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ABSTRACT

Anatomical and electromyographic studies point to regional differences in function in the human temporalis
muscle. During chewing and biting the anterior portions of the muscle are in general more intensively
activated and they are capable of producing larger forces than the posterior portions. It was hypothetised
that this heterogeneity in function is reflected in the fibre type composition of the muscle. The composition
and surface area of different fibre types in various anteroposterior portions of the temporalis muscle were
investigated in 7 cadavers employing immunohistochemistry with a panel of monoclonal antibodies against
different isoforms of myosin heavy chain. Pure slow muscle fibres, type I, differed strongly in number across
the muscle. In the most posterior portion of the muscle there were 24 % type I fibres, in the intermediate
portion 57 %, and in the most anterior portion 46 %. The mean fibre cross-sectional area (m-fcsa) of type |
fibres was 1849 um?, which did not differ significantly across the muscle. The proportion of pure fast muscle

fibres, type 1A and IIX, remained more or less constant throughout the muscle at 13% and 11 %
respectively; their m-fcsa was 1309 pm? and 1206 pm?, respectively, which did not differ significantly
throughout the muscle. Pure type IIB fibres were not found. The relative proportion of hybrid fibres was
31% and did not differ significantly among the muscle portions. Fibre types I+1IA and cardiac o+ 1+ ITA
were the most abundant hybrid fibre types. In addition, 5% of the type I fibres had an additional myosin
isoform which has only recently been described by means of electrophoresis and was named Ia. In the
present study they were denoted as hybrid type 1+ Ia muscle fibres. It is concluded that intramuscular
differences in type I fibre distribution are in accordance with regional differences in muscle function.
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INTRODUCTION

Muscle fibres are traditionally classified into 3 groups
depending on their physiological behaviour. Type |
fibres are slow contracting, fatigue resistant and
generate small forces, type IIA fibres are fast
contracting, fatigueresistantand generate larger forces,
and type IIB fibres are fast contracting, fatigue
resistant and generate the largest forces. The speed of
muscle fibre contraction is largely determined by the
heavy chain of the myosin molecule (MHC). Histo-
chemical ATPase studies (Ringqvist, 1974; Eriksson
& Thornell, 1983) showed that human masticatory
muscles generally contain a much higher proportion
of “hybrid’ fibres dubbed IM and IIC than is usual in
most limb and trunk muscles.

Immunohistochemical techniques, which reveal
different isoforms of MHC, show that in human limb
and trunk muscles at least 4 isoforms of MHC are
expressed, namely types I, IIA, IIB and IIX (Schiaffino
et al. 1989, 1994), in contrast to human jaw closing
muscles which express also MHC-fetal, even at adult
age (Butler-Brown et al. 1988), and MHC-cardiac a
(Bredman et al. 1991), an MHC isoform normally
expressed in the myofibrils of the atrium of the heart
only. The latter 2 MHCs cannot be identified by
ATPase histochemistry. Type IIB fibres in man defined
by ATPase histochemistry have been shown to contain
an MHC that is the homologue of MHC IIX in
rodents (Schiaffino et al. 1989; Smerdu et al. 1994).
The MHC content of motor units and their physio-
logical properties are correlated (Schiaffino et al.
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Table 1. Monoclonal antibodies and their specific binding

Myosin heavy chain isoforms

MHC- MHC- MHC- MHC-
MHC antibody 1 1A 11B 11X

MHC- MHC- MHC-
cardiac-o fetal Ta

219-1D1 +
249-5A4
333-7H1 —
340-3B5 —
332-3D4
Antifetal —

I+ 4+ + |
+
I+ + |

+, positive reaction between MHC and antibody; —, negative reaction between MHC and antibody.

1988 ; Kwa et al. 1995). Reiser et al. (1985) showed in
their study that fibres with a slow velocity of
shortening contained slow MHC, while fibres with a
higher velocity of shortening contained both fast and
slow MHCs. The velocity of shortening increased as
the proportion of fast-type MHC increased.

A heterogeneous distribution of fibre types across
the muscle has been reported for a number of muscles
(Eriksson & Thornell, 1983; Gillott et al. 1994 ; Lexell
et al. 1994; De Ruiter et al. 1996).

