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Background:  Masseter  muscle  paralysis  induced  by botulinum  toxin  type A  (BoNTA)  evokes  subchondral
bone  loss  in  mandibular  heads  of  adult  rats  and growing  mice  after  4 weeks.  However,  the  primary  cellular
and molecular  events  leading  to  altered  bone  remodeling  remain  unexplored.  Thus,  the  aim  of  the  current
work  has  been  to assess  the molecular  response  that  precedes  the early  microanatomical  changes  in  the
masseter  muscle  and  subchondral  bone  of the mandibular  head  in  adult  mice  after BoNTA  intervention.
Methods:  A pre-clinical  in  vivo study  was  performed  by a  single  intramuscular  injection  of  0.2  U  BoNTA
in  the  right  masseter  (experimental)  of  adult  BALB/c  mice.  The  contralateral  masseter  was injected
with  vehicle  (control).  Changes  in mRNA  levels  of  molecular  markers  of  bone  loss  or  muscle  atro-
phy/regeneration  were  addressed  by  qPCR  at day  2  or 7, respectively.  mRNA  levels  of  receptor  activator
of nuclear  factor-�B  ligand  (RANKL)  was  assessed  in mandibular  heads,  whilst  mRNA  levels of  Atrogin-
1/MAFbx,  MuRF-1  and  Myogenin  were  addressed  in masseter  muscles.  In order  to  identify  the  early
microanatomical  changes  at  day  14,  fiber  diameters  in  transversal  sections  of masseter  muscles  were
quantified,  and  histomorphometric  analysis  was  used  to determine  the  bone  per  tissue  area  and  the
trabecular  thickness  of  subchondral  bone  of  the  mandibular  heads.
Results:  An increase  of up  to  4-fold  in  RANKL  mRNA  levels  were  detected  in  mandibular  heads  of  the
BoNTA-injected  sides  as  early  as  2 days  after  intervention.  Moreover,  a 4–6  fold increase  in  Atrogin-
1/MAFbx  and  MuRF-1  and  an  up  to 25  fold  increase  in  Myogenin  mRNA  level  were  detected  in  masseter
muscles  7 days  after  BoNTA  injections.  Masseter  muscle  mass,  as  well  as  individual  muscle  fiber  diameter,
were  significantly  reduced  in BoNTA-injected  side  after  14 days  post-intervention.  At  the  same  time,  in
the  mandibular  heads  from  the treated  side,  the  subchondral  bone loss  was  evinced  by a  significant

reduction in  bone  per  tissue  area  (−40%)  and  trabecular  thickness  (−55%).
Conclusions:  Our  results  show  that  masseter  muscle  paralysis  induced  by BoNTA  leads  to  significant
microanatomical  changes  by d
days  in  muscle.  Therefore,  ma
preceded  by  molecular  respon

Abbreviations: BoNTA, botulinum toxin type A; RANKL, receptor activator of nuclear fac
ING  finger 1; Myo, myogenin; Cav3, caveolin-3; B.Ar/T.Ar, bone per tissue area; Tb.Th, tr
� This paper belongs to the special issue Dentomaxillary.
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. Introduction

The temporomandibular joint (TMJ) is found exclusively in
ammals, and is a specialized structure that articulates the
andibular head in the condylar process of the mandible with

he mandibular fossa of the squamous part of the temporal bone
Herring, 2003; Suzuki and Iwata, 2016). Bone components of
he TMJ  respond to mechanical stimuli from masticatory muscles
Toro-Ibacache and O’Higgins, 2016); the synchronous contrac-
ion of these muscles produces the mandibular movements that
re required for vital functions such as mastication and defense
Baverstock et al., 2013; Cox et al., 2012). In order to perform these
ctivities, the mammalian masticatory apparatus has evolved from
he interaction of different tissues like skeletal muscle, bones, and
eeth (Cox et al., 2012; Tiphaine et al., 2013). Also, the adaptation
f the masticatory apparatus during development, and to differ-
nt environmental conditions such as changes in hardness of diet
nd/or masticatory loadings (Spassov et al., 2017) has been success-
ully achieved because of masticatory muscle plasticity (Abe et al.,
007) and the craniofacial changes through the bone remodeling
rocess (Anderson et al., 2014).

