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Abstract

Objective—The purpose of this study was to determine whether high amounts of fast/type 11
myosin heavy chain (MyHC) in the superficial as compared to the deep temporalis muscle of adult
female and male baboons(Papio anubis) correlates with published data on muscle function during
chewing. Electromyograpic (EMG) data show a regional specialization in activation from low to
high amplitude activity during hard/tough object chewing cycles in the baboon superficial
temporalis (Wall et al., 2007, 2008). A positive correlation between fast/type Il MyHC amount
and EMG activity will support the high occlusal force hypothesis.

Design—Deep anterior temporalis (DAT), superficial anterior temporalis (SAT), and superficial
posterior temporalis (SPT) muscle samples were analyzed using SDS-PAGE gel electrophoresis to
test the prediction that SAT and SPT will show high amounts of fast/type 11 MyHC compared to
DAT. Serial muscle sections were incubated against NOQ7.5.4D and MY 32 antibodies to
determine the breadth of slow/type I versus fast/type Il expression within each section.

Results—Type | and type 1IM MyHCs comprise nearly 100% of the MyHCs in the temporalis
muscle. [IM MyHC was the overwhelmingly predominant fast MyHC, though there was a small
amount of type 1A MyHC (<5%) in DAT in two individuals. SAT and SPT exhibited a fast/type
Il phenotype and contained large amounts of [IM MyHC whereas DAT exhibited a type I/type 11
(hybrid) phenotype and contained a significantly greater proportion of MyHC-1. MyHC-I
expression in DAT was sexually dimorphic as it was more abundant in females.

Conclusions—The link between the distribution of 1M MyHC and high relative EMG
amplitudes in SAT and SPT during hard/tough object chewing cycles is evidence of regional
specialization in fiber type to generate high occlusal forces during chewing. The high proportion
of MyHC-1 in DAT of females may be related to a high frequency of individual fiber recruitment
in comparison to males.
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Introduction

Mammalian chewing muscles express a variety of myosin heavy chain (MyHC) isoforms
and fiber type phenotypes (English et al., 1998, 1999; Hoh, 2002; Rowlerson et al., 1981,
1983; Sciote et al., 2003; Tanaka et al., 2008). A number of workers have hypothesized that
the differential distribution of fast/type Il fibers within chewing muscles, which tend to be
concentrated in the superficial parts of muscles such as the masseter and temporalis, is a
specialization for the rapid production of high occlusal force during the power stroke of
mastication (Anapol and Herring, 2000; Gibbs et al., 1983; Herring, Grimm, and Grimm,
1979; Nielsen and Miller, 1988). The high occlusal force hypothesis is consistent with the
suggestion that expression of type 1IM (masticatory) MyHC, because of its high force
generating ability relative to other fast MyHCs, is often correlated with dietary
specializations that require high occlusal forces during prey capture or hard/tough object
feeding (Hoh, 2002; Hoh et al., 2006; Yamaguchi, 2007; Reiser et al., 2009; Toniolo et al.,
2008).

The MyHC isoforms and fiber type phenotypes of the chewing muscles have been described
for several primate species (Kang et al., 1994; Korfage et al., 2005a, b; Maxwell et al., 1979;
Miller, 1991; Miller and Farias, 1988; Reiser et al., 2009; Rowlerson et al., 1983; Sciote et
al., 1994; Stedman et al., 2004), most thoroughly for humans and macaques. The presence of
type IIM MyHC in the jaw adductor muscles of nonhuman primates has long been known to
distinguish them from humans (Rowlerson et al., 1983; Sciote and Morris, 2000).

A precursor of the studies on IIM MyHC was work by Maxwell et al. (1979) who analyzed
the fiber type distribution in superficial anterior temporalis (SAT) and superficial posterior
temporalis (SPT) of female and male macaques using enzyme histochemistry. They reported
significantly more type | fibers in females (50%) as compared to males (20%) for the SAT,
but no difference between females (9%) and males (10%) for the SPT. Miller and Farias
(1988) found significantly more type | fibers in the deep anterior temporalis (DAT)
compared to the SAT of macaques, but did not report differences between male and females
in the proportion of type | fibers.