The human temporalis muscle is architecturally
complex. Within the muscle regional differences exist
in length, spatial orientation and position of muscle
fibres, and in cross-sectional area (Van Eijden et al.
1996, 1997). Hence, during jaw movements fibre and
sarcomere excursions are not the same for various
muscle portions, and as a consequence the maximum
force and excursion range of the muscle portions
differ. This suggests that different portions are
specialised for certain functions and that the muscle
can actually exert different mechanical actions. In
addition, electromyographic studies in which fine wire
electrodes have been inserted into various muscle
portions have demonstrated a differential activation
depending on the motor task that was executed
(Wood, 1986; Blanksma & Van Eijden, 1990, 1995;
McMillan, 1993 ; Blanksma et al. 1997). These studies
indicated that the anterior regions of the temporal
muscle are in general more intensively used than the
posterior regions. The question can be raised whether
the heterogeneous distribution of different muscle
fibre types in the temporalis muscle reflect the
differences observed in anterior/posterior muscle
activity. Indeed, ATPase enzyme histochemistry has
pointed to a heterogeneous distribution of type I and
type IIB fibres (Eriksson & Thornell, 1983). However,
ATPase enzyme histochemistry does not give a
complete picture as it is unable to discriminate
between all MHC isoforms.

The aim of the present study was to determine the
distribution of different fibre types in the human
temporalis muscle by using immunohistochemistry
and to examine the possible existence of regional
differences within the muscle.

MATERIALS AND METHODS

In this study we used the right temporalis muscle of 7
Caucasian cadavers (4 males, 3 females; mean
age+s.D., 71.6+15.0 y). Five cadavers had upper and
lower dental prostheses, 2 were partially dentate. The
muscles were obtained within 12-36 h after death.
After the muscle was cut from its attachment sites, it
was split into anterior and posterior halves by a
vertical section running through the tip of the
coronoid process. In addition, from 5 of the cadavers
a sample was taken from the medial gastrocnemius for
comparison of fibre types and fibre type cross-
sectional areas. The muscles were rapidly frozen in
liquid nitrogen cooled isopentane and stored at
—80 °C until required for further processing.

Immunohistochemistry

Serial transverse sections (10 pm) of the whole
anterior and posterior muscle halves were cut in a
cryomicrotome (Model HM 500 M, Adamas Instru-
ments BV, Leersum, the Netherlands). The sections
were taken halfway through the belly of the muscle,
just above the muscle’s tendon plate; they were cut
perpendicularly to the main direction of each muscle
half. The sections were mounted on microscope slides
coated with AAS (3-aminopropyltriethoxysilane;
Henderson, 1989). Consecutive sections were fixed
overnight in a mixture of methanol:acetone:acetic
acid:water (35:35:5:25) at —20 °C (Wessels et al.
1988) and incubated with the monoclonal antibodies
(Table 1) raised against purified myosin in our
laboratory (Bredman et al. 1991). Anti-fetal MHC was
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Fig. 1. Light micrographs of 6 consecutive sections of the temporalis muscle incubated with monoclonal antibodies against myosin heavy
chains. 4, anti-I MHC; B, anti-cardiac-a MHC; C, anti-IIA MHC; D, anti-fast MHC; E, anti-fetal MHC; F, anti-1IA /11X /la MHC.
Bar, 50 pm.

purchased (Novocastra Laboratories Ltd, UK). The binding of the different antibodies and nickel-DAB
indirect unconjugated immunoperoxidase technique was used to visualise the staining (Hancock, 1982)
(PAP-technique) was applied to detect the specific  (Fig. 1).
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Sampling method and fibre cross-sectional area
measurements

Samples were taken from 7 sites in the muscle,
equidistant in an anteroposterior direction, 4 from the
posterior muscle half and 3 from the anterior half. In
each sample area (about 0.6-0.4 mm?), 100-300 fibres
(average 165) were drawn, by means of a projection
microscope (Carl Zeiss, Oberkochen, Germany) and a
mirror table, onto a transparent sheet. Each fibre was
classified by means of a series of 6 consecutive
incubated sections. Fibres that were not recognised in
each of the 6 sections were omitted.