Bone tissue homeostasis depends on the physiological process,
amed bone remodeling, involving resorption of damaged bone,
nd subsequent replacement by newly formed mineralized tissue
Sims and Martin, 2014). Local bone loss, due to increased bone
esorption over bone apposition, is evoked by skeletal muscle paral-
sis induced by the intramuscular injection of botulinum toxin
ype A (BoNTA) (Aliprantis et al., 2012; Recidoro et al., 2014). This
eurotoxin is a potent blocker of acetylcholine release at the neu-
omuscular junction, leading to temporal muscle paralysis, loss of
uscle mass, and progressive muscle atrophy (Pirazzini et al., 2017;

ossetto et al., 2014). Since the consequences of the intramuscular
njection of this neurotoxin are not limited to the targeted muscles,
here are many aspects of the interactions between skeletal muscle
nd bone that remain unexplored. This is particularly the case for
he masticatory apparatus. In this context, masseter muscle paral-
sis induced by BoNTA in adult rats (Kun-Darbois et al., 2015) and
rowing mice (Dutra et al., 2016) produces subchondral bone loss at
he mandibular head after 4 weeks of intervention. However, tissue
hanges and the cellular and molecular responses preceding this
ffect are not completely understood. When assessed in hind limb
uscles of adult mice, BoNTA-induced muscle paralysis increases

he expression of muscle atrophy markers (Vegger et al., 2016) and
f a bone resorption promoter (receptor activator of nuclear factor
-B ligand, RANKL), as early as 7 days after intervention (Aliprantis
t al., 2012; Marchand-Libouban et al., 2013). Moreover, there is an
ncrease in the use of BoNTA in humans as a therapeutic approach
n temporomandibular disorders, aesthetic complains, and para-
unctions, with the masseter muscle as direct target (Chen et al.,
015; Fedorowicz et al., 2013; Miller and Clarkson, 2016; Soares
t al., 2014; Tinastepe et al., 2015). However, BoNTA has not been
pproved (i.e. by the Food and Drug Administration) for use in the
asseter muscle, and there is a lack of preclinical evidence regard-

ng the safety of this intervention in the masticatory apparatus
Pirazzini et al., 2017).

There are still unanswered questions about the morphologi-
al and molecular events relating to masticatory muscle paralysis,
hich are relevant from an anatomical, physiological, and, ulti-
ately, clinical perspective. In the present work, we developed a
ouse model of a unilateral masseter muscle paralysis induced

y BoNTA injections to unveil the microanatomical changes in
reated masseter muscles and subjacent mandibular heads after

4 days post-intervention. We  hypothesized that a molecular
esponse involving changes in expression of muscle atrophy and
one resorption markers precedes detectable masseter muscle
atomy 216 (2018) 112–119 113

atrophy, as well as subchondral bone loss in mandibular heads after
a single BoNTA injection.

2. Materials and methods

2.1. Animals

Sixteen adult male BALB/c mice (8 weeks old) between 18 g–25 g
were obtained from the Experimental Platform of the Faculty of
Dentistry (Universidad de Chile). Standard animal room condi-
tions (48–50% humidity; 20 ± 2 ◦C; 12 h light/dark cycle), and water
and food (LabDiet

®
JL Rat and Mouse/Auto 6F 5K67) ad libitum

were used. Mice were divided in one control group (n = 5) and
three experimental groups: BoNTA 2d (n = 3), BoNTA 7d (n = 3), and
BoNTA 14d (n = 5) after BoNTA injection. The number of animals
for each time period was selected to ensure a minimum of n = 3 for
each experimental technique. All in vivo protocols were approved
by the Bioethics Committee for Animal Research of the Faculty of
Dentistry of Universidad de Chile (N◦ FOUCH061501).

