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Abstract

 

The functional requirements in muscle use are related to the fiber type composition of the muscles and the cross-
sectional area of the individual fibers. We investigated the heterogeneity in the fiber type composition and fiber
cross-sectional area in two muscles with an opposing function, namely the digastric and masseter muscles (

 

n

 

 = 5
for each muscle) of adult male rats, by means of immunohistochemical staining according to their myosin heavy
chain (MyHC) content. The digastric and masseter muscles were taken from Wistar strain male rats 10 weeks old.
In the masseter six predefined sample locations were examined; in the digastric four. Most regions showed
dominant proportions of type IIA and IIX fibers. However, both muscles also revealed a regional heterogeneity in
their fiber type distribution. In the digastric, type I fibers were detected only at the central and deep areas of the
anterior and posterior belly, respectively. Meanwhile, the peripheral area of the anterior belly contained a higher
proportion of type IIB fibers. In the masseter, the type I fibers were absent. In the superficial masseter the distri-
bution of IIA and IIB fibers was significantly different between the superior and inferior regions. In the deep
masseter, regional differences were observed among all four examined areas, of which the posterolateral region
contained the highest proportion of type IIB fibers. The cross-sectional areas of type IIB fibers were always the
largest, followed by the type IIX and IIA fibers. Only a few differences in cross-sectional area of corresponding
fiber types were detected between the various sites. In conclusion, the masseter and digastric muscles showed an
obvious heterogeneity of fiber type composition and fiber cross-sectional area. Their heterogeneity reflects the
complex role of the both muscles during function. This detailed description of the fiber type composition can serve
as a reference for future studies examining the muscular adaptations after the onset of various diseases in the
masticatory system.
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Introduction

 

Skeletal muscles contain a mixture of fibers with different
contractile properties, such as maximum force, contraction
velocity and fatigability (Bottinelli et al. 1996). These
fibers can be classified by their myosin heavy chain (MyHC)
content using immunohistochemistry. Four major fiber
types (I, IIA, IIX, and IIB), associated with the equally
named myosin isoforms (Korfage et al. 2005a,b), have

been identified in adult skeletal muscles of small mammals
(Shiaffino & Reggiani, 1996; Pette & Staron, 1997). The
fiber types have been associated with physiological
properties of motor units, varying from type I muscle
fibers, that are easily recruited, slow contracting and fatigue
resistant, to the faster contracting type II fiber which can
further be divided into type IIA, IIX and IIB fibers, that are
easily recruited, slow contracting and fatigue resistant, to
the more faster contracting fiber types (type IIA, IIX and
IIB), of which type IIB is the least easily recruited, fastest
and most fatigable (Larsson & Moss, 1993).

The fiber type composition of mammalian skeletal
muscle fibers is influenced by several intrinsic factors, such
as heredity, age and hormones (Baldwin & Haddad, 2001;
Deschenes, 2004). Furthermore, muscle fibers can adapt
their phenotypic properties to meet a wide range of
functional demands (Sciaffino & Reggiani, 1996; Pette, 2002).
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In general, an increased mechanical load in a skeletal
muscle is known to lead to the adaptation of this muscle
towards a slower muscle phenotype (Pette & Vrbová, 1992;
Caiozzo et al. 1996). The converse response has been observed
when the muscle is subjected to a decreased mechanical
load (Pette & Staron, 1997). From this it can be understood
that a significant positive relationship exists between muscle
use and the percentage of slow type fibers (Hensbergen
& Kernell, 1997; van Wessel et al. 2005). These adaptive
changes are reversible (Anderson & Aagaard, 2006).

The amount of force that a muscle fiber can produce
depends not only on myosin isoform type, but also on its
cross-sectional area (Maughan et al. 1983). This area
increases with the amount of resistance that is experi-
enced during contraction (McCall et al. 1996). Hence
determination of the fiber type composition and cross-
sectional area can be used to characterize the functional
properties and requirements of a muscle.

The rat is currently the most used animal model for tem-
poromandibular joint (TMJ) research (Herring, 2003). To
fully understand the TMJ anatomy and function, and the
possible changes due to experiments, a good knowledge
of all important factors is essential. One of these factors is
the muscle forces involved, as they are a significant source
of the daily loading in the masticatory system. The daily
loading by the masticatory muscles can vary regionally as
both their activity and fiber type composition can be
heterogeneous (Miller, 1991; Korfage et al. 2005a,b).
Recently, the heterogeneity in the daily use of the rat’s
masseter and digastric muscles has been examined (Kawai
et al. 2007). However, the heterogeneity in these muscles’
fiber type compositions has so far not been examined,
although some data are available on the overall fiber type
composition (Tuxen & Kirkeby, 1990; Cobos et al. 2001).

