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Abstract: In the present study, to elucidate the influences of the deficiency of teeth on the masseter muscle, we analyzed
changes in the expression of MyHC isoform mRNAs during postnatal development in mi/mi mice using real-time PCR.
By 8 weeks of age, MyHC I had nearly disappeared in the +/+ mice, while it was still present in the mi/mi, and the level of
MyHC I mRNA in the mi/mi was 5.1-fold higher than that in the +/+ (p<0.01). The levels of MyHC IIx mRNAs in the
mi/mi mice were 41 ~ 55% lower than those in the +/+ at both 3 weeks and 4 weeks of age (p<0.05). No significant difference in the expression of MyHC IIa and IIb mRNAs in the masseter muscle was found between the mi/mi and +/+.
From these results, we speculate that the deficiency of teeth affects the masseter muscles during the postnatal development.
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INTRODUCTION
The masseter muscle is a jaw-closing muscle with unique
characteristics that make it distinct from limb and trunk
muscles [1,2]. It is well known that, by the time of tooth
eruption, the feeding behavior of rats and mice changes from
suckling to chewing, which usually occurs between 17 and
25 days after birth [3]. During this postnatal period, many
drastic changes occur in the masseter muscle: the myofibers
grow rapidly and markedly [4,5], myosin heavy chain
(MyHC) neonatal isoform mostly disappears [5], the diameter of the motoneurons innervating the masseter muscle increases, and the motoneuron electromyographic pattern
changes [5,6]. Synaptic formation in the neuromuscular
junction rapidly progresses in the masseter muscle before
and after this transition in feeding behavior [7]. However,
the roles of both tooth eruption and the initiation of occlusal
activity on the masseter muscle have yet to be determined.
MyHC, a major contractile protein in skeletal muscles, is
encoded by a family of genes consisting of at least six isoforms, including the embryonic, neonatal, I, IIa, IIx, and IIb
isoforms [8]. MyHC I is mainly expressed in slow-twitch
myofibers, whereas MyHC IIa, IIx, and IIb are expressed in
fast-twitch fibers. These isoforms differ in their contractile
and metabolic properties, and are capable of adapting their
phenotypes to meet functional demands during postnatal
development. For example, mechanical unloading can alter
limb muscles sequentially toward a faster isoform in the following sequence: IIIaIIxIIb [8,9]. For this reason,
they are often used as indicators of certain skeletal muscle
properties.
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The microphthalmic mouse (mi/mi) has a 3 nt deletion at
the locus of the microphthalmia-associated transcription factor gene (mitf) that results in a loss of asparagines residue in
the basic domain of the mitf protein [10,11]. The homozygote mutation at the mitf locus affects the ability of the mitf
protein to bind DNA and induces small eyes, a devoid of
pigment, deaf at an early age, a decrease of mast cells and
immunological defects. Most homozygotes die around weaning but some may live for several months. A deficiency of
bone resorption caused by abnormal osteoclast development
prevents tooth eruption [12,13]. We recently reported that, in
the masseter of mi/mi mice, synaptogenesis at the neuromuscular junction fails to progress normally, suggesting that the
eruption of teeth is essential for normal synaptogenesis [14].
The present study attempts to elucidate the role of tooth deficiency (especially the lack of occlusal activity) on the masseter muscles by analyzing changes in the expression of MyHC
isoform mRNAs during the postnatal development of masseter muscle in mi/mi mice.
MATERIALS AND METHODS
Animals
A breeding pair of mice heterozygous for the mitf mutation (mi/+ male and mi/+ female) (strain name, B6C3Fe a/aMitfmi/J) was purchased from the Jackson Laboratory (Bar
Harbor, Maine, USA). Homozygous mutant (mi/mi) and
wild-type (+/+) mice were obtained by mating this breeding
pair. The pups were breast-fed and removed from their dams
at about 3 weeks after birth. After weaning, the mi/mi mice
were fed a powder diet and the +/+ mice were fed a pellet
diet (CE-2, CLEA Japan, Inc., Tokyo, Japan) (Fig. 1A). The
mi/mi and +/+ mice were killed by cervical dislocation under
ether anesthesia at 1, 2, 3, 4, and 8 weeks of age, and the
masseter and gastrocnemius muscles were dissected out and
weighed. The design for the experiment and pictures of the
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Fig. (1). The design for the experiment (A) and pictures of mi/mi and +/+ at 4 weeks of age (B).
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Fig. (2). The representative standard curve (A) and dissociation curve (B) for S16, a ribosomal protein. R: correlation coefficient.