2.2. Intervention

A control group of mice bilaterally injected with saline solu-
tion in the masseter muscles was  maintained for 14 days before
euthanasia, as a reference to compare the welfare state of mice uni-
laterally injected with BoNTA. Each of the mice of the experimental
groups received one single intramuscular injection of botulinum
toxin type A (0.2 U; 10 �l; Onabotulinumtoxin A; BOTOX

®
, Aller-

gan Chile; Lot #. C3837 C3) in the right masseter muscle (BoNTA).
Dosage and volume were based in previous reports (Aliprantis et al.,
2012; Dutra et al., 2016; Lodberg et al., 2015), also considering LD50
(Rossetto et al., 2014) and mean body weight. The left masseter
muscle was  injected with the same volume of saline solution (NaCl,
0.9% p/v), and served as intra-individual control. Injections were
performed by a veterinarian, without previous anesthesia, main-
taining an angle and depth previously validated as safe. Body mass
was quantified daily from day 0 (before intervention) to the end of
experiment for each group. Incisor lengths as well as animal wel-
fare parameters were examined daily. After 2 days, 7 days, or 14
days of intervention (for experimental groups) or 14 days (for con-
trol group), animals were euthanized by cervical dislocation. Then,
masseter muscles were promptly dissected and weighed. After this
procedure, mouse mandibles were separated at the middle carti-
laginous junction, and manually dislocated for a complete removal.
This procedure provided one hemi-mandible from the right or
experimental side (BoNTA), and one from the left side (control) per
animal.

2.3. Total RNA extraction and reverse transcription

To assess mRNA expression, mandibular heads from mice of
group 2d (n = 3) were carefully cut off from the mandibular ramus
with hard tissue scissors. These samples were mechanically dis-
rupted in 1 ml  of TrizolTM (Life Technologies, CA, USA), and stored
at −80 ◦C until processing. The same procedure was  performed with
the masseter muscles from mice of group 7d (n = 3). According to
the TrizolTM manufacturer’s instructions, total RNA was obtained.
RNA was diluted in 20 �l (bone) or 40 �l (muscle) of nuclease-
free water and quantified by spectrophotometry (absorbance at
260 nm).

The cDNA from bone was obtained from 2 �g RNA by using the
High-Capacity cDNA Reverse Transcription Kit (Life Technologies,

CA, USA) in a 20 �l final volume. In addition, cDNA from masseter
muscles was obtained from 1 �g RNA by using ImProm-IITM Reverse
Transcription System (Promega, WI,  USA), in a final reaction vol-
ume of 20 �l. Subsequently, DNA-freeTM DNA Removal Kit was
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sed (Life Technologies, CA, USA). To exclude any contamination
ith genomic DNA, negative controls were performed by replacing
everse Transcriptase with nuclease-free water.

.4. Quantitative real-time PCR (qRT-PCR)

Rankl, Atrogin-1/MAFbx, MuRF-1, and Myogenin mRNA
xpression was assessed by using qRT-PCR. Gapdh and
8S served as housekeepings in muscle and bone-derived
amples, respectively. The primers used were as follows:
ankl forward: 5′-TGGAAGGCTCATGGTTGGAT-3′, reverse:
′-CATTGATGGTGAGGTGTGCAA (Swanson et al., 2006);
trogin-1/MAFbx forward: 5′-GTTTTCAGCAGGCCAAGAAG-
′, reverse: 5′-TTGCCAGAGAACACGCTATG-3′ (Murphy
t al., 2012); MuRF-1 forward: 5′-TGCCTACTTGCTCCTTGT-
′, reverse: 5′-CTGGTGGCTATTCTCCTT-3′ (Murphy et al.,
012); Myogenin forward: 5′-CTCCCTTACGTCCATCGT-3′,
everse: 5′-CAGGACAGCCCCACTTAA-3′ (Church et al., 2014);
8S forward: 5′-GGGCCCGAAGCGTTTACTTT-3′, reverse: 5′-
TGCGCCGGTCCAAGAATTT-3′ (Valladares et al., 2013);
apdh forward: 5′-CAACTTTGGCATTGTGGAAG-3′, reverse: 5′-
TGCTTCACCACCTTCTTG-3′ (Bustamante et al., 2014). All primers
sed presented optimal amplification efficiency (between 90 and
10%). qPCR was performed using Fast SYBR

®
Green Master Mix

nd the StepOneTM Real-Time PCR System from Thermo Fischer
cientific (Waltham, MA,  USA). Thermocycling conditions were
s follows: 95 ◦C for 20 s previous to 40 cycles of 95 ◦C for 3 s
nd 60 ◦C for 30 s. CT value was determined by StepOne software
hen fluorescence was 25% higher than background. PCR prod-
cts were verified by melting curve analysis. Expression values
ere normalized to housekeeping and are reported in units of

−��CT ± standard error of the mean (SEM) as described (Pfaffl,
001).