The cross-sectional area of the fibres was measured
by reading the drawn sheets, together with a grade
mark for correction of enlargement, via a flat-bed
scanner (Hewlett-Packard, ScanJet 4c) into a personal
computer. A custom made program, that converts the
number of pixels into pm?, was then used to determine
the cross-sectional area of each muscle fibre in pm?®. In
total more than 8000 fibres were analysed in the 7
temporalis muscles.

Statistical analysis

For each muscle the distribution and mean cross-
sectional area (m-fcsa) of different fibre types were
determined. Mean and standard deviation values
(s.p.) were calculated for the 7 temporalis muscles.
One-way analysis of variance (ANOVA) was used to
assess differences in fibre type distribution and in fibre
cross-sectional area. The level of significance was set
at P < 0.05.

Reproducibility

To ascertain the reproducibility of this method a
second series, directly succeeding the first series, of 6
consecutive sections of the anterior portion of 6
muscles were incubated in the same way as the first
series. The same fibres classified in one area of the first
series were followed and classified in the second. The
results of both series were then compared.

RESULTS

From the test for reproducibility it appeared that of
the 622 fibres compared, 41 fibres (6.6%) gave
conflicting results. In half of these fibres MHC
cardiac-o. was not reproducible.

Table 2. Fibre type composition (mean+s.p.) in the
temporalis muscle (n = 7)

Fibre type Mean (%) s.D. (%)
1 45.0 8.2
1A 13.5 8.2
X 11.0 10.7
Hybrid 30.6 9.9

Table 3. Distribution of hybrid fibre types (mean+s.p.) in the
temporalis muscle

Fibre type Mean (%) S.D. (%) n
I+1IA 4.7 3.2 7
[+1IB 0.3 0.6 3
I+1IX 0.9 1.2 6
I+1Ia 4.5 7.5 3
Fetal 0.2 0.3 4
Fetal +1 3.1 4.8 6
Fetal + 1A 0.8 0.5 7
Fetal +11B 0.1 0.0 1
Fetal + 11X 33 3.9 7
Fetal +1+11A 0.3 0.6 3
Fetal +1+11B 0.3 0.3 5
Fetal +1+1a 0.1 0.1 1
Alpha 0.1 0.1 3
Alpha+1 2.0 33 6
Alpha +1IA 2.6 0.9 7
Alpha +IIX 0.6 0.7 6
Alpha+I1+1IA 3.6 2.5 7
Alpha+I1+11B 0.1 0.2 1
Alpha+I1+1IX 0.2 0.2 5
Alpha+1+1a 0.1 0.1 1
Fetal +alpha 0.1 0.1 4
Fetal+alpha +1 0.5 0.7 6
Fetal +alpha + I1IA 0.3 0.3 5
Fetal 4+ alpha +IIX 0.6 0.7 6
Fetal +alpha + I+ 1IA 0.6 0.7 6
Fetal +alpha+1+11B 0.1 0.1 1
Fetal +alpha + 1+ 11X 0.1 0.2 2
Fetal+alpha+1+1Ia 0.5 0.8 3

n = number of muscles where the specific fibre was found.

Fibre-type distribution

Table 2 lists the grand means and s.D. values for the
various muscle fibre types; the s.p. values are a
measure for interindividual variability.

Type I was the predominant fibre type (45%); in
every subject the frequency did not vary much among
the subjects (note relatively small s.D. values). Types
ITA and IIX were the second (14 %) and third (11 %)
most predominant pure fibre types, but their fre-
quency varied considerably between the subjects (note
relatively large s.D. values). The remainder (31%)
were hybrid fibres which consisted of 2 or more MHC
isoforms. The composition of these hybrid fibres and
their occurrence are listed in Table 3. We observed



Muscle fibre type in human temporalis

%

0.00 t t t

359

1
posterior

anterior

Fig. 2. Distribution of fibre types in different anteroposterior portions (1...7) of the human temporalis muscle in mean percentages.