mi/mi and +/+ were shown in Fig. (1). The muscle samples
were immediately frozen and stored at -80˚C until use. All
experimental protocols concerning animal handling were
reviewed and approved by the Institutional Animal Care
Committee of Tsurumi University School of Dental Medicine.
Quantitative RT-PCR
Total RNA extraction, treatment with deoxyribonuclease
I, and reverse transcription were performed as previously
described [15]. Briefly, total RNA extraction was performed
according to the manufacturer’s specifications (Trizol, Life
Technologies, Gaithersburg, MD, USA). The RNA was
treated with 2 units of ribonuclease-free deoxyribonuclease I

(Life Technologies, Gaithersburg, MD, USA), and 1.5 μg of
the RNA was then reverse transcribed to cDNA with 200
units of reverse transcriptase (SuperScript II, Life Technologies, Gaithersburg, MD, USA). The cDNA (20 ng) was used
for the one real-time PCR reaction.
SYBR Green real-time PCR was performed on the ABI
PRISM 7700 instrument (Applied Biosystems, Foster City,
CA, USA) using the following cycle parameters for all genes
studied: denaturation at 95˚C for 10 min, followed by 40
cycles of 95˚C for 15 s for denaturation, and 55˚C for 15s for
annealing and extension. The representative standard curve
and dissociation curve for S16, ribosomal protein, were
shown in Fig. (2). We verified that correlation coefficients of
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Statistical Analyses

Table 1. Sequences of PCR Primers Specific to Target Genes

A Mann-Whitney U test was used to compare the median
values between the mi/mi and +/+ mice.

MyHC I (Slow)
5’ primer, 5’-CCAAGGGCCTGAATGAGGAG-3’

RESULTS

3’ primer, 5-GCAAAGGCTCCAGGTCTGAG-3’

The Weight of Animals and Muscles

product size, 81bp
MyHC IIa (Fast)

While the body weights of both the mi/mi and +/+ mice
increased, that of the +/+ was 23~97% greater
(p<0.05~0.01) than that of the mi/mi between 1 and 8 weeks
of age (Table 2).

5’ primer, 5’-AAGCGAAGAGTAAGGCTGTC-3’
3’ primer, 5’-GTGATTGCTTGCAAAGGAAC-3’
product size, 150bp
MyHC IIx (Fast)
5’ primer, 5’-CCAAGTGCAGGAAAGTGACC-3’
3’ primer, 5’-AGGAAGAGACTGACGAGCTC-3’
product size, 121bp
MyHC IIb (Fast)
5’ primer, 5’-ACAAGCTGCGGGTGAAGAGC-3’
3’ primer, 5’-CAGGACAGTGACAAAGAACG-3’
product size, 121bp

standard curves for all genes studied were more than 0.97
and each dissociation curve contained only a single peak.
The quantities of MyHC mRNAs were normalized by the
quantity of S16 mRNA. The resulting ratio value was expressed as the percentage relative to the mean value of each
target gene of each muscle at 1 week of age set at 100. The
sequences of primers and the sizes of PCR products for
MyHC I, IIa, IIx, and IIb were described previously [16] and
are shown in Table 1.

The percentage of masseter weight relative to body
weight in the mi/mi mice increased between 1 and 2 weeks
of age, and gradually decreased thereafter, while that of the
+/+ increased between 1 and 3 weeks of age, and remained
stable thereafter (Fig. 3A). The percentage of masseter
weight relative to body weight in the mi/mi mice was 32%
less than that in the +/+ mice at 8 weeks of age (p<0.05). The
percentage of gastrocnemius weight relative to body weight
showed a similar change, with no significant difference between the mi/mi and +/+ mice at any time point (Fig. 3B); it
increased in the mi/mi and +/+ mice between 1 and 3 weeks
of age, and remained stable until 8 weeks of age.
The Expression of MyHC I mRNA in the Masseter and
Gastrocnemius Muscles
Fig. (4) shows the changes in the expression of MyHC I
mRNA in the masseter (A) and gastrocnemius (B) muscles
between 1 and 8 weeks of age. In the masseter muscle of
both the mi/mi and +/+, the expression level of MyHC I
mRNA was high at 1 week of age and rapidly decreased be-

Table 2. The Weight of Animal

Age (Week)