.5. Immunofluorescence

Right and left masseter muscles from one mouse (Group 14d;
 = 1 per side) were dissected, immediately frozen for 1 min  by per-

orming an isopentane/liquid nitrogen protocol (Meng et al., 2014)
nd stored at −80 ◦C until processing.

Frozen sections of 4 �m thickness from the middle of each
asseter muscle were obtained and placed on StarFrost

®
slides

Knittel Glaser, Germany). Then, these sections were rinsed three
imes with PBS, fixed with 4% PFA for 30 min  at room tempera-
ure, and pre-incubated twice with 100 mM glycine in PBS for 5 min.

embrane permeabilization was performed with 0.1% Tritón X100
or 10 min  at room temperature, and then all samples were pre-
ncubated with 4% BSA at room temperature for blocking unspecific
inding of primary antibody. Mouse monoclonal caveolin3 (Cav3)
ntibody (BD Bioscience, CA, USA) was used to detect individual
uscle fiber’s outer perimeter. Primary antibody was  incubated

vernight at 4 ◦C. Detection of Cav3 was carried out with an Alexa-
88 conjugated antibody (Life Technologies, CA, USA) incubated
or 30 min  at 37 ◦C in dark environment. DAPI was used for nuclear
taining, and DACO was the mounting medium. Digital images were
btained by using an Eclipse Ti-E Inverted Fluorescence Microscope
Nikon

®
) with 40× objectives. Feret’s diameter of individual mas-

eter muscle fibers was quantified with the ImageJ 1.51h software
Schneider et al., 2012).

.6. Bone histomorphometry
After dissection, each hemi-mandible from the mice of group
4d (n = 3 per side) was placed in formalin solution (neutral
uffered, 10%) for 24 h at 4 ◦C with agitation (Mack et al., 2014;
atomy 216 (2018) 112–119

Marino et al., 2016). Samples were rinsed three times for 1 h with
PBS and then decalcified by using neutral 12% EDTA for 14 days
at 4 ◦C with agitation (manual puncture and X-ray images were
used to verify decalcification). Hemi-mandibles were rinsed three
times-1 h each with 100 mM MgCl2 and stored in distilled water for
24 h. Sections of the longitudinal axis of the mandibular head were
obtained. Samples were embedded in paraffin blocks and coro-
nal sections of 4 �m from the middle volume of each mandibular
head were obtained and placed in individual slides. Then, Gold-
ner’s trichrome staining was performed in single representative
slices from right and left mandibular heads, derived from the same
anatomical level. Image acquisition was  performed with a Binocular
Microscope Axio Lab.A1 (with phototube, 10× and 40× objec-
tives) coupled to a Reflex Canon T3 camera. Bone per tissue area
(B.Ar/T.Ar) and Trabecular Thickness (Tb.Th) of subchondral bone
were quantified by using OsteoidHisto, an open source software for
semi-automated bone histomorphometry (van ‘t Hof et al., 2017).

2.7. Statistical analysis

As a preliminary study, a small sample size was considered
(n = 3–5) (Thabane et al., 2010). Results are reported as Mean ± SEM.
Differences between BoNTA and Control sides were determined
with the Mann–Whitney test and the Wilcoxon signed-rank test
(p-value was set at 0.05) by using GraphPad Prism version 7.0b for
Mac  OS X (GraphPad Software, CA, USA).

3. Results

3.1. General findings on the animal model

Throughout the study, mice from control and BoNTA groups
showed a similar increase in body mass. The length of the incisors,
their external appearance and behavior were daily controlled and
registered. There was  no teeth overgrowth or detectable discom-
fort or stress in any group (control and BoNTA). Also, in all the
experimental groups (BoNTA 2d, 7d and 14d), a qualitative flat-
tened aspect of the injected masseter was  observed after 30 min  of
intervention, compared with the control side injected with saline
solution.

3.2. BoNTA-induced masseter paralysis promotes an early
molecular response in muscle and bone

As soon as 2 days after BoNTA intervention, a 4-fold increase
in the mRNA levels of the bone resorption promoter RANKL was
detected in the mandibular heads derived from the experimental
side (Fig. 1A). On the other hand, a 4–6 fold increase in mRNA levels
for atrophy markers (Atrogin-1/MAFbx and MuRF-1) and a 25 fold
increase in a muscle regeneration marker (Myogenin) was observed
in BoNTA-injected masseter muscles (Fig. 1B).

