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Abstract

Objectives Botulinum toxin A (Botox) is increasingly used
for treatment of muscle hyperfunction. For a better under-
standing of the possible morphologic and chewing changes
in patients induced by a therapy with Botox, muscle fiber
and myosin heavy chain (MyHC) mRNA alterations were
examined in this animal study.

Materials and methods The investigation was carried out on
14-week-old pigs (seven treated animals, eight controls;
calculated animal size with a power of 0.5). To initialise
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the total immobilisation of the right masseter, the Botox
injection was distributed into ten areas. After a 56-day
period, muscle tissue was taken from the left and right side
of the masseter (three regions), temporal (two regions),
medial pterygoid and geniohyoid muscles using a standard-
ized method. The muscle fiber cross sections were examined
immunohistochemically. Fiber staining was accomplished
with antibodies to specific MyHC isoforms. The MyHC
mRNA changes were analysed using real-time RT-PCR.
Results Muscles adapt to such stress by changing fiber types
and MyHC mRNA content. Paralysed masseters display
atrophic changes while other masticatory muscles show
hypertrophic changes. The results indicated that the typical
distributions of type Ila und IIb fiber types in masticatory
muscles were increased in the masseter muscles due to
Botox application. On the other hand, the masseters without
Botox in the treated group showed a significant increase of
type I MyHC.

Conclusions Application of Botox may lead to uncontrolled
structural changes in affected and unaffected muscles.
Clinical relevance Treatment of muscle hypertrophy with
Botox may cause muscle imbalance.

Keywords Muscle myosin - Immunohistochemistry -
Real-time RT-PCR

Introduction

The masticatory muscles are part of the strongest muscle
groups in the human organism. The Musculus (M.) masseter
and the M. temporalis play the decisive roles in chewing.
The Mm. temporales are mainly responsible for the chop-
ping movement of the lower jaw. The Mm. masseterici are
substantially responsible for the grinding movement. It is

@ Springer



888

Clin Oral Invest (2013) 17:887-896

known that muscle paralysis in very young patients can lead
to changes in muscle structure and bone form. The muscle
resection carried out by Schumacher [1] on young animals
of different chewing types led to scoliosis with increasing
age. Within the last years, extensive experimental studies
have fundamentally enlarged our knowledge about the fea-
tures of skull growth associated with changed muscle per-
formance [2-5]. In this context, Frinkel [6] emphasizes that
a balance between antagonistic muscles, which are inside or
outside on the bone surface, is an absolute prerequisite for
harmonious bone growth. He has not only taken into con-
sideration the physiological function or dysfunction of the
muscles but also the various tonicity of neighbouring mus-
cle groups. Changes in masticatory muscle performance and
the elimination of dysfunctions also facilitate orthopaedic
corrections of malocclusions.

The force—velocity properties of muscle fibers, responsi-
ble for the differentiated muscle functions, are mainly de-
pendent on their myosin heavy chain (MyHC) composition
[7]. Myosin is a highly conserved, ubiquitous protein found
in all eukaryotic cells, where it provides the motor function
for diverse movements such cytokinesis, phagocytosis and
muscle contraction [8]. There are several MyHC isoforms
which can be classified according to their contraction speed
in fast type (MyHC-2b, MyHC-2x and MyHC-2a) and slow
type (MyHC-1) [7-9]. The genes coding for MyHC iso-
forms are both temporally and spatially regulated, and dif-
ferential expression of MyHC isoforms contributes to the
extensive diversity observed in skeletal muscle fiber types
[9]. Skeletal muscle fibers can adapt to stress by changing
their myosin heavy chain composition. Animal studies indi-
cate differential expression of MyHC mRNA in muscles of
mastication during functional advancement of the mandible
[10, 11]. Furthermore, changes in the MyHC mRNA
amounts were found after orthognathic surgery of patients
with malocclusions [12, 13].

