increased on the
right side of BTX group. Quantitative analysis confirmed that D; was significantly
increased in the BTX right side versus the left side and also versus the CTRL sides
(p<0.02) (table I).

3.4. Histological analysis

Study of the hypertrophic bone proliferation at the enthesis of Mus Digastricus
evidenced bone metaplasia with woven bone in active remodeling. Numerous osteoblast
alignments were seen together with large osteoclasts (Fig. 6). Fibers of the digastric
muscle were seen anchored at the surface of this bony proliferation. The separation
between normal cortical bone and woven bone was clearly identified. Cortical bone

appeared made of lamellar bone in CTRL group.
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4. DISCUSSION

The present study was designed to determine the effect of motor denervation induced by
Clostridium botulinum toxin serotype A on the mandibular bone of the rat. In our study,
amyotrophy was anatomically evidenced at naked eye and no attempt was done to
quantify muscle loss after dissection. Amytrophy after BTX injection has been reported
in a large number of papers [4, 27-31]. It is due to a complete motor denervation
starting between 2 and 5 days after injection; paralysis is reversible in 4 to 6 weeks.
BTX injection is known to reduce the thickness and weight of muscles [32]. It is likely
that the significant loss of body weight in BTX rats did not reflect the amyotrophy of
Mus Masseter and Mus Temporalis but was provoked by a slightly reduced food intake
due to difficulty in chewing. It has been shown that condylar and molar areas of the
injected side are under loaded after BT X injections using analysis of bone strains during
mastication [27]. Although the gain (or loss) of body weight was not significant in each
group, the weight loss reached -2.5% of initial weight in the BTX group and differences
with the CTRL group became significant after 2 w. This indicates that animals did not
suffer from food starvation after BTX injection. Surprisingly, weight loss has not been
reported in other studies with unilateral or even bilateral BTX injections in Mus
Masseter and/or Mus Temporalis in growing or adult animals (rats or rabbits) [27-31,
33]. Rabbits are reported to keep chewing at an unaltered rate despite of a significant
functional deficit of injected muscles [27]. Injection of BTX in other types of muscle
(such as the Mus Quadriceps femoris) did not affect the body weight [6, 34], so the
effect noted in the present study appears specific to the site of injection. In rabbits with
BTX injections in right Mus Masseter, the muscle was found significantly 15-18%
lighter than the contralateral muscle and Mus Pterygoideus medialis of the non-injected
side was found significantly 25% heavier than contralateral muscles, this tends to
indicate a compensatory mechanism [27, 29]. In growing rats with bilateral BTX
injections and muscle volume measurements by plethysmometry, the injected masseter
volume was found 31% lower if injected alone and 47% lower if Mus Temporalis was
injected at the same time [28]. In human, it has been shown that Mus Masseter loses
30% of its volume 3 months after a BTX injection [35].
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In the present study, 1 U of BTX was injected in the 2 main masticatory muscles on the
right side. We chose to use 3 points of injection in the Mus Masseter and 2 points of
injection in the Mus Temporalis to ensure complete diffusion in the entire muscle; this
is similar to BTX injection in humans for clinical purposes. One of the main interests of
the BTX model is that the paralyzed side can be compared with the contralateral side; in
other words, the animal is its own control [5, 34]. In the literature, the doses used are
comprised between 1 to 7.5 U per masticatory muscle in the rat, with comparable results
[27-31, 33].

In order to assess bone loss, microCT and subsequent image analysis treatments were
used. Mandibular Bone Mineral Density by dual energy X-ray densitometry was not
measured in the present study because the method is not reliable and reproducible
enough at the mandible with devices available for clinical purposes, even with the use
of software for small animals [6, 36]. In the present study, a major decrease of BV/TV
was found at condylar and alveolar bone. However, due to the complexity of the
alveolar region (presence of the molar roots, proximity of the incisor), it was not
possible to determine a volume of interest in 3D with the technique offered by the
software provided by the microCT manufacturer and the 2D measurements are favored
in this location for rodents [19]. Our results fit in well with other studies using BTX
injections in masticatory muscles of adult animals [27, 31]. In the rabbit, the decrease in
alveolar BV/TV reached - 6% for the BT X-paralyzed side and -12% for condylar bone
vs. control animals; however, the decrease was only -2% for alveolar bone and -9% for
condylar bone when compared to the uninjected side [27]. In the present study, bone
loss was higher (-20% for alveolar bone and -35% for condylar bone). A similar
decreased BV/TV was reported in an adult rat model with mandibular hypofunction due
to a soft diet [37]. The vector projection algorithm used here appeared interesting in the
evaluation of the alveolar bone. The method allows evaluation of a complex volume of
interest and provides quantitative measurements of the complexity of bone loss in the
alveolar area; tooth roots had no influence on the measurements. We have previously
reported that the fractal dimension measured on the frontal plane was well correlated
with the 3D porosity in an in vitro model [24]. In addition, the method allows a
mapping of porosity at the surface of the mandibular bone and evidenced the differences

between the right and left sides in these animals.
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It has been shown that masticatory function was significantly decreased after BTX
injection into masticatory muscles and that masticatory efficiency only completely
recovered after 12 weeks, in human [38]. All these results show the importance of
masticatory function on alveolar and condylar bone remodeling and architecture. It is
noticeable that in our study, as in others, the percentages of bone loss were higher in
condylar bone compared to alveolar bone. This fact seems constantly described.
Cortical bone thickness was not significantly reduced in our study whereas it was
significantly lower in similar models by others [27, 28, 31]. A possible explanation
could be that this occurred only in growing animals. Another explanation could be
differences with other studies in the localization and number of measuring sites of
cortical bone. This is an important parameter to assess since it is known that cortical

bone alteration increases a lot fracture risks in human [39].