The aim of this study was to examine the heterogeneity
in the fiber type composition and cross-sectional area in
two jaw muscles of the rat with an opposing function,
namely the digastric (a jaw opener) and the masseter

(a jaw closer). The fiber types were characterized by their
content of myosin heavy chain isoforms (MyHC), as identi-
fied with monoclonal antibodies (Bredman et al. 1990).
The division of the digastric muscle in two separate bellies
suggests a different function and thus a possible disparity
in their fiber type composition. From the architectural
complexity of the masseter, it can be expected that this
muscle will show large regional differences in the distribu-
tion and cross-sectional area of the various fiber types.

 

Materials and methods

 

Ten-week-old male rats (

 

n

 

 = 5) were killed by an overdose
of pentobarbital (Nembutal, Sanofi Sante, Maassluis, The
Netherlands), and their left masseter and digastric muscles
were cut from their attachment sites after they had been
exposed. For the histological analysis, the anterior and
posterior bellies of the digastric were separated at their
interconnecting tendon. These muscles were rapidly frozen
in liquid-nitrogen-cooled isopentane and stored at –80 

 

°

 

C
until required for further processing. The experimental pro-
cedure was approved by the Animal Care and Use Com-
mittee of the Medical School of the University of Amsterdam.

 

Immunohistochemistry

 

For each of the four muscle portions (anterior and poste-
rior digastric, superficial and deep masseter) a series of
transverse sections of 10 

 

μ

 

m was cut with a cryomicrotome
(Model CM1850, Leica Microsystems GmbH, Nussloch,
Germany). With respect to masseter, at first deep masseter
was cut, after that superficial masseter, because masseters
were taken out as a mass. Cuts were obtained only from
the belly of the muscles perpendicular to the main orien-
tation of the muscle fibers at the middle part (Fig. 1).
In this way most fibers were included in the analysis.

After overnight fixation at –20 

 

°

 

C in a mixture of methanol-
acetone-acetic acid-water (35 : 35 : 5 : 25) (Wessels et al.

Fig. 1 The jaw muscles in an adult rat. 
(A) Lateral view. The two lines indicate the level 
of sectioning for deep and superficial masseter. 
(B) Ventral view. The two lines indicate the level 
of sectioning for the anterior and posterior 
bellies of the digastric muscle.
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1988), four consecutive sections were incubated with
monoclonal antibodies raised against purified myosin
(Bredman et al. 1991; Sant’Ana Pereira et al. 1995). Anti-
body 219-1D1 recognized MyHC-I, antibody 333-7H1
recognized MyHC-IIA, antibody 340-3B5 recognized all fast
MyHC isoforms, antibody 332-3D4 recognized MyHC-IIA
and MyHC-IIX, and antibody 249-5A4 recognized MyHC-
cardiac-

 

α

 

 myosin. This antibody panel could not distinguish
hybrid fibers co-expressing MyHC-IIA and -IIX from pure
fibers expressing only MyHC-IIA, and hybrid fibers co-
expressing MyHC-IIX and -IIB from pure fibers expressing
only MyHC-IIX. Therefore, we classified them either as
type IIA (recognised by antibodies 333, 332 and 340), -IIX
(recognised by antibodies 332 and 340), or -IIB fibers (recog-
nised only by antibody 340). The specificity and charac-
terization of these monoclonal antibodies against MyHC
isoforms were demonstrated previously (Wessels et al.
1988; Sant’Ana Pereira & Moorman, 1994; Sant’Ana Pereira
et al. 1995). Briefly, human ATPase-defined type I and type
IIA muscle fibers reacted with antibodies against MyHC-I
and MyHC-IIA, respectively, and human ATPase-defined
type IIB muscle fibers contained a MyHC isoform that
was homologous to the MyHC-IIX isoform of rodents. The
indirect unconjugated immunoperoxidase technique (PAP-
technique) was applied to detect the specific binding of
the different antibodies. Nickel-DAB was used to visualize
the staining (Hancock, 1982).