that some type I fibres also reacted positively with
antibody 332-3D4, which normally only detects
MHC-ITA and MHC-IIX. There was, however, no
reaction in these fibres with antibody 340-3B5, which
detects all fast MHCs. Electrophoretic studies showed
that some pure slow fibres contained in addition to the
MHC-I isoform a novel MHC isoform (Galler et al.
1997), which was named la. We think that antibody
332-3D4 is also able to detect this novel MHC.
Therefore, those fibres were termed type I+ Ia. Note
that not all hybrid fibre types were found in every
temporalis muscle, and that the frequency of any
single hybrid fibre type was smaller than 5%. Types
I+1IA, I+1Ia and cardiac oo +1+1IIA were the most
abundant hybrid fibre types, followed by types
fetal + 11X, fetal+1, cardiac-a+IIA, and cardiac-
o+ 1. The total number of hybrid fibres containing a
combination of MHC-cardiac o with another MHC
was almost the same as for hybrid fibres containing a
combination of MHC-fetal with another MHC
(12+5% and 11+8% respectively (mean+s.D.)).
Few hybrid fibres contained both MHC-cardiac o and
MHC-fetal in combination with other MHCs
(B3+2%).

Figure 2 depicts the distribution of muscle fibres
within the temporalis muscle. Pure type I fibres were
heterogeneously distributed within the muscle. Their
percentage varied between 24+15% in the most
posterior portion to 57+11% in the intermediate
portion, and to 46 + 14 % in the most anterior portion.
The difference between the muscle portions was
significant. The relative number of types IIA and 11X
did not differ significantly between the muscle
portions. Although the relative number of all hybrid
fibres combined together was the highest in the
posteriormost and anteriormost portions (respectively
37420% and 344+16%) and the lowest in the

Table 4. Fibre type cross-sectional area (mean+s.p.) and
coefficient of variation (mean =+ s.p.) in the temporalis muscle

Cross-sectional area Coefficient of variation

(um?) (%)
Fibre type =~ Mean S.D. Mean S.D.
1 1848.7 392.8 25.2 7.2
1A 1309.4 746.6 40.5 17.2
X 1206.2 587.1 49.6 11.2
Hybrid 1287.2 580.6 40.7 18.6

intermediate portion (20+17 %), this difference was
not significant.

Fibre cross-sectional area

Table 4 lists mean and s.D. values of fibre cross-
sectional area in the temporalis muscle; the s.D. values
are a measure for the interindividual variability, the
coefficients of variation express the intra-individual
variability. Type I fibres had the largest cross-sectional
area. Fibre types IIA, IIX, and hybrid fibres had
about 30% smaller areas than type I fibres, but the
difference was not significant. Of all types, type I
cross-sectional area showed the smallest inter-
individual and intra-individual variability. No signifi-
cant intramuscular differences in cross-sectional area
were found.

DISCUSSION

The fan-shaped human temporalis muscle is
architectually and mechanically heterogenous. This
heterogeneity can only be effective if the different
muscle portions are selectively controlled by the
central nervous system. That this is indeed the case

has been shown by electromyographic studies
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(Moller, 1974; Wood, 1986; Van Eijden et al. 1990;
Blanksma & Van Eijden, 1990). During biting,
chewing and closing movements, the anterior muscle
portions are more intensively used than the posterior
portions. The results of the present study suggest that
the muscle fibres in the muscle portions are adapted to
this differential use. The more intensively used anterior
muscle portions appeared to have a relatively large
number of type I muscle fibres. Some studies have
shown that chronic low-frequency electrical stimu-
lation induces a fast-to-slow transition (Pette &
Vrbovd, 1985; Pette 1990). Thus type II fibres can be
altered to type I fibres if they are chronically
stimulated by the neurons. This could explain why
there are more type I fibres in areas that are more
intensively activated. Since type I fibres are activated
first (Henneman et al. 1965), and their innervation
ratio is small, it is likely that the anterior muscle
portions are better equipped to regulate the magnitude
of the produced chewing or biting force.

It should be realised that bite force and physio-
logical cross-sectional areas of muscles decrease with
age. A recent study (Monemi et al. 1998) showed that
in the human masseter the proportion of type I fibres
decreased during ageing from 63% to 33% and
showed an increase in type IM and II fibres. In
another study (Monemi et al. 1996) they noticed an
increase of MHC-fetal in old human masseter muscles.
Since we used muscles of older edentate subjects, the
proportion of type I fibres in the temporal muscle
could also be decreased while other fibre types could
be increased.