There are no descriptions of the MyHC isoforms present in the jaw muscles of
baboons(Papio anubis), though baboons are a commonly used experimental model in studies
of the kinetics and kinematics of the masticatory apparatus. The temporalis is the largest
chewing muscle in baboons. The deep part is separated from the superficial part by a
substantial tendon, and fiber orientation changes from a vertical and slightly anterior
orientation in the anterior part to a strong posterior orientation in the posterior part (Wall et
al., 2008). Gross dissections show that the fibers in the deep part have a red appearance
whereas the fibers in the superficial part have a light pink appearance (Wall et al.,
2008:Figure 1). This suggests that the deep and superficial parts differ in the distribution of
fiber type phenotypes with type 1l fibers being more prevalent in the superficial temporalis.

The electromyographic (EMG) activity patterns of the chewing muscles of baboons are
well-characterized (Hylander and Johnson, 1994; Hylander et al., 2000, 2005; Wall et al.,
2006, 2007, 2008). In particular, Wall et al. (2007, 2008) found that the DAT in female and
male baboons was recruited consistently and at similar amplitudes during both soft- and
hard/tough object chewing cycles. By contrast, the SAT and SPT of both sexes showed
weak activity during soft-object cycles and high relative EMG amplitudes during hard/tough
object cycles. These data suggested that the superficial parts of temporalis are specialized
for activity during the power stroke of hard/tough object chewing cycles, a time when the
rapid production of high occlusal force is required.
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Here we determine the major MyHC isoforms present in the DAT, SAT, and SPT of the
EMG subjects. The results are used to evaluate the high occlusal force hypothesis that
differential distribution of fast/type Il fibers in superficial muscle layers are a specialization
for the rapid production of high occlusal force during the power stroke of mastication
(Anapol and Herring, 2000; Gibbs et al., 1983; Herring et al., 1979; Nielsen and Miller,
1988). Specifically, the high occlusal force hypothesis will be supported if the SAT and SPT
contain a higher proportion of type Il fibers than the DAT.

Materials and Methods

Animals

Three adult male (28.1 — 30.6 kg) and two adult female (13.6 and 15.6 kg) olive
baboons(Papio anubis) were sacrificed after use in EMG studies. The Institutional Animal
Care and Use Committee at Duke University reviewed and approved all procedures
(DUIACUC Registry # A088-00-02-2).

Muscle removal, storage, and processing

After the subjects were euthanized with sodium pentobarbitol (150mg/kg), the bodies were
transferred to a refrigerated storage room. The heads were transferred to a conventional
freezer (-10°C) within 24 hours of death for 2 males and within 30 minutes of death for the
remaining subjects. Muscle blocks were excised at variable times after the heads had been
frozen. The heads were minimally thawed so that the skin could be incised and reflected
from the temporalis muscle. Large still-frozen fiber blocks (approximately 1 cm wide x 5
mm deep x 1.5 cm long) were cut perpendicular to the long axis of the muscle fibers from
the DAT and the SAT just posterior to the lateral orbital margin, and from the SPT just
superior to the external auditory meatus. All subsequent sections were made perpendicular
to the long axis of the muscle fibers in order to maximize the number of fibers sampled in
transverse section.

To determine the distribution and relative abundance of type I (slow) and type 1l (fast)
MyHCs, part of each fiber block was analyzed by SDS-PAGE gel electrophoresis. Frozen
muscle samples were sliced and pulverized at liquid nitrogen temperature, and the muscle
powder was extracted to prepare a myofibrillar protein fraction. The myofibrillar proteins
were denatured in SDS buffer and analyzed using gel electrophoresis conditions modified
from Talmadge and Roy (1993) as described in Briggs and Schachat (2000). The gels
contain 7% acrylamide, and 35% glycerol, which optimize resolution of baboon MyHC
types HA, 11X, 1IM, and I, as demonstrated in the human vastus lateralis and macaque
temporalis control lanes of Figure 1. MyHC-I1M is well-separated from the other myosin
bands, and present only in branchial arch | muscle (Rowlerson et al., 1981, 1983; Hoh
2002). The relative abundance of MyHCs was quantified by densitometry, performed as
described in Briggs and Schachat (2000).