 

Sample method, fiber type classification and 
cross-sectional area measurements

 

In both digastric bellies a clear heterogeneity of the
fiber distribution existed (Fig. 2). To fully examine this

heterogeneity, in the anterior belly sample areas were
located in the central and peripheral regions. In the poste-
rior belly, sample regions were located in the deep and
superficial regions. In the masseter, no clear heterogeneity
was visibly present. In this muscle sample areas were
regularly divided over the entire muscle cross-section. In
the superficial masseter, two sample sites were chosen from
its superior and inferior regions. In the deep masseter,
sample locations were chosen at the anteromedial, antero-
lateral, posteromedial and posterolateral regions. Each
sample area was photographed with a digital camera
attached to a microscope. On average, each sample area
consisted of 203 fibers, which were classified by means of
the four consecutive incubated sections.

For the measurement of the cross-sectional areas, the fiber
area outlines were drawn onto a transparent sheet; after
that they were quantified by reading the drawn sheets,
together with a grade mark for correction of enlargement,
via a flat-bed scanner (Hewlett-Packard, Scanjet 4c, Rose-
ville, CA, USA) into a personal computer. Fibers that were
cut non-orthogonally were excluded from this analysis. A
custom-made program computed the cross-sectional area
of each muscle fiber from the reproduced image.

 

Statistical analysis

 

For each digastric and masseter sample location, the pro-
portions and mean cross-sectional areas of the different
fiber types were calculated for each animal (

 

n

 

 = 5) at each
muscle region. Then, mean and standard deviation values
were determined. All the data were tested for normality of
distribution (Kolmogorov-Smirnov test) and for uniformity
(Bartlett’s test). The differences in the proportion and

Fig. 2 Overview of the anterior (A) and 
posterior (B) belly of the digastric incubated 
with a monoclonal antibody against MyHC-I. 
Higher magnifications of the central (C) and 
peripheral (D) area in the anterior digastric. 
Bar = 0.25 mm.
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fiber cross-sectional area between sample sites were tested
by one-way analysis of variance with a 

 

post-hoc

 

 test (Bon-
ferroni test). A probability of less than 0.05 for similarity of
distribution was considered to be significantly different.

 

Results

 

Fiber type composition

 

Digastric and masseter muscles showed regional hetero-
geneity in their fiber type composition (Fig. 2). In the anterior
digastric, ca. 45% of the fibers were type IIX fibers irre-
spective of the intramuscular region (Fig. 3). For the other
fiber types, the distribution was significantly different in
the central and peripheral regions. Type I and type I + IIA
fibers were detected only in the central part (each ~5%),
while the type IIB fibers made up 5 and 30% (

 

P

 

 < 0.01) of
the total for, respectively, the central and peripheral
regions. At the central region, the proportion of type IIA
fibers was significantly (

 

P

 

 < 0.05) larger than that at the
peripheral region. In the posterior digastric, the deep
region contained a large proportion of type IIA (40%) and
IIX (37%) fibers (Fig. 3). In the superficial region, these

fiber types made up ca. 22% (

 

P

 

 < 0.05) and 56% (not
significant), respectively. Furthermore, the proportion of
type IIB fibers was significantly (

 

P

 

 < 0.05) larger at the
superficial than at the deep region.

In the superficial masseter, the majority of fibers were of
the IIX type, while almost no type I fibers were detected
(Fig. 4). The proportion of type IIA fibers was larger
(

 

P

 

 < 0.05) in the inferior than in the superior region, while
the proportion of type IIB fiber was larger (

 

P

 

 < 0.05) in the
superior region. In the deep masseter, regional differences
were observed among all the four predefined areas. In the
anterior region, almost all fibers were of the IIA or IIX
types. However, the anterolateral region consisted of
significantly more type IIX fibers (

 

P

 

 < 0.01). The postero-
lateral part showed almost equal amounts of type IIA (31%),
IIX (30%) and IIB (36%) fibers. In particular, the proportion
of type IIB fiber was significantly larger (

 

P

 

 < 0.05) than
those in the other three parts. At the posteromedial part,
the proportions of type IIX and IIA fibers were predominant
(50% and 40%, respectively), of which the proportion of
type IIX fibers was significantly (

 

P

 

 < 0.05) larger than that
in the posterolateral part. In none of the regions was
MyHC-cardiac 

 

α

 

 detected.

Fig. 3 Proportion of fiber types in the anterior 
and posterior digastric. Error bars indicate a 
standard deviation. *Significance of difference 
between the values (P < 0.05); **significance 
of difference between the values (P < 0.01).