Using ATPase histochemistry Eriksson & Thornell
(1983) already showed that there is also a hetero-
genous distribution of fibre types across the muscle.
The percentages of type I fibres found in the present
study are not very different from the numbers found
in young, dentate subjects by these investigators.
However, a percentage of 81 type I fibres in the deep
posterior muscle portion was not found in the present
study. Eriksson & Thornell (1983) found in human
temporalis and masseter muscles, next to a pre-
dominance of type I fibres, large numbers of IIB
fibres, almost no IIA fibres, and many fibres with
intermediate staining on ATPase histochemistry. We
could scarcely find any IIB fibres. Sciote et al. (1994)
were also unable to detect histochemically defined
type IIB fibres in most of the masseter samples
examined although they were found in control
(nonmasticatory) muscles. In some temporalis muscles
type ITA MHC was the predominant fast MHC type,
in others type IIX was predominant. One explanation
might be that standard ATPase enzyme histo-

chemistry at pH 4.6 allows no differentiation between
I1B fibres and IIX fibres (Aigner et al. 1983; Schiaffino
et al. 1989). MHC-IIX was first demonstrated by
means of immunohistochemistry and electrophoresis.
Therefore, IIX fibres could mistakenly be called 1IB
fibres by investigators who only had ATPase enzyme
histochemistry at their disposal. Another explanation
might be that in our sample of relatively old muscles
the expression of MHC-IIB was downregulated in
favour of MHC-IIX or even MHC-ITA. This was
observed in rat skeletal muscles (Sugiura et al. 1992;
Larsson et al. 1993) where an age-related alteration
from a fast fibre type profile into a more slow fibre
type profile was demonstrated.

Next to the pure muscle fibres, which expressed
only one MHC isoform, we were able to detect hybrid
muscle fibres which expressed more than one MHC
isoform. The contractile speed of those hybrid fibres
lies between the contractile speed of the MHC
isoforms they contain (Pette & Staron, 1990). The
existence of different MHCs in a fibre allows a smooth
transition of for instance force regulation needed in
movements of the jaw muscles. Hybrid fibres are
generally considered to arise when there is an
alteration from one type into another type of muscle
fibre. A suggestion was made of the following
transition pathway of MHC isoforms: I I/IIA <
INA - ITA/IIX < 11X « 1IX/IIB < 11B (Gorza,
1990; DeNardi et al. 1993). However, with our
antibody panel it was not possible to distinguish
ITA/IIX and IIX/IIB hybrid fibres. It is thus possible
that a number of fibres which we designated as pure
ITA fibres were actually hybrid fibres that express
MHC:s ITA and IIX, and a number of fibres which we
designated as pure IIX fibres were actually hybrid
IIX/1IB fibres. Single fibre electrophoresis could
reveal if there is indeed an alteration from IIB to 11X
fibres, and from IIX to ITIA fibres.

In jaw closing muscles 2 distinct MHCs are
expressed, namely MHC-fetal and MHC-cardiac a,
which are said not to be expressed in skeletal muscle.
Both MHCs were always expressed in combination
with an other MHC. Hybrid fibres expressing MHC-
cardiac o or MHC-fetal were found in all the temporal
muscles investigated. The present study shows a
higher percentage of hybrid fibres, namely 31%
instead of the 7.1 % found in the study by Eriksson &
Thornell (1983). The fact that we were able to detect
MHC-fetal and MHC-cardiac o could explain this
difference.

Depending on different staining intensities only 2
hybrid fibres, named IM and IIC, can be demonstrated
in masticatory muscles by ATPase histochemistry.
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The precise MHC content of these fibre types is not
yet fully clear.

Hybrid fibres containing MHC-fetal or MHC-
cardiac o are normally not found in human limb or
trunk muscles (Bredman et al. 1991; Monemi et al.
1996). It is not known why the temporalis muscle has
so many fibres expressing MHC-fetal or MHC-cardiac
o. MHC fetal expression was proposed to be typical
for a developing muscle (Butler-Brown et al. 1988§;
Soussi-Yanicositas et al. 1990). MHC-fetal is also
expressed in muscle fibres during regeneration (Satore
et al. 1982; Schiaffino & Reggiani, 1996). Not known
is during what specific conditions MHC- cardiac o is
expressed in skeletal muscle fibres.