Stress and abnormal brain or spinal cord activity may
lead to excessive or uncoordinated loading of muscles fol-
lowed by non-physiological spasms of these muscles and
often causing pain. Another kind of disturbance is insuffi-
cient muscle innervation. Botulinum toxin A (Botox A), a
toxin produced by Clostridium botulinum, binds to the
presynaptic cholinergic nerve terminals and inhibits the
release of acetylcholine. Inhibition of acetylcholine produ-
ces chemical denervation and paralysis of the striated mus-
cle. Botox A is used as a treatment for neuromuscular
conditions such as dystonias and spasticity [14, 15].
Furthermore, Botox A is increasingly used in treatment of
problems in the orofacial region [16, 17]. Locally adminis-
tered botulinum toxin A is a good method for effective
treatment of various movement disorders like bruxism [18,
19] or masseteric hypertrophy [20-22], musculoskeletal
pain and temporomandibular joint disorders [23, 24].
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Recently, it was shown that paresis of the right masseter of
pigs after Botox A injection is followed by changes in the
ionic content [25]. It is known that changes in the content of
bound and diffusible ions in the muscle are related to muscle
fiber composition [26]. Thus, the aim of the present animal
study was to analyse the effect of Botox administration on
muscle structure of paralysed and unparalysed masseter
muscle of the pig. For this, the effect of unilateral paresis
on the proportion of type I and type Il muscle fibers and on
type I and type II MyHC mRNA content was investigated
using quantitative reverse transcription polymerase chain
reaction (RT-PCR) and immunohistochemistry.

Material and methods

The Saxon State government committee for animal research
approved the protocol and all surgical procedures of the
study (no. 24-9168.11-1-2002-1).

Animals

The experiments were carried out on 15 randomised pigs
(race “Deutsches Landedelschwein”) as described previous-
ly [25]. All pigs were 13 weeks old and were acclimatized
for 7 days in the holding facility. After this period, seven
pigs were anesthetised before injection of 100 U of botuli-
num A (Botox®, Merz Pharma, Germany) into the exposed
right masseter muscle. Eight pigs served as controls. In these
animals, the skin was cut and the muscles were visualized,
but no treatment was applied. The pigs were investigated,
and the body weight was monitored at the 1st and 7th week.
For identification of individual animals, the trovan®
(Trovan Ltd. Company, Germany) identification system
was used. A microchip sized 2.0x0.15%40 mm was injected
subcutaneously in the dorsal region.

Masseter muscle denervation and muscle biopsy

Anesthesia was started by intramuscular injection of ketamine
hydrochloride (10 mg/kg) and atropine sulfate 0.5 mg/1 ml
(B. BRAUN, Germany). After placement of a venous catheter
into the ear vein, anesthesia was maintained by injections
of propofol (Abbott, Germany; 0.7 mg kg ' h™'). In all
animals, the right masseter muscle was surgically ex-
posed. Seven pigs (treatment group) underwent injections
of 10 ml with 100 U of botulinum A—into ten regions of
the whole right masseter. In the control group, physiolog-
ical sodium chloride solution was injected. After 56 days
of investigation, muscle biopsies were carried out under
anesthesia without resuscitation of the animal. Muscle
tissue was collected from different regions of the masseter
muscle (M1=anterior, M2=medial, M3=posterior), of the
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Fig. 1 Schematic illustration of sampling locations from porcine mas-
ticatory muscles. M/ anterior region, M2 medial region, M3 upper
posterior region, 7P/ anterior region of the temporal muscle, 7P2
posterior region of the temporal muscle, GH M. geniohyoideus, PM
M. pterygoideus medialis

temporal muscle (TP1=anterior, TP2=posterior), as well
as from the medial pterygoid (PM), and the geniohyoid
(GH) muscles (Fig. 1). A preliminary investigation
revealed no significant differences between the right and
left side masticatory muscles of healthy pigs. Therefore,
the excision was performed on the right side in controls
and treated pigs and additionally on the left side in treated
pigs. After excision, each muscle sample was immediately
divided into pieces for further investigation. The 56 con-
trol and 91 treated muscle samples were formaldehyde
fixated for immunohistochemical fiber differentiation.
Also, samples were frozen in liquid nitrogen and stored
at —80°C for mRNA isolation. The animals were killed by
an intravenous injection of T1 solution (B. BRAUN,
Germany).