Fig. 4 Proportion of fiber types in the deep and superficial masseter. Error bars indicate a standard deviation. *Significance of difference between 
the values (P < 0.05); **significance of difference between the values (P < 0.01). (a) P < 0.05 compared with the proportions of type IIB fiber at the 
anteromedial, anterolateral and posterolateral regions.
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Fiber cross-sectional areas

 

In general, for all examined sample sites, type IIB fibers
were the largest (ca. 1450–2300 

 

μ

 

m

 

2

 

), followed by the type
IIX fibers (1040–1800 

 

μ

 

m

 

2

 

).
In the anterior digastric, the cross-sectional areas of type

IIA fibers were significantly (

 

P

 

 < 0.05) larger in the central
(624 ± 100 

 

μ

 

m

 

2

 

) than in the peripheral region (527 ± 76 

 

μ

 

m

 

2

 

)
(Table 1). In the posterior digastric, the cross-sectional
areas of type IIA and IIX fibers were significantly (

 

P

 

 < 0.05)
larger in the deep (916 ± 79 

 

μ

 

m

 

2

 

 and 1330 ± 137 

 

μ

 

m

 

2

 

) than in
the superficial region (733 ± 163 

 

μ

 

m

 

2

 

 and 1132 ± 153 

 

μ

 

m

 

2

 

).
For the masseter (Table 2), only the deep part showed

differences in the cross-sectional area of the type IIA fibers.
The largest difference was found in the medial region of this
muscle part, where the fibers in the anteromedial region
were much larger than those in the posteromedial region
(1080 and 670 

 

μ

 

m

 

2

 

, 

 

P

 

 < 0.01). No significant differences
of the cross-sectional areas were detected between the
superior and inferior areas.

 

Discussion

 

The functional capabilities of muscles can be determined
by the size and MyHC isoforms content of their individual
fibers. Previously, the global presence of fast and slow
fiber types in the rat’s jaw muscles was identified by
ATPase analysis (Tuxen & Kirkeby, 1990), by immunohisto-
chemistry (Cobos et al. 2001) and by the use of myosin
gene expression at mRNA level (Arai et al. 2006). However,
detailed quantitative measurements of their fiber type
composition and cross-sectional area have not previously
been conducted. The current study shows large regional
differences in the fiber type composition and fiber size
between various regions of the digastric and masseter muscles.

In our study, both bellies of the digastric contained type
I fibers, which is consistent with previous studies (Hiraiwa,
1978; Cobos et al. 2001). However, these fibers appeared
not to be homogeneous, as they were mainly found in the
central area of the anterior belly and the deep area of the
posterior belly. Also the distribution of the various fast

Table 1 Fiber cross-sectional areas (μm2) of the digastric muscle mean ± SDa

Fiber type

I IIA IIX IIB I + IIA

Anterior digastric
Central 721.0 ± 112.7 624.0 ± 100.2 J 1079.9 ± 212.9 1539.1 ± 310.6 539.5 ± 601.3
Peripheral 527.3 ± 76.3   L  * 1038.6 ± 112.3 1507.6 ± 119.9 425.1 ± 70.6

Posterior digastric
Deep 644.8 ± 209.7 915.5 ± 79.0 J 1330.0 ± 136.5 J 1665.4 ± 586.8 695.6 ± 77.9
Superficial 712.6 ± 0.0 732.8 ± 163.1 L   * 1131.5 ± 153.3 L * 1459.3 ± 152.4 684.3 ± 259.7

aSD values are a measure for interindividual variation (n = 5).
*Significance of difference between the values (P < 0.05).

Table 2 Fiber cross-sectional areas (μm2) of the deep and superficial masseter muscle: mean ± SDa

Fiber type

I IIA IIX IIB I + IIA

Superficial masseter
Superior 1179.1 ± 204.3 1785.3 ± 368.3 2284.6 ± 486.9
Inferior 1049.2 ± 137.5 1538.7 ± 229.4 1946.5 ± 158.8

Deep masseter
Anterolateral 937.7 ± 235.5) 1481.9 ± 459.2 1926.3 ± 194.2
Anteromedial 812.5 ± 0.0 1082.5 ± 167.8 J J 1403.5 ± 351.9
Posterolateral 1218.0 ± 0.0 751.1 ± 47.1 L* B ** 1327.4 ± 353.1 2259.7 ± 478.4 593.1 ± 0.0
Posteromedial 990.0 ± 0.0 671.2 ± 197.2 L 1197.7 ± 548.5 1704.3 ± 662.4 657.0 ± 248.1

aSD values are a measure for interindividual variation (n = 5).
**Significance of difference between the values (P < 0.01).
*Significance of difference between the values (P < 0.05).
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fiber types in the digastric and masseter muscles showed
marked differences. For instance, type IIB fibers were
absent in the anterior region of the deep masseter.