In the temporalis muscle all types of muscle fibres
were significantly smaller than fibres of the same type
in studies of human leg muscles (Edgerton et al. 1975;
Green et al. 1981). We found that in the temporalis
muscle type II fibres were smaller than type I fibres.
This is in accordance with other studies of the
temporalis muscle (Polgar et al. 1983) and other jaw
closing muscles (Mao et al. 1992). The fact that type
ITA fibres were smaller can therefore be considered as
a normal phenomenon in the temporalis muscle.
Some investigators (Clarkson et al. 1981; Lexell et al.
1988; Lexell, 1993) observed in skeletal muscles of
older subjects that fast fibres were also smaller than
slow fibres in contrast to what is normally found in
skeletal muscles. A reduction in fibre size of type IIA
fibres in skeletal muscles is said to be associated with
denervation and also with inactivity. Table 4 shows
that both the intra- and interindividual variability of
the cross-sectional area of type I fibres was relatively
small, while the variability of the cross-sectional areas
of type II and hybrid fibres was relatively large. This
suggests that type Il and hybrid fibres types are more
prone to changes than type I fibres.

The question why jaw closing muscles fibres are
significantly smaller compared with limb and trunk
muscles still needs to be answered.

ACKNOWLEDGEMENTS

This research was institutionally supported by the
Interuniversity Research School of Dentistry, through
the Academic Centre of Dentistry Amsterdam. We
would like to express our gratitude to Dr J. H.
Koolstra for reading the manuscript, and L. J. van
Ruijven for technical support.

REFERENCES

AIGNER S, GOHLSCH B, HAMALAINEN N, STARON RS,
UBER A, WEHRLE U et al. (1993) Fast myosin heavy chain
diversity in skeletal muscles of the rabbit: heavy chain I1d, not

361

IIb predominates. FEuropean Journal of Biochemistry 211,
367-372.

BLANKSMA NG, VAN EIJDEN TMGIJ (1990) Electromyo-
graphic heterogeneity in the human temporal muscle. Journal of
Dental Research 69, 1686—-1690.

BLANKSMA NG, VAN EIJDEN TMGJ (1995) Electromyo-
graphic heterogeneity in the human temporalis and masseter
muscles during static biting, open/close excursions, and chewing.
Journal of Dental Research 74, 1318-1327.

BLANKSMA NG, VAN EIJDEN TMGJ, VAN RUIJVEN LJ,
WEDS WA (1997) Electromyographic heterogeneity in the
human temporalis and masseter muscles during dynamic tasks
guided by visual feedback. Journal of Dental Research 76,
542-551.

BREDMAN JJ, WESSELS A, WEIJS WA, KORFAGE JAM,
SOFFERS CAS, MOORMAN AFM (1991) Demonstration of
‘cardiac-specific’ myosin heavy chain in masticatory muscles of
human and rabbit. Histochemical Journal 23, 160-170.

BUTLER-BROWNE GS, ERIKSSON P-O, LAURENT C,
THORNELL L-E (1988) Adult human masseter muscle fibres
express myosin isozymes characteristic of development. Muscle
& Nerve 11, 610-620.

CLARKSON PM, KROLL W, MELCHIONDA AM (1981) Age,
isometric strength, rate of tension development and fiber type
composition. Journal of Gerontology 36, 648-653.

DENARDI C, AUSONI S, MORETTI P, GORZA L, VELLECA
M, BUCKINGHAM M et al. (1993) Type 2X-myosin heavy
chain is coded by a muscle fiber type-specific and developmentally
regulated gene. Journal of Cell Biology 123, 823-835.

DE RUITER CJ, DE HAAN A, SARGEANT AJ (1996) Fast-
twitch muscle unit properties in different rat medial gastro-
cnemius muscle compartments. Journal of Neurophysiology 75,
2243-2254.

EDGERTON VR, SMITH JL, SIMPSON DR (1975) Muscle fibre
type populations of human leg muscle. Histochemical Journal 7,
259-266.