Immunohistochemistry

For immunohistochemical identification of myosin heavy
chains in cross sections of muscles, the following methods

were used: type I MyHC after Narusawa et al. [27] (mouse
monoclonal anti-skeletal myosin antibody—MyHC I; clone:
NOQ 7.5.4D, Sigma, Deisenhofen, Germany; dilution,
1:20), type Ila after Hughes et al. [28] (mouse monoclonal
anti-skeletal myosin antibody—-MyHC Ila, clone: A 4.74,
Alexis, Swiss; dilution, 1:50), and type IIb monoclonal anti-
bodies BF-F3 obtained from DSM (Deutsche Sammlung
von Mikroorganismen und Zellkulturen).

For immunostaining of fibers, muscle samples were fixed
in 4 % neutral buffered formaldehyde at room temperature
(25°C). After 4 days of fixation, the samples were embedded
in paraffin. Eight-micrometer cross sections were prepared
at 20°C using a microtome (model 2055, Leica, Bensheim,
Germany). Serial sections were collected on poly-L-lysine-
coated glass slides, dried and stored at room temperature
(RT) and then processed in parallel. Sections were preincu-
bated in TRIS-buffered saline (TBS) and then exposed to
3.0 % hydrogen peroxide in 60 % methanol, 40 % buffered
saline at room temperature for 20 min. To block non-
specific binding of antibodies, the sections were incubated
in 0.1 M TBS containing 1 % bovine serum albumin and
10 % normal serum at RT for 4 h. Primary antibodies were
applied at 5°C for 12 h. After washing in TBS for 10 min,
the serial sections were incubated for 30 min with a commer-
cially available biotinylated goat anti-mouse antibody (Dako,
Glostrup, Denmark; dilution, 1:100). Sections were then incu-
bated for 30 min with avidin—biotinylated—peroxidase com-
plex solution (Vectastain kit, Vector, Buvlingame, CA, USA).
The brown colour was developed with diaminobenzidine
(Aldrich Chemical Company, Inc., Milwaukee, USA), and
the sections were counterstained with hematoxylin. For nega-
tive controls, the primary antibodies were replaced by TBS or
irrelevant monoclonal IgG.

Morphometric analysis of the muscle tissue cross sections

The histological specimens were evaluated with an
Olympus Imaging System device. Scanning was done with
a CCD camera ColorView II (Soft Imaging System,
Germany) installed at the BX-61 microscope. The total
magnification of the microscope was x 100. The prepara-
tions were scanned at a 3.2-fold enlargement with 1,376 x
1,032 pixels of resolution. The fiber area was measured
using a computer with a Pentium processor and the 3.2
Analysis Software (SIS, Germany). For area measurements,
at least 25 % of each muscle sample was evaluated [11].

Determination of the protein content
The total protein content in the masticatory muscles was
determined using the Biuret method as modified by Klinger

and Miiller [29]. Bovine serum albumin (Sigma, Germany)
served as the protein standard.
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RNA preparation and reverse transcription reaction

Forty milligrams of each muscle was homogenized with the
TriPure™ Isolation Reagent (Roche, Germany) and by us-
ing a hand homogenizer (Merck, Germany). After adding
chloroform, the muscle homogenates were centrifuged at
12,000 x g for 15 min at 4°C, and the RNA containing
aqueous supernatant was transferred into a separate tube.
The extracted RNA was precipitated with isopropanol and
washed with 70 % ethanol. The RNA containing precipitate
was dissolved in RNase-free water and mixed at 58°C for
15 min. The concentrations of RNA were determined by
measuring the optical density by the absorbance of ultravi-
olet light at 260 nm and background compensation for the
absorbance at 320 nm with a Photometer Smartspec (Bio-
Rad, Germany). Quality and integrity of total RNA was
checked on a 1 % agarose gel. Total RNA was stored at
—80°C until quantification of the MyHC mRNA.

One microgram of each total RNA sample was used in
reverse transcription reactions performed with the Clontech
RT-PCR-Kit (USA) for synthesis of cDNA. The reaction
was carried out at 42°C for 60 min. The reverse transcrip-
tion reaction was inactivated by incubation for 5 min at
94°C.