These findings indicate heterogeneity in the fiber type
compositions of both the digastric and masseter. This
heterogeneity can be assumed to reflect the function of
muscles and to verify the complex role of both muscles
during function. The behavioral differences in muscle use
can be related to the fiber type composition of the
muscles. Slow muscles (containing predominantly MyCH-I)
show a higher daily duty time and a larger daily number
of bursts than fast muscles (Monster et al. 1978; Hensbergen
& Kernell, 1997; Pette, 2002). We recently examined the
daily jaw muscle activity in the adult rat by the use of a
radio-telemetry system, and demonstrated that, compared
to the superficial masseter, the anterior belly of the
digastric muscle showed a higher duty time, a larger daily
number of bursts and a longer average burst length
(Kawai et al. 2007). This is also consistent with the absence
of type I fibers in the masseter (Kawai et al. 2007).

The amount of aerobic, slow fibers may also be due to
the fact that the digastric muscle plays an important
role not only during the opening of the jaw, but also in
stabilizing both the jaw and hyoid (Cobos et al. 2001),
necessary for the positioning of the tongue. Furthermore,
it is known that the rat and rabbit digastric can be activated
even during closing acts (Weijs & Dantuma, 1975; Thomas
& Peyton, 1983). This broad range of functions is also
confirmed by the large number of low-level activities
(> 100 000/day) in this muscle (Kawai et al. 2007). The
findings of the presence of type I fibers in both digastric
bellies, therefore, correspond to their role during various
motor tasks. However, the heterogeneous distribution
of these fibers suggests that this function is region specific
in both digastric bellies.

In general, the masseter, as a jaw closer, plays an important
role for the chewing power stroke. In rodents, the muscles
contract symmetrically, alternating between muscle
portions with a predominant forward and backward
pulling component, resulting in a protraction and retrac-
tion of the jaw in addition to its elevation and depression
(Langenbach & van Eijden, 2001). In rats, both the superfi-
cial and the deep masseter contribute to the power stroke
during chewing. In addition, because the deep masseter
has a more vertical orientation than the superficial mas-
seter, the deep masseter is assumed to play an important
role generating occlusal forces and keeping a mandiblar
rest position. Meanwhile, the more horizontal orientation
of the fibers in the superficial masseter suggests a role for
jaw protrusion during the power stroke. This might
involve fast and powerful muscle contractions, and espe-
cially in this muscle regions IIX and IIB type fibers were
detected. In rabbits, MyHC-IIB fibers were not found in the
masseter (Korfage et al. 2006). The frequency of chewing
in rat mastication is faster than that in rabbit (Langenbach

& van Eijden, 2001). In rats, therefore, the MyHC-IIB fibers
in the digastric and masseter may contribute to a higher
jaw velocity. The type IIB fibers are in the posterolateral
region of the deep masseter, which shows a similar
horizontal orientation of its fibers as in the superficial
masseter. It could be suggested that this muscle region is
involved in similar functions.

The type I + IIA fiber, which can be related to type IIC as
classified by ATPase histochemistry, was defined as a
skeletal fiber type that shows acid-stable and alkali-stable
ATP-ase activity (Brooke & Kaiser, 1970). As for the aerobic
capacity, type IIC fibers have an intermediate activity in
comparison with pure type I and IIA fibers (Hintz et al.
1984). Immunohistochemically, type IIC fibers were detected
only in the posterior parts (posterolateral and postero-
medial) of deep masseter and in both digastric bellies.
Previously, it has been reported that in the rat type IIC
fibers fulfill a function which is similar to fibers that con-
tain MyHC-cardiac 

 

α

 

 in the jaw muscles of man and rabbit
(Kwa et al. 1995; Sciote & Kentish, 1996; Cobos et al. 2001).
Furthermore, Kwa et al. (1995), using rabbits, demon-
strated that the contraction velocity of pure MyHC-cardiac

 

α

 

 fibers is intermediate to that of MyHC-I and MyHC-IIA.
Therefore, considering the presently observed regional
distribution, type I + IIA (IIC) fibers may have a similar
function as the cardiac 

 

α

 

 fibers in the rabbit. It is not known
why this latter type of fiber is not present in the rat.

As an animal model, rats have been used for various
experiments addressing the functioning and adaptive
capacities of the jaw system. Rats have the advantage of
being small and easy to feed, and it is relatively simple to
acquire inbred-strain rats which standardize the experi-
mentation. The current study provides a detailed description
of the normal digastric and masseter muscle contractile
capabilities. This is essential in the evaluation of the
relationship between the muscle activity and an experi-
mentally induced pathological alteration, and could
therefore provide valuable information in the prevention
of diseases.
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