3.3. Microanatomical changes of masseter muscle after BoNTA
injection

A reduction in masseter muscle mass was  detectable in the
BoNTA-injected side of all experimental groups, but it was  only
significant after 14 days (−18%), when compared with the control
sides (Fig. 2A). Moreover, a reduction in the masseter volume can
be observed after 14 days of BoNTA intervention (Fig. 2B). Masseter
muscle atrophy was  evidenced by Cav3 staining as a reduction in

individual muscle fiber cross-sectional area in BoNTA injected mus-
cles (Fig. 3A), compared with the contralateral control side (Fig. 3B).
There was no evidence of fibrosis or muscle central nuclei (indica-
tor of muscle repair) in both control and experimental muscles.
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Fig. 1. BoNTA intervention in masseter muscle increases the gene expression of muscular atrophy/regeneration and bone-resorption markers. Tissues (masseter muscle
and  mandibular head) were dissected and isolated at the indicated time. Total RNA was obtained and retrotranscribed. mRNA of selected genes was addressed by qPCR. (A)
In  mandibular head samples, mRNA of Rankl showed a 4.2-fold increase in the experimental side versus control 2 days after injection (n = 3; Mean ± SEM; *p-value < 0.05;
Mann–Whitney test). (B) In masseter muscle samples, mRNA relative expression of Atrogin-1/MAFbx, MuRF-1, and Myogenin (Myog) was significantly increased in experimental
side  compared with control at 7 days (n = 3).

Fig. 2. BoNTA injection significantly reduces masseter muscle mass after 14 days. A single BoNTA injection (0.2 U/10 �l) was  performed in the right masseter muscle. Left
masseter muscle was  injected with vehicle (saline solution) as an intra-individual control. (A) Masseter muscle mass from all experimental groups assessed at different days
post-intervention; n = 3–5; Mean ± SEM; *: p < 0.05; Wilcoxon signed-rank test. (B) Ventral view of masseter muscle in situ at 14 days post-intervention. Dashed white line
shows  right masseter muscle perimeter compared with left masseter muscle perimeter (solid white line). A representative photo is shown.

Fig. 3. BoNTA injection reduces the diameter of masseter muscle fibers. Masseter muscles dissected 14 days after BoNTA (A) or saline solution (B) injection were cryosectioned.
Immunofluorescence was performed against Cav3 (red) to delimit cellular perimeter. Nucleus were stained with DAPI (blue). Digital images were obtained by using a Ti-E
Inverted Fluorescence Microscope (Nikon® ) with 40× objectives. C. Feret’s diameter of individual masseter muscle fibers was  quantified from fluorescence images by using
the  ImageJ 1.51h software. The histogram shows the frequency of diameters for 224 individual masseter muscle fibers per side, and confirms the higher frequency of smaller
diameters in the experimental side. Scale bar: 20 �m. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)
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n addition, the quantification of individual fibers Feretı́s diame-
er showed an increase in the relative frequency of smaller fibers
n BoNTA injected muscles, as compared with contralateral control
Fig. 3C).

.4. Microanatomical changes in subjacent mandibular heads
fter BoNTA-induced masseter muscle paralysis

The histological slices of the mandibular heads (BoNTA 14d
roup; cutting plane in Fig. 4A) showed a qualitative increase in
he medullary spaces of the trabecular bone in the BoNTA-injected
ide, compared with the control side (Fig. 4B and C). Digital quan-
ification of subchondral bone parameters by histomorphometric
nalysis showed that both the B.Ar/T.Ar and the Tb.Th were signif-
cantly reduced in the BoNTA-injected side (Fig. 4D–E).

. Discussion

In this study, we demonstrate that BoNTA-induced masseter
uscle paralysis in adult mice produces masseter muscle atro-

hy and bone loss in the subjacent mandibular head. In addition,
hese microanatomical changes are preceded by early increments
n the mRNA levels of RANKL in the bone and Atrogin-1/MAFbx,

uRF-1 and Myogenin in muscles during the first week after BoNTA
ntervention. These findings support the hypothesis that a specific

olecular response precedes the detectable subchondral bone loss
n mandibular head, and define the masseter muscle atrophy after

 single BoNTA intervention. Also, this study evinces subchondral
one loss in the mandibular head only 14 days after BoNTA injec-
ion, earlier than previous studies that report this finding in rodents
fter 4 weeks (Dutra et al., 2016; Kun-Darbois et al., 2015).