Quantitative real-time RT-PCR

The expression of different types of MyHC mRNAs was
evaluated by quantitative RT-PCR [30]. PCR reactions were
performed using the Bio-Rad iCycler iQ system (Bio-Rad,
Germany). The SYBR Green PCR core reagents kit
(Applied Biosystems, USA) was used for the PCR reaction.
The reaction contained 5 pl of SYBR reagent, 2 ul of diluted
c¢DNA and 10 uM primers in a 50 pl volume. The thermal
cycle conditions consisted of initial denaturation step at 95°C
for 30 s, followed by 40 cycles of 95°C for 15 s and 60°C for
10 s. The fluorescence threshold value was calculated using
the iCycle iQ system software. The transcript number of the
pig [3-actin was quantified as an internal RNA control, and
each sample was normalized on the basis of its (3-actin con-
tent. Additionally, the efficiency of the PCR was controlled by
addition of the same mRNA sample in each PCR reaction.
Relative quantification of the gene expression was obtained
from the threshold cycle value (Ct) which is the point where a
significant increase of fluorescence is first detected. This
method provided validation for the experiments performed
(amplification efficiencies) between control and experimental
groups as outlined for 3-actin. The final data were normalized
to [3-actin and are presented as the molecules of transcript per
molecules of (3-actinx 100 (% [3-actin). Results are expressed
as means=SE. All experiments were repeated at least twice on
separate days to validate results.

@ Springer

Primers

PCR primers were designed between 170 and 367 bp in
length using the BLAST program. The primer sequences for
pigs MyHC of type I were as follows: CAGACTGAAG
TGGAGGAGGC forward and reverse CTTCCGTCTGG
TACGTGAGC (355 bp). The primer sequences for pigs
MyHC of type Ila were as follows: GAAGCAGAGGCCG
GTGGGACC forward and reverse TGGACGCGAGGA
GCTTCTCAG (367 bp). The primer sequences for pigs
MyHC of type IIb were as follows: GCCTTGAGCCT
GCCACCGTC forward and reverse AAAGGATTCCTT
GGGCTCCGCC (220 bp). The primer sequences for pigs
MyHC of type IIx were as follows: AGGGTCTTTGACT
GGGCTGCC forward and reverse CCCTCCTTCTCTGCT
CTGGACA (211 bp). The primer sequences for muscle
myosin light chains (LC) were as follows: probe,
ATGTCCTTCAGTGCTGACCAG forward and reverse
ATTGCTGGGGTTTCCCAGAAC (170 bp). The primer
sequences for (3-actin were as follows: CCGGCCATGT
ACGTGGCCATC forward and reverse CTCGGCCGT
GGTGGTGAAGCT (227 bp).

Normalization of quantitative PCR

Two series of control samples were included in each assay.
The first consisted of a series of five successive fivefold
dilutions of an individual reverse transcription product from
total RNA extracted from an untreated muscle. This series of
controls allowed the estimation of the PCR efficiency by
interpolating the slope of the curve relating the Ct parameter
obtained for each point with the relative concentration
of cDNA (dilution of reverse transcription product).
Theoretically, the PCR efficiency is 100 % when the number
of copies doubles at each PCR cycle. After testing different
couples of primer pairs in various magnesium concen-
trations, we kept the pair that gave the highest PCR
efficiency (>90 %). The second series of controls con-
sisted of five different RT products from various amounts
of the pigs’ total skeletal muscle RNA (respectively, 1,
100, 10, 1 and 0.1 ng) mixed with an appropriate amount
of total RNA from the worm Eisenia foetida andrei to
keep the final amount of RNA in the RT mix to 1 pg.
RNA from this worm was chosen because it is easy to
obtain, and the gene sequences are divergent enough
from the pigs’ gene sequences not to compete at the
PCR level. With these controls, a standard curve was
produced by associating the Ct with its corresponding
mRNA relative concentration.

To account for variations due to RNA extraction and the
RT reaction, the measured levels of MyHC and f3-actin
mRNAs were correlated with those of (-actin mRNAs.
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Because the (3-actin gene is ubiquitously expressed, we
consider the mRNA level of (3-actin to be proportional to
the quantity of total RNA of all types of cells included in the
sample. Results were expressed as the ratio of the mRNA
level of each gene of interest (MyHC, LC) to the mRNA
level of 3-actinx 100 (% (-actin).