Because 1M MyHC accounted for virtually all of the type Il myosin present, we did not
quantify other MyHC isoforms (e.g., neonatal) using gel electrophoresis as their virtually
undetectable levels made it unlikely they would contribute measureably to the predicted
differential distribution of MyHCs.

To determine the breadth of type | versus type Il expression within each section and to
facilitate measurement of the areas of type | and type Il expressing fibers, sections from
each muscle block were stained with antibodies against MyHC-I (1:800 dilution,
NOQ?7.5.4D, Sigma) and MyHC-11 (1:800 dilution, MY 32, No. 4276, Sigma). The
remainder of each frozen fiber block was transferred to the Immunohistochemistry
Laboratory in the Department of Pathology and stored at —70°C. The frozen fiber blocks
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were trimmed and 10 pm thick sections were serially cut with a cryostat at —25°C. The
frozen sections were then mounted on glass microscope slides for immunostaining. Tissue
damage (e.g., holes within the fibers), presumably due to slow freezing, was absent or
minimal in most sections (Supplementary Material).

The MY 32 antibody was used to identify fibers expressing type 1l MyHC because, in
addition to reacting with all skeletal type 1l MyHCs (Sciote and Kentish, 1996), it was
reported to react with 1IM fibers in Macaca fascicularis, the long-tailed macaque (Stedman
et al., 2004), and macaques and baboons are closely related to one another. Because the gels
showed that 1M was almost the exclusive type II MyHC in baboon temporalis, we did not
attempt a complete immunostaining profile, and so did not distinguish further among MyHC
isoforms using more specific antibodies.

The muscle sections were saved as digital images at 20x magnification using a Zeiss
axiocam digital camera attached to an Axioplan microscope and Axiovision 2.05 software.
Microscope fields in serial and contiguous sections were matched by identifying specific
muscle cells by their shape and size and using fiducial markers such as fascial planes and
vessels. Images were printed at 600 dpi using a high resolution laser printer to facilitate
identification of contiguous and serial sections. Fiber counts were made from the prints
using a hand-held cell counter. Fibers were counted as strong, intermediate, weak, or no
stain intensity. It was not possible to reliably assign fibers to either the strong or
intermediate staining intensity, or to the weak versus negative staining intensity, across
individuals and muscle parts. Therefore, strong and intermediate counts were combined as
were weak and negative counts for subsequent statistical analysis (but see Supplementary
Material, Table 1 for fiber count percentages for the four original categories). Fiber areas
were measured with ImageJ software (version 1.24).

All statistical analyses were carried out using BIOMstat 3.3 (Exeter Software, Setauket, NY)
or JMP 9 (SAS Institute, Inc., Cary, NC). Two-tailed Mann-Whitney U-tests were used to
evaluate whether the muscle parts (DAT, SAT, and SPT) had different fractions of the
MyHC-1 and MyHC-I1M isoforms, and for each muscle part to test whether females and
males differed in the fraction of MyHC-I isoform. A Model | log-linear test of independence
using an intrinsic hypothesis to compute expected cell frequencies (Sokal and Rohlf, 2012)
was used to test for three-factor, two-factor, and main effects associations of muscle part
(DAT, SAT, and SPT), sex (Female and Male), and antibody reaction (React to Type | Only,
React to Type Il Only, Both | and I1). The Kruskal-Wallis test was used to evaluate whether
males and females showed significant differences in fiber area within muscle parts.