ERIKSSON P-O, THORNELL L-E (1983) Histochemical and
morphological muscle-fibre characteristics of the human mas-
seter, the medial pterygoid and the temporal muscles. Archives of
Oral Biology 28, 781-795.

GALLER S, HILBER K, GOHLSCH B, PETTE D (1997) Two
functionally distinct myosin heavy chain isoforms in slow skeletal
muscle fibres. FEBS Letters 410, 150-152.

GILLOTT KL, COX VM, WRIGHT H, EAVES LA, WILLIAMS
PE, GOLDSPINK DF (1994) The fibre type composition of the
rabbit latissimus dorsi muscle, Journal of Anatomy 185, 173-179.

GORZA L (1990) Identification of a novel type 2 fiber population
in mammalian skeletal muscle by combined use of histochemical
myosin ATPase and anti-myosin monoclonal antibodies. Journal
of Histochemistry and Cytochemistry 38, 257-265.

GREEN HIJ, DAUB B, HOUSTON ME, THOMSON JA,
FRASER I, RANNEY D (1981) Human vastus lateralis and
gastrocnemius muscles. A comparative histochemical and bio-
chemical analysis. Journal of the Neurological Sciences 52,
201-210.

HANCOCK MB (1982) A serotonin-immunoreactive fiber system
in the dorsal columns of the spinal cord. Neuroscience Letters 31,
247-252.

HENDERSON C (1989) Aminoalkylsilane: an inexpensive, simple
preparation for slide adhesion. Journal of Histotechnology 12,
123-124.

HENNEMAN E, SOMJEN G, CARPENTER DO (1965) Func-
tional significance of cell size in spinal motoneurons. Journal of
Neurophysiology 28, 560-580.

KWA SHS, WEIJS WA, JUCH PJW (1995) Contraction charac-
teristics and myosin heavy chain composition of rabbit masseter
motor units. Journal of Neurophysiology 73, 538-549.

LARSSON L, BIRAL D, CAMPIONE M, SCHIAFFINO S



362 J. A. M. Korfage and T. M. G. J. Van Eijden

(1993) An age-related type IIB to IIX myosin heavy chain
switching in rat skeletal muscle. Acta Physiologica Scandinavica
147, 227-234.

LEXELL J (1993) Ageing and human muscle: observations from
Sweden. Canadian Journal of Applied Physiology 18, 2—18.

LEXELL J, TAYLOR CC, SJOSTROM M (1988) What is the
cause of the aging atrophy? Total number, size and proportion of
different fiber types studied in whole vastus lateralis muscle from
15- to 83-year-old men. Journal of the Neurological Sciences 84,
275-294.

LEXELL J, JARVIS JC, CURRIE J, DOWNHAM DY,
SALMONS S (1994) Fibre type composition of rabbit tibialis

anterior and extensor digitorum longus muscles. Journal of

Anatomy 185, 95-101.

MAO J, STEIN RB, OSBORN JW (1992) The size and distribution
of fiber types in jaw muscles: a review. Journal of Cranio-
mandibular Disorders: Facial and Oral Pain 6, 192-201.

McMILLAN AS (1993) Task-related behaviour of motor units in
the human temporal muscle. Experimental Brain Research 94,
336-342.

MOLLER E (1974) Action of the muscles of mastication. Frontiers of

Oral Physiology 1, 121-158.

MONEMI M, ERIKSSON P-O, DUBAIL I, BUTLER-BROWNE
GS, THORNELL L-E (1996) Fetal myosin heavy chain increases
in the human masseter muscle during aging. FEBS Letters 386,
87-90.

MONEMI M, ERIKSSON P-O, ERIKSSON A, THORNELL
L-E (1998) Adverse changes in fibre type composition of the
human masseter versus biceps brachii muscle during aging.
Journal of the Neurological Sciences 154, 35-48.

PETTE D (1990) Dynamics of stimulation-induced fast-to-slow
transitions in protein isoforms of the thick and thin filament. In
The Dynamic State of Muscle Fibres (ed. Pette D), pp. 415-428.
Berlin: De Gruyter.