Statistical analysis

The sample size of n=15 animals for statistical analysis was
calculated with Sigma Plot version 11. The following ele-
ments were used for this calculation: alpha=0.05; desired
power=0.9; expected difference in means=1.3; expected
standard deviation=1.0.

Statistical evaluation was performed with the SPSS
program. The results are given as arithmetic means=+
standard deviation. For statistical analysis, Student’s? test
was applied to evaluate differences in fiber types and
biochemical data between controls and treated animals.
Two by two comparisons were used in the same animal
group, *p<0.01, **p<0.001; control n=8 and treated
animal group n=7.

Results
Body and dental status

For all analyses, eight controls and seven treated animals
were used. With these group sizes, the realized power of this

Fig. 2 Immunohistochemistry
of fiber type I in muscle cross
sections of the anterior region
of the masseter (M17). Myosin
heavy chain protein distribution
in masseter muscle was
determined by indirect
immunohistochemistry using a
monoclonal anti-skeletal myo-
sin heavy-chain type I antibody
(Clone NOQ 7.5.4D, Sigma,
Germany: dilution, 1:20). a
Control animals, b Botulinum-
toxin A treated animals, ride
sight; ¢ Botulinumtoxin A-
treated animals, left sight

untreated animals

study was 0.5. In all groups, a short-term increase of the
chewing frequency occurred after surgical treatment. The
increase of the body weight was similar in both experimen-
tal groups and corresponds to age (control group, pre-test:
32.1+£2.7 kg; after 8 weeks: 48.7+£4.0 kg and animals with
Botox, pre-test: 33.0+2.7 kg; after 8 weeks of treatment:
47.7+3.9 kg).

Immunohistochemical changes in the muscle structure

In the present study, all histological used methods made
possible a clear differentiation between type I, Ila and type
IIb muscle fibers. At the staining with the type I antibody
type 1 fibers turned brown. Type II fibers remained un-
stained (Fig. 2). The application of botulinum toxin led to
a slight increase in the cross-sectional area of type I muscle
fibers (Fig. 3) and an increase in the proportion of cross
section areas of type I fibers. Beside M. geniohyoideus, all
tested muscles showed a pronounced change of the muscle
composition in the type I fiber area. Marked changes mainly
occurred in the masseter muscle and smaller ones in the
temporal muscle 8 weeks after Botox application. The in-
jection of botulinum toxin is caused by a significant de-
crease of the fiber area in the whole masseter muscle in
comparison to controls (p<0.05) and in comparison to the
left side (p<0.001). The type I fiber area of pigs treated with
Botox was even on the left side in contrast to a low increase
in controls (»<0.05). In contrast to the masseter, the right
side of the temporal muscle (non-treatment) showed an
increase of the type I fiber area in comparison to controls.

Botulinum toxin A treated animals

right side

1y - Yo
T ¢ I}
PR 2 A

left side
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Fig. 3 Percentage of fiber type numbers in overall muscle cross
sections. M1 anterior region of the M. masseter, M2 medial region of
the M. masseter, M3 lower posterior region of M. masseter, TP/
anterior region of the M. temporalis, TP2 posterior region of the M.
temporalis, GH M. geniohyoideus and PM M. pterygoideus medialis.
Arithmetic means=tstandard deviation; ¢ test; control=diamond and test
group (treated animals), right side botox application=square; left
side=triangle. Differences between control and right side: *p=0.05;
#%p=0.01; ***p=0.001; control and left side: “p=0.05; ~p=0.01;
p=0.001; and right and left side: *p=0.05; *#p=0.01; **p=0.001.
Encircled square=muscle probes with direct application of Botulinum
toxin A