In mice, Atrogin-1/MAFbx, MuRF-1, and Myogenin expression
s required for skeletal muscle degradation during denervation-
nduced atrophy (Baumann et al., 2016; Macpherson et al., 2011).
imilar to denervation, the mechanism of action of BoNTA blocks
he neuromuscular transmission, and leads to reversible muscle
aralysis (Pirazzini et al., 2017; Rossetto et al., 2014). Rectus femoris
uscles from female C57BL/6 mice injected with BoNTA showed

 significant increase in gene expression for Atrogin-1/MAFbx and
uRF-1 after 7 days and 14 days post-intervention, but not at day

1, compared with control hindlimbs (Vegger et al., 2016). Interest-
ngly, our results also show that BoNTA-injected masseter muscles
ncreased the expression of Atrogin-1/MAFbx, MuRF-1, and Myo-
enin after 7 days, suggesting a conserved mechanism in a different
ouse strain, and a different muscle type. The latter is relevant,

onsidering that craniofacial muscles are different from those of
he trunk and limbs (Sciote et al., 2003). Despite defined anatomical
imits such as the segmented pattern of trunk (somites), cranio-
acial muscles are characterized by specific and particular gene
xpression zones (or molecular limits) during embryonic develop-
ent from cranial mesoderm (Michailovici et al., 2015; Sambasivan

t al., 2011). Also, adult masticatory muscles such as masseter
xpress embryonic and �-cardiac myosin heavy chains, which are
bsent in mature trunk and limb muscles (Schiaffino and Reggiani,
011). In addition, craniofacial muscles are capable of performing
ne actions such as facial expression and mandibular movements
Michailovici et al., 2015; Sambasivan et al., 2011; Sciote et al.,
003). Previous studies using BoNTA injection in masseter muscle
f rodents have only described a muscle volume reduction either
y measuring its width (Moon et al., 2015), by visual inspection
Kun-Darbois et al., 2015), or without any further evaluation (Dutra

t al., 2016). In the current study, we performed quantitative mea-
urements related to masseter muscle mass and individual muscle
ber diameter, by implementing an adapted protocol with a repro-
ucible technique (Bonetto et al., 2015; Briguet et al., 2004). Thus,
atomy 216 (2018) 112–119

we determined that BoNTA intervention promoted significant loss
of muscle mass and size after 14 days. Taken together, the observed
molecular and microstructural changes validate our protocol as a
proper mechanism to evoke masseter atrophy in adult mice.

RANKL is required for osteoclastogenesis and bone resorption
promotion (Takahashi et al., 1999). BoNTA intervention in quadri-
ceps and calf muscles leads to a bone loss between 43.2%–53.4%
in subjacent femur and tibia of female C57BL/6 mice after 21 days
(Warner et al., 2006). Bone marrow gene expression of Rankl from
femurs (Marchand-Libouban et al., 2013) of proximal tibia metaph-
ysis (Aliprantis et al., 2012) is significantly increased after 7 days of
BoNTA intervention in the same model. However, another study
with female C57BL/6 mice reports no significant differences in
Rankl expression between distal tibia from experimental side com-
pared with control from day 7 to day 21 post-intervention (Vegger
et al., 2016). Also, the time for these outcomes may  differ accord-
ing to the explored zone (i.e. metaphysis versus diaphysis) (Ausk
et al., 2013). However, these studies evaluate the degradation of
long bones in lower limbs, and osteoclasts from craniofacial bones
(which also have a different embryological origin) may  degrade
mineralized tissue by different mechanisms and degrees (Everts
et al., 2006; Santagati and Rijli, 2003). In addition, C57BL/6 mice
are more liable to bone loss after BoNTA intervention in lower
limbs than BALB/c mice (Lodberg et al., 2015), which may  impair
the comparisons between strains. Our study demonstrates a signif-
icant increase in Rankl expression in complete mandibular heads as
early as 2 days after BoNTA intervention, leading to the question of
the specific cells involved in this early response. After 14 days, our
findings show a bone loss of 30% (B.Ar/T.Ar) in mandibular heads
from experimental versus control side; this effect is consistent with
those found in adult male rats (−35%) (Kun-Darbois et al., 2015),
and larger than the — 21.4% reported in female CD-1 growing mice
(Dutra et al., 2016) after 4 weeks. This difference between male and
female animals may  suggest a sex contribution to the intervention’s
outcome.