+/+
mean±SD (g)

n

mi/mi
mean±SD (g)

n

Significance

1

5.30±0.75

6

4.16±0.63

6

p<0.05

2

7.52±0.86

6

6.12±0.84

6

p<0.01

3

11.2±1.86

6

6.44±1.28

6

p<0.01

4

18.0±1.94

6

9.14±1.15

6

p<0.01

8

23.9±3.93

6

15.4±3.20

6

p<0.01

n: the number of samples.
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Fig. (3). Changes in the percentage of masseter (A) and gastrocnemius (B) weight relative to body weight at 1, 2, 3, 4, and 8 weeks of age in
the mi/mi (dotted line) and +/+ (solid line) mice. Each point and its vertical bar represent the mean ± S.D. of six samples. Significant difference between mi/mi and +/+, *p<0.05. Arrows indicate the period of weaning.
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Fig. (4). Relative changes in the expression levels of MyHC I mRNA in the masseter (A) and gastrocnemius (B) muscles at 1, 2, 3, 4, and 8
weeks of age in the mi/mi (dotted line) and +/+ (solid line) mice. The shadow area of the upper panel in A is enlarged and presented in the
lower panel in A. The vertical axis is expressed as a percentage of the mean value of +/+ at 1 week of age set at 100. Each point and its vertical bar represent the mean ± S.D. of six samples. Significant difference between mi/mi and +/+, **p<0.01. Arrows indicate the period of
weaning.
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Fig. (5). Relative changes in the expression levels of MyHC IIa mRNA in the masseter (A) and gastrocnemius (B) muscles at 1, 2, 3, 4, and 8
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tween 1 and 2 weeks. After 2 weeks, the expression level
gradually increased in the mi/mi mice, whereas it gradually
decreased in the +/+ mice. At 8 weeks of age, the expression
level of MyHC I mRNA in the masseter muscle of the mi/mi
mice was 5.1-fold higher than that in the +/+ mice (p<0.01).
In the gastrocnemius muscle of both the mi/mi and +/+,
the expression level of MyHC I mRNA increased between 1
and 2 weeks of age, peaked between 2 and 4 weeks, and

gradually decreased between 4 and 8 weeks. No significant
difference in the expression level of MyHC I mRNA was
found between the mi/mi and +/+ mice at any time point.
The Expression of MyHC IIa mRNA in the Masseter and
Gastrocnemius Muscles
Fig. (5) shows the changes in the expression of MyHC
IIa mRNA in the masseter (A) and gastrocnemius (B) mus-
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cles between 1 and 8 weeks of age. In the masseter muscle of
both the mi/mi and +/+, the expression level of MyHC IIa
mRNA increased between 1 and 2 weeks of age. After 2
weeks, in the mi/mi, the expression level gradually decreased
whereas, in the +/+, it peaked between 2 and 3 weeks, and
gradually decreased between 3 and 8 weeks. No significant
difference in the expression level of MyHC IIa mRNA was
found between the mi/mi and +/+ mice at any time point.
In the gastrocnemius muscle, changes in the expression
level of MyHC IIa were mostly consistent between the mi/mi
and +/+. The expression level of MyHC IIa mRNA increased between 1 and 4 weeks of age, and then gradually
decreased until 8 weeks of age. No significant difference in
the expression level of MyHC IIa mRNA was found between
the mi/mi and +/+ mice at any time point.
The Expression of MyHC IIx mRNA in the Masseter and
Gastrocnemius Muscles
Fig. (6) shows the changes in the expression of MyHC
IIx mRNA in the masseter (A) and gastrocnemius (B) muscles between 1 and 8 weeks of age. In the masseter muscle of
the mi/mi, the expression level of MyHC IIx mRNA increased between 1 and 2 weeks, and remained relatively stable thereafter. In the masseter muscle of the +/+, the expres-