The same proportion of increase was seen on the left side of
temporal muscle. A further increase in the type I fiber arca
(control 21.2 % to right side 26.7 %; p<0.01) was found in

the medial pterygoid muscle (PM). No significant changes
were found in the geniohyoid muscle (Table 1). Significant
changes also occurred in the type Ila fiber area. In the three
different regions of the masseter muscle (M1, M2, M3) a
slight increase in the type Ila area was seen with botulinum
toxin as compared to control. However, the differences were
significant only for the left side of the masseter muscle. This
difference was additionally caused by a decrease of the type
ITa fiber area in the left side. The decrease of type Ila fibers
was significant in M1 and M2 of the masseter muscle
compared to controls (p<0.05). The left side decrease of
IIa fibers was significant in the anterior part of the temporal
muscle (TP1) as compared to control. Treatment with botu-
linum toxin caused the smallest changes in type IIb fibers
which occupied the smallest part of the whole muscle cross
section (about 3 %). Significant differences were measured
only in the masseter muscle. The injection of botulinum
toxin induced an increase of the type IIb fiber area in the
right masseter muscle in comparison to control (»<0.05). In
contrast to the right side, the left-sided masseter muscle
showed a decreased type IIb area (p<0.01). These changes
of the fiber number were observed in the measured area and
in the number of cells. The total number of fibers per
measured area differs only in masseter muscles treated with
Botox.

MyHC mRNA expression

Real-time RT-PCR analysis was used to quantify the
relative levels of the MyHC mRNA expression. The
differences between target gene and (-actin are given
in (% f-actin). In these investigations, four types of
MyHC mRNAs were evaluated. However, since the type
IIx protein was not clearly detected, the type IIx mRNA
was measured.

Table 1 mRNA amounts of the

MyHC type 1la and IIx isoforms Ml M2 M3 TPI TP2 PM GH

in masticatory muscles after

8 weeks of Botulinumtoxin A mRNA type Ila

application Control 30.75 30.94 29.48 30.21 29.83 29.91 28.42
SD +5.22 +5.08 +5.62 +5.06 +4.70 +5.96 +6.03
Test, right side 32.62 31.14 30.48 28.35 28.83 32.31

M1 anterior region of the M. SD +6.93 +6.82 +7.61 +7.32 +6.89 +7.81

masseter, M2 medial region of Test, left side 28.40 28.97 28.36 31.36 28.55 30.55 26.54

the M. masseter, M3 lower pos- SD +7.11 +6.86 +7.06 +6.55 +6.21 +7.20 +6.08

terior region of M. masseter, TP/ RNA I

anterior region of the M. tempo- m type lIx

ralis, TP2 posterior region of the Control 29.15 27.79 29.43 27.82 28.12 28.49 28.88

M. temporalis, GH M. genio- SD +5.61 +5.74 +5.90 +6.49 +6.21 +5.79 +7.87

hyoideus, PM M. pterygoideus Test, right side 30.06 30.73 27.91 29.08 30.54 31.79

medialis, SD standard deviation.

Arithmetic means+SD. The SD +6.44 +6.92 +6.60 +7.43 +7.73 +6.98

mRNA amount of the MyHC Test, left side 28.95 28.83 28.31 31.00 28.21 29.07 27.19

isoforms is given in relation to SD +6.05 +4.52 +5.00 +4.60 +5.79 +6.70 +7.46

[3-actin x 100 (% [3-actin)
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Fig. 4 Content of MyHC type I and type I1Ib mRNA. M/ anterior
region of the M. masseter, M2 medial region of the M. masseter, M3
lower posterior region of M. masseter, 7P/ anterior region of the M.
temporalis, TP2 posterior region of the M. temporalis, GH M. genio-
hyoideus and PM M. pterygoideus medialis. Arithmetic means+stan-
dard deviation; ¢ test; control=grey columns; test group (treated
animals)-right side with botox application=checked column and left
side without botox application=white columns. Differences between
control and right side: *p=0.05; **p=0.01; ***p=0.001; control and
left side: *p=0.05; “"p=0.01; " p=0.001, and right and left side: "p=
0.05; #p=0.01; " p=0.001
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After 8 weeks of endurance stress on muscle struc-
ture by application of botulinum toxin in the right
masseter muscle, only MyHC type I and IIb mRNA
showed significant changes (Fig. 4). These molecular
findings correspond with the histological results. The
total masseter muscle (M1, M2 and M3) treated with
botulinum toxin showed a significant decrease of the