Table 1 provides the quantitative results of the SDS-PAGE gel electrophoresis data for each
subject. Figure 1 shows the SDS-PAGE results for each subject and includes control lanes
that demonstrate the ability of the gel system to resolve the MyHC isoforms 11X, I1A, l1IM,
and I. Table 2 provides data on the fiber counts in the three antibody reaction categories
(Type 1 Only, Type Il Only, Both I and I1) for each muscle and individual, and Table 3
provides the fiber area data. Figure 2 shows representative DAT and SAT immunostained
cross-sections (see Supplementary Material for reprentative cross-sections for other
individuals).

DAT contained a much lower fraction of MyHC-IIM than either SAT or SPT (Table 1).
Two individuals (F3 and M2) showed a small fraction (< 5%) of MyHC-IIA in DAT.
Compared to the males, the females had a much higher fraction of MyHC-I in DAT (U =
6.0, p < 0.05), whereas in SAT and SPT the fractions of MyHC-I were similar across the
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sexes. The Mann-Whitney U-test on the gel data was significant (Ug = 25, p < 0.0045) for
the DAT-SAT and the DAT-SPT contrasts, but was not significant for the SAT-SPT contrast
(Us = 6.5, p < 0.458).

Overall, there was a good correspondence between the levels of the type 1A, 1IM, and |
MyHCs determined by densitometry of SDS-PAGE and the distribution of fibers indicated
by the immunostaining analysis. The densitometry revealed slightly higher levels of MyHC-
I in SAT and SPT than indicated by the staining intensity data (Tables 1 and 2), but that was
consistent with extremely weak reactions to the MyHC-I antibody in the large-diameter
fibers (Figure 2 and Supplementary Material). Due to the weakness of the reaction, these
large fibers were counted as “Type Il only” (Tables 2 and 3). Many fibers in DAT showed a
strong or intermediate reaction to both NOQ7.5.4D and MY 32 though there was some
variation across individuals (Table 2, Figure 2, and Supplementary Material). By contrast,
the majority of fibers in SAT and SPT, and particularly the large-diameter fibers, reacted
uniformly to MY 32 and had a weak or negative reaction to NOQ7.5.4D in all individuals
(Figure 2 and Supplementary Material).

The log-linear test of independence was highly significant for the three factor interaction of
Muscle, Sex, and Reaction (Table 2, G=249.63, p < 0.000001). This means that the degree
of association between any two factors (e.g., muscle and sex) depended on the category of
antibody reaction (Type | only, Type Il only, or Both). The tests of significance for the main
effects and for each two-way interaction were also highly significant (Table 2). The major
biological signals related to the distribution of MyHCs in these results were the
concentration in DAT, as compared to SAT and SPT, of a large number of fibers that react
strongly to NOQ7.5.4D, and the similarity of staining intensity frequencies in SAT and SPT
in both males and females. The major biological signal related to sex-specific variation was
the higher amount of fibers reacting to NOQ7.5.4D in the DAT of females as contrasted
with the higher amount of fibers reacting only to MY32 in DAT of males.

Fiber area varied consistently in relation to sex, muscle part, and MyHC antibody reaction
(Table 3). Sexual dimorphism in fiber area was absent in the fibers that reacted moderately
or strongly to NOQ7.5.4D (DAT: H=5.9779, ns; SAT: H =3.0179, ns; and SPT: H =
0.5526, ns). The DAT in males and females also had similar fiber areas in the fibers that
reacted to both NOQ7.5.4D and MY 32 (H = 4.3379, ns). However, the SAT and SPT of
males had significantly larger fiber areas in fibers that reacted only to MY32 (SAT: H =
14.4945, p < 0.0001; SPT: H = 86.4322, p < 0.000001).

Given the findings for the male-female contrasts, we did not test for statistically significant
differences in fiber area between muscle parts or antibody reaction with the sexes combined
(Table 3). The smallest fibers (means range from approximately 662 - 1485 pm?2) were
found in the SAT and SPT of both males and females. These fibers frequently reacted
moderately or strongly to both antibodies (Figure 2 and Supplementary Material).