Of the upmost importance was that hypertrophic bone proliferation made of metaplastic
bone developed on the paralyzed side at the mandibular Mus Digastricus enthesis in
every animal of the BTX group. Mus Digastricus is an accessory masticatory muscle
and a jaw-opener [40]. An increased activity of Mus Digastricus on the paralyzed side
probably leads to a local increase of mechanical strains at the mandible which
compensates the loss of activity of the temporal and masseter muscles. An increased
muscle activity is known to stimulate bone remodeling leading to an increased bone
mass [41]. It has also been shown that it induces the development of woven bone [42].
In rabbits injected by BTX in Mus masseter, a compensating hypertrophy of Mus
Medial pterygoid (another jaw-closer main masticatory muscle) has been reported [27].
However no such hypertrophic bone metaplasia was reported at the muscle enthesis (the
pterygoid fossa, on the vestibular side of the mandible) and we also did not find bone
changes in this location on our microCT sections. Such a hypertrophic metaplasia
mimics a torus mandibularis. Although the pathophysiology of tori is not fully
understood, it has been shown a relationship between tori and a disequilibrium of

occlusal forces [43].

Differences between our model and others of the literature (significant loss of weight,
more important percentages of bone loss, hypertrophic bone metaplasia) were found.
Those bone alterations, if they happened equally in human, could constitute a major risk

factor for fractures, especially in patients receiving repeated BTX injections in
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masticatory muscles. This remains to be studied because one single study in the
literature reports mandibular bone assessment (cortical thickness, mandibular thickness,
and total mandibular volume) following BTX unilateral single injections in masseter in
human with no significant change [35]. Furthermore, future works shall aim at assessing
bone loss in human receiving those treatments and at assessing minimal periods of time

between injections in human in order to avoid potential increased risk fracture.
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5. FIGURES AND LEGENDS

Figure 1. Regions of interest (outlined areas) used to measure BV/TV on 2D sections of
the mandible obtained by microCT.
A) Frontal section of a right condylar head (midpoint of the condyles is identified
by the presence of medial and lateral poles).
B) Frontal section of a right alveolar region (point of reference: first molar’s distal
roots). Measuring sites (n=8) of cortical bone thickness are localized on lingual
(L) and vestibular (V) sides.
C) Sagittal section of a right alveolar region (point of reference: distal roots of first,

second and third molars and mesial root of the first molar).
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Figure 2. Evolution of the body weight of rats showing significant differences between

groups at W 2, 3 and 4.
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Figure 3. Macroscopic aspect of muscles after BT X injections:

A) Right Mus Masseter amyotrophy (bottom view, arrow).

B) Right Mus Temporalis amyotrophy (upper view, arrow).
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Figure 4. MicroCT analysis of bone loss as seen on 2D sections:
A) Frontal sections of right (R) and left (L) hemimandibles in a rat of the CTRL

group showing no difference at the right alveolar bone and at the right Mus
Digastricus enthesis.

B) Frontal sections of right (R) and left (L) hemimandibles in a rat of the BTX
group. Note the alveolar bone loss on the right side and the occurrence of a
hypertrophic bone proliferation at the Mus Digastricus enthesis (arrow).

C) Frontal sections of the mandibular condylar heads in a rat of the CTRL group
showing no difference between each side.

D) Frontal sections of the mandibular condylar heads in a rat of the BTX group
showing a marked trabecular bone loss.

For each image R and L identify respectively the right the left side.
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Figure 5. MicroCT analysis of the hemimandibles of rat with BTX paralysis of Mus
Masseter and Mus Temporalis on the right side:
A) General view from the lingual side of the left hemimandible.
B) Similar view of the right hemimandible. The green arrow identifies the
hypertrophic bone proliferation at the Mus Digastricus enthesis.
Analysis of porosity by vector analysis on microCT sections in the molar region of the
same bones:
C) left hemimandible.
D) right hemimandible. The red pseudo color of alveolar bone indicates higher bone
porosity according to the LUT. Note the considerable increase in hot colors (red-

orange-yellow) in the alveolar area of the right side.
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Figure 6. Histological analysis:
A) Frontal section of a right hemimandible from a rat of the CTRL group.
B) Frontal section of a right hemimandible from a rat of the BTX group showing
the hypertrophic bone proliferation made of metaplastic bone at the Mus
Digastricus enthesis (green arrow).
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Figure 6. Histological analysis:

C) Higher magnification of the bone proliferation showing: woven bone exhibiting
an active remodeling with numerous osteoblast alignments and active
osteoclasts. Fibers of Mus Digastricus (mf) are anchored at the surface of the
bony proliferation

D) Same section seen in polarized microscopy showing normal cortical bone made

of lamellar bone (arrow) while the proliferation is composed of woven bone.
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Table I: Bone morphometric parameters

CTRL Left CTRL Right BTX Left BTX Right
Alveolar BV/TV (%) 58.75 +1.95 57.99 £ 3.82 61.14 + 2.91 41.48 +2.68 *
Condylar BVITV (%) 68.18 +2.41 63.47 £ 1.65 71.82+1.19 36.49 + 3.52 *
LCt.Th (um) 518 + 14 484 + 11 51920 479 + 22
VCt.Th (pm) 509 + 18 538 + 14 506 + 24 485 + 20
Ds frontal plane 1416 £+ 0.010 1.420+0.018 1.419+0.009 1.474 £0.009 *

The gray boxes indicate a significant difference vs. left side

* indicates a significant difference vs. CTRL
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