PETTE D, VRBOVA G (1985) Invited review: neural control of
phenotype expression in mammalian muscle fibres. Muscle &
Nerve 8, 676—689.

PETTE D, STARON RS (1990) Cellular and molecular diversities
of mammalian skeletal muscle fibers. Reviews of Physiology
Biochemistry and Pharmacology 116, 2-76.

POLGAR J, JOHNSON MA, WEIGHTMAN D, APPLETON D
(1973) Data on fibre size in thirty-six human muscles. An autopsy
study. Journal of the Neurological Sciences 19, 307-318.

REISER PJ, MOSS RL, GIULIAN GG, GREASER ML (1985)
Shortening velocity in single fibers from adult rabbit soleus
muscles is correlated with myosin heavy chain composition.
Journal of Biological Chemistry 260, 9077-9080.

RINGQVIST M (1974) Fiber types in human masticatory muscles.
Relation to function. Scandinavian Journal of Dentistry 82,
333-355.

SARTORE S, GORZA L, SCHIAFFINO S (1982) Fetal myosin
heavy chain in regenerating muscle. Nature 298, 294-296.

SCHIAFFINO S, AUSONI S, GORZA L, SAGGIN L,
GUNDERSENK, LOMO T (1988) Myosin heavy chain isoforms
and velocity of shortening of type 2 skeletal muscle fibers. Acta
Physiologica Scandinavica 134, 575-576.

SCHIAFFINO S, GORZA L, SARTORE S, SAGGIN L,
AUSONI S, VIANELLO M et al. (1989) Three myosin heavy
chain isoforms in type 2 skeletal muscle fibres. Journal of Muscle
Research and Cell Motility 10, 197-205.

SCHIAFFINO S, REGGIANI C (1994) Myosin isoforms in
mammalian skeletal muscle. Journal of Applied Physiology 77,
493-501.

SCHIAFFINO S, REGGIANI C (1996) Molecular diversity of
myofibrillar proteins: gene regulation and functional signifi-
cance. Physiological Reviews 76, 371-423.

SCIOTE JJ, ROWLERSON AM, HOPPER C, HUNT NP (1994)
Fibre type classification and myosin isoforms in the human
masseter muscle. Journal of the Neurological Sciences 126, 15-24.

SMERDU V, KARSCH-MIZRACHI 1, CAMPIONE M,
LEINWAND L, SCHIAFFINO S (1994) Type IIx myosin heavy
chain transcripts and expressed in type IIb fibers of human
skeletal muscle. American  Journal of Physiology 267,
C1723-C1728.

SOUSSI-YANICOSTAS N, BARBET JP, LAURENT-WINTER
C, BARTON P, BUTLER-BROWNE GS (1990) Transition of
myosin isozymes during development of human masseter muscle.
Development 108, 239-249.

SUGIURA T, MATOBA H, MIYATA H, KAWAI Y,
MURAKAMI N (1992) Myosin heavy chain isoform transition
in aging fast and slow muscles of the rat. Acta Physiologica
Scandinavica 144, 419-423.

VAN EIJDEN TMGJ, BRUGMAN P, WEIJS WA, OOSTING J
(1990) Coactivation of jaw muscles: recruitment order and level
as a function of bite force direction and magnitude. Journal of
Biomechanics 23, 475-485.

VAN EIJDEN TMGJ, KOOLSTRA JH, BRUGMAN P (1996)
Three-dimensional structure of the human temporal muscle.
Anatomical Record 246, 565-572.

VAN EIJDEN TMGJ, KORFAGE JAM, BRUGMAN P (1997)
Architecture of the human jaw-closing and jaw opening muscles.
Anatomical Record 248, 464-474.

WESSELS A, VERMEULEN JLM, MOORMAN AFM,
BECKER AE (1988) Immunohistochemical detection of myosin
heavy chain isoforms in large sections of whole human hearts. In
Sarcomeric and Non-sarcomeric Muscles: Basic and Applied
Research Prospects for the 90’s (ed. Carraro U), pp. 311-316.
Padova: Unipress.

WOOD WW (1986) A functional comparison of the deep and
superficial parts of the human anterior temporal muscle. Journal
of Dental Research 65, 924-926.