sion level of MyHC IIx mRNA continued to increase between 1 and 4 weeks of age, and decreased thereafter, until 8
weeks of age. The expression levels of MyHC IIx mRNA in
the mi/mi mice were 41% and 55% less than those in the +/+
mice at 3 weeks and 4 weeks of age, respectively (p<0.05).
The gastrocnemius muscle of both the mi/mi and +/+
mice exhibited a very similar pattern of MyHC IIx during
postnatal development. The expression levels of MyHC IIx
mRNA in both the mi/mi and +/+ mice increased between 1
and 3 weeks of age, decreased between 3 and 4 weeks of
age, then slightly increased until 8 weeks of age. No significant difference in the expression levels of MyHC IIx mRNA
was found between the mi/mi and +/+ mice at any time
point.
The Expression of MyHC IIb mRNA in the Masseter and
Gastrocnemius Muscles
Fig. (7) shows the changes in the expression of MyHC
IIb mRNA in the masseter (A) and gastrocnemius (B) muscles between 1 and 8 weeks of age. The masseter muscle of
both the mi/mi and +/+ showed a very similar pattern of
MyHC IIb during the postnatal development. The expression
level of MyHC IIb mRNA gradually increased between 1
and 8 weeks of age. No significant difference in the expres-
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sion levels of MyHC IIb mRNA was found between the
mi/mi and +/+ mice at any time point.
In the gastrocnemius muscle, the expression levels of
MyHC IIb mRNA increased between 1 and 3 weeks of age
in the +/+ mice, and between 1 and 2 weeks of age in the
mi/mi mice; it remained stable thereafter in both strains. No
significant difference in the expression levels of MyHC IIb
mRNA was found between the mi/mi and +/+ mice at any
time point.
DISCUSSION
MyHC I is reported to disappear during the postnatal development of masseter muscle in the wild-type mouse and is
not detectable in the adult masseter muscle [16,17]. In the
present study, in the masseter muscle of +/+ mice, MyHC I
nearly disappeared at 8 weeks of age, whereas, in the mi/mi
mice, it was still detected at 8 weeks of age. We previously
reported that the embryonic type of the nicotinic acetylcholine receptor subunit is still expressed in the masseter muscle
of mi/mi mice at 8 weeks of age, although it was not detected
in the +/+ mice [14]. These results suggest that the development of the masseter muscle is slower in mi/mi mice compared with +/+ mice.
In the present study, we observed a marked difference in
the expression of MyHC IIx at 3 and 4 weeks of age between
the mi/mi and +/+ mice. This is the same period during
which the feeding behavior of the +/+ mice changes from
suckling to chewing [3]. Thus, the observed differences may
be attributable to the deficiency of teeth in the mi/mi mice.
Since MyHC IIx is reported to be the predominant isoform
[16,17], the deficiency of teeth in the mi/mi mice may transiently affect these properties of the masseter muscle during
postnatal development.
It is said that there has recently been concern that children no longer need to chew their food extensively due to the
popularization of softer so-called ‘fast foods’. In the present
study, the percentage of masseter weight relative to body
weight in the mi/mi mice was significantly less than that in
the +/+ mice at 8 weeks of age. Together with the findings
regarding MyHC I and IIx expression, the present findings
suggests that proper chewing is essential for the normal
growth of the masseter muscle, and that it is essential to provide a diet that induces proper occlusal activity for the normal growth of the mouse masseter muscle. The present findings also seem to be useful and interesting basic information
for orthodontic science, the goal of which is to improve the
occlusal function. Further studies using human seem necessary to directly associate our present results with possible
influences in human.
The mitf gene is reported to be expressed in various tissues containing skeletal muscle, heart muscle, and mast cells
[18], but no marked defects have been observed in the skeletal muscles of mi/mi and mitf null mice [13]. In the present
control conditions using the gastrocnemius muscles of mi/mi
mice, there was no significant difference in the expression
levels of MyHC isoform mRNAs between the mi/mi and +/+
mice. This seems to exclude the possibility that the mutation
of mitf itself affects the expressions of MyHC isoform
mRNAs.
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In the present study, there was no significant difference
in the expression levels of MyHC IIa and IIb mRNAs between the mi/mi and +/+ mice. It was previously reported
that the ratio of MyHC IIb-positive fibers to the total number
of fibers in the masseter muscle of mi/mi mice at 4 and 9
weeks of age is lower than that in +/+ mice, whereas that of
MyHC IIa in mi/mi is higher than that in +/+ mice [19]. This
inconsistency is probably due to differences in methodology:
in the present study, the level of MyHC mRNA in the whole
masseter muscle was determined using real-time PCR
whereas, in the previous study, limited areas of the masseter
were analyzed using an immunohistochemical method [19],
even though regional differences in the distribution of
MyHC isoforms had been previously reported [20].
We previously reported differences in the expressions of
MyHC isoform mRNA of masseter muscle between rats fed
a pellet diet and those on a liquid diet [21,22]. Since, in the
present study, the mi/mi and +/+ were fed a powder and pellet diet, respectively, the observed difference between these
two strains may have reflected the influence of diet. To exclude this possibility, the levels of MyHC isoform mRNAs
were analyzed in the masseter muscle of +/+ mice at 8 weeks
of age which were fed a powder or pellet diet after weaning
(around 3 weeks of age) (Supplemental material). The two
different diets produced no significant differences in the expressions of MyHC isoform mRNAs in the masseter muscle.
This result appears to be inconsistent with our previous results [21,22], but probably due to the difference between
liquid and powder diets, and between rats and mice. Thus, in
the present study, the observed differences between the
mi/mi and +/+ mice appear to be related to the deficiency of
teeth.
CONCLUSIONS
In conclusion, from these results, we speculate that the
deficiency of teeth affects the masseter muscles during the
postnatal development, proper chewing is essential for the
normal growth of the masseter muscle, and it is essential to
provide a diet that induces proper occlusal activity for the
normal growth of the mouse masseter muscle.
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