Considering the lack of published data on the topic, sample size
calculation was  not possible, so performing a preliminary work
with n = 3–5 animals per condition. The main scope was to test
feasibility and safety to obtain a mice model of BoNTA-evoked mas-
seter paralysis, and address histologic and gene expression changes
in mandible head. Statistical differences obtained in Control- and
BoNTA- masseter muscle (weight, volume, fibers diameter and
gene expression), as well as in mandible head (gene expression
and histomorphometric parameters), provide a basis for the proper
selection of sample size in future extended studies.

Our adult mouse model of unilateral masseter muscle paralysis
induced by BoNTA will allow for studies of the cellular and molec-
ular mechanisms that promote the subchondral bone loss in the
mandibular head after a single intervention. Although our results
are strictly limited to adult male BALB/c mice, some of these effects
of BoNTA have been found in adult rats and growing mice. Female
mice should also be studied in order to assess the effect of other fac-
tors such as hormonal status or the degree of muscle development.
Also, it should be pointed out that different strains may  exhibit
different degrees of bone loss after BoNTA-induced muscle paral-
ysis, as suggested by a comparative study (Lodberg et al., 2015).
However, it is important to note that subchondral bone loss after
BoNTA injection in masseter muscle has been also evinced in other
mammals such as rabbits, but only after 4 weeks and 12 weeks post-
intervention (Rafferty et al., 2012). Thus, structural changes of the
mandibular head could be a potential adverse effect maintained
across mammalian species including humans, as suggested by a

pilot study that found detectable bone loss in mandibular heads of
women treated with BoNTA injections in masseter muscles for oral
pain (Raphael et al., 2014). Therefore, since BoNTA intervention is
a current common practice in dentistry for several health-related



J. Balanta-Melo et al. / Annals of Anatomy 216 (2018) 112–119 117

Fig. 4. BoNTA-induced masseter muscle paralysis promotes bone loss in the subjacent mandibular head. 14 days after BoNTA or saline solution injection in masseter muscles,
hemi-mandibles were isolated and processed for histomorphometry. Digital images of Goldner’s trichrome stain were performed with a Binocular Microscope Axio Lab.A1.
(A)  Cutting plane of the histological section relative to the anatomy of the mouse mandible (1:1 macro-photograph of real dissected left mandible from vestibular side). Scale
bar:  1 mm.  Representative 10× image of mandibular head from BoNTA-injected side (B) reveals an increase in medullary spaces of trabecular bone (yellow arrow heads)
compared with control side (C). Histomorphometric parameters of bone area per tissue area (D) and trabecular thickness (E) confirm a significant subchondral bone loss
after  14 days of intervention. Region of interest = yellow rectangle. Scale bar: 100 �m (n = 3; Mean ± SEM; *p-value <0.05; Mann–Whitney test). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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ssues such as temporomandibular disorders, but also in aesthetics,
ur research may  contribute with preclinical results to determine
he risk of adverse reactions of such interventions in masticatory

uscles and neighboring tissues. In addition, our approach will
dvance the understanding of the cellular and molecular mecha-
isms behind the adaptive response of the masticatory apparatus
f mammals to different stimuli.

. Conclusions

Masseter muscle paralysis induced by BoNTA leads to mas-
eter muscle atrophy and to the subchondral bone loss of the
ssociated mandibular head, detected after 2 weeks. These mor-
hological findings are preceded by early changes in tissue specific
ene expression that should be assessed during the first week after
oNTA intervention. RANKL mRNA levels increased in mandible
eads as early as 2 days after BoNTA intervention, while muscle
trophy and regeneration markers rise after 7 days in the treated
asseter muscles. Thus, we are currently developing an extended

tudy to address the possibility that bone microanatomical changes
ppear even before 14 days, or be even greater after this period of
ime.
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