type I MyHC mRNA (p<0.05) as compared to the
control masseter muscle. On the other hand, a signifi-
cant increase of the type I mRNA (p<0.05) was ob-
served in the left-sided masseter muscle as compared to
the botulinum-treated and control masseter muscle. High
rates of changes were also found between the right and
left side of the total masseter muscle (p<0.001). The
changes showed similar proportions in the M1 (anteri-
or), M2 (medial) and M3 (posterior) part of the masse-
ter muscle (Fig. 4). Similar to the type I mRNA
changes, type IIb MyHC mRNA showed significantly
changed proportions only in the masseter muscle. In
contrast to type I, the type IIb mRNA was significantly
increased (p<0.05) in the masseter muscle with botuli-
num toxin after 8§ weeks of application. The increase of
the mRNA level from the right side was similar to that
on the control and left side. The left side masseter
muscle showed no significant difference from control
(Fig. 4). No changes in type I MyHC and type IIb
MyHC were measured in the temporal, the medial pter-
ygoid (PM) and in the geniohyoid muscle (GM)
(Fig. 4). The levels of type Ila and IIx MyHC mRNA
relative to [3-actin showed no significant differences
between the three groups of muscles (control, right
and left side of treated animals; Table 1). Both types
of mRNA (Ila and IIx), however, displayed a higher
standard deviation than the type I and IIb mRNAs.

Protein content

The total protein content in the masticatory muscles of all
groups showed no changes after 8 weeks of treatment
(Table 2).

Discussion

The present study demonstrates for the first time the exam-
ination of Botulinum toxin effects on the histology of

Table 2 Total protein amounts in masticatory muscles after 8 weeks of Botulinumtoxin A application

Protein mg/ml M1 M2 M3 TP1 TP2 PM GH
Control 36.18 38.45 36.75 36.01 35.39 36.85 35.93
SD +7.95 +5.70 +5.66 +6.25 +7.05 +4.67 +5.79
Test, right side 38.59 36.18 33.61 35.82 31.48 35.43

SD +8.94 +4.43 +5.34 +4.84 +5.01 +5.78

Test, left side 34.04 33.40 32.32 35.10 32.77 35.31 34.55
SD +5.30 +5.40 +5.06 +2.97 +4.24 +6.04 +5.96

M1 anterior region of the M. masseter, M2 medial region of the M. masseter, M3 lower posterior region of M. masseter, 7P/ anterior region of the
M. temporalis, T'P2 posterior region of the M. temporalis, GH M. geniohyoideus, PM M. pterygoideus medialis, SD standard deviation. Arithmetic

means+SD
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muscle fiber and the mRNA content of myosins in various
masticatory muscles. The pig was chosen as the animal
model since the orofacial structures are similar to those of
humans. Botulinum toxin A (Botox) has been increasingly
used therapeutically in the masseter muscle. It was shown
that intramuscular Botox application induces direct and
significant alterations of the fiber composition [31]. The
mRNA content of the respective myosins was influenced
by masseter treatment. The histological changes compare
and are identical to the molecular biological findings. Our
findings are in agreement with former studies from Dood
et al. [32]. In the injected plantaris and gastrocnemius
muscle type I MyHC increased while type Ila/x decreased.
Furthermore, it was shown that the botulinum toxin causes
also shifts in MyHC composition in contralateral muscles
[32]. Just as botulinum toxin injection chronic denervation
is followed by changes of the fiber type composition and
MyHC content in rat muscles [33, 34]. Parallel findings
from histology and molecular biology are also reported in
literature [10]. Although the alterations found in this study
are not as marked as in complete muscle paresis, the former
are still evident even after 56 days’ recovery. The mild
influence in the masseter muscle may result from the per-
manent interplay of the masticatory muscles. Thus, Botox
application has a chronic impact on the affected muscles and
their structure [31]. Monkey masseter muscle showed few
histological changes such as enlarged mitochondria in the
region of the I-band and aberrations in the Z-line after
Botulinum toxin A injection [35].

A closer analysis reveals that the largest changes of the
mRNA content are limited to the masseter. However, the
hypothesis that Botox effects are confined to the treated
muscles cannot be supported. The histological findings
show that treatment has an impact on the other chewing
muscles as well. The medicinal influence of Botulinum
toxin A exerted in the masseter induced a locally restricted
paresis. However, Botox treatment of the masseter indirectly
exerts stress and impact on the other masticatory muscles.
The function of the contralateral masseter muscle is altered
oppositely. Such changes point to heavy load to the muscle.
Due to masseter treatment, the temporal muscle is subjected
to extra load and is likely to take the paralyzed masseter’s
functions. This state resembles that of humans who attempt
to compensate for a disturbance by intentional chewing on
the contralateral, unaffected side.

Similarly, fiber composition is altered following experi-
mental impact. Recently, it was shown that endurance mus-
cle training induced by sagittal advancement of the
mandible induce an increase of type I fibers in pigs [10].
These fiber alterations are considered to indicate optimum
training. The medial pterygoid muscle which, like the mas-
seter muscle, plays an important role in adduction displays
only slight alterations restricted to type I fibers. Obviously,
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the muscle functions not only as a coordinator in tooth
clenching, but is actively involved in chewing as well.

Since application of Botox implies neither muscle exten-
sion nor compression, the changes required to develop greater
force are relatively small. In addition, the other muscle groups
took over the masseter functions. The force capacity of the
masticatory muscle is very large. The masticatory muscles are
permanently activated, not only during food ingestion, but
also during rest or sleep [5, 36]. The load was distributed by
the numerous muscles involved in chewing, thus minimizing
the morphological and molecular biological changes.
Moreover, the permanent movement produces a massage
effect that bears on the Botox-treated masseter muscle.
Probably, muscle perfusion is affected only slightly due to
the permanent muscle movement. Altered perfusion is anoth-
er factor that reflects muscle stress [37].

Using Botox, we have affected muscle function and
altered the force systems. Muscle performance is affected
also by biochemical, mechanical and structural parameters.
According to the respective muscle function, the supply and
transformation of chemical into mechanical energy (force or
movement) need to be regulated and fitted to the respective
requirements. This is effected using a muscle-specific range
of proteins which combined form the “contractile apparatus”
of a muscle. In a previous study, we examined the impact of
Botox on the ion concentration in the muscle [25]. Despite a
change of ion content, mRNA and the type of myosins in the
muscles, the total protein content remains constant. Thus,
the function and experimental Botox treatment only have a
slight impact on the protein content per gram of tissue.

Application of Botox results in uncontrollable changes in
the affected and unaffected muscle structures. These
changes may cause a new imbalance. We used the genio-
hyoid muscle as a “control muscle”. Since the geniohyoid
muscle is not directly involved in jaw abduction, it is not
surprising that it fails to show any alteration. Hence, the two
muscles, i.e. masseter and geniohyoid muscle, do not share
the responsibility for the same function within the mastica-
tory mechanism.

The applied methods and the low power of 0.5 need to be
considered critically. The first issue refers to the point of time
of muscle sampling. The mRNA response to stress is very
rapid. Increased synthesis and accumulation of mRNA occur
instantly, e.g. after loading. The mRNA content demonstrated
represents a steady state rather than the current stress of the
muscles. This study aimed to show the chronic effects of
Botox because muscle remodelling is completed after 8 weeks
of treatment as shown previously [38]. Protein synthesis and
histologic remodelling reveal the full effects of Botox.

Also, the findings in pigs may be transferred to loading
conditions in humans. However, the masticatory muscles of
pigs are not directly comparable to the humans. The porcine
masticatory muscles consist of 20 % type I fibers [10, 11].
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Human masseter and temporal muscles have also heteroge-
neous fiber type composition, proportion of the fiber type 2
being generally smaller [39, 40]. However, our results imply
heterogenous changes in anatomic structure of masticatory
muscles due muscle paresis, which may influence their
functional properties. This work adds some more informa-
tion to how muscles adapt to these stress factor.

In summary, intramuscular Botox injections in the mas-
ticatory muscles alter the fiber composition and mRNA
content of the respective myosins. Histological and molec-
ular biological changes run parallel after Botox application.
Assessment should be based on both finding categories
combined. Botox application to one chewing muscle indi-
rectly yields stress also to the others. The Botox effect may
be compared to paresis, and thus, Botox application serves
as a model for this disease pattern.

Conflicts of interest The authors declare that they have no conflict
of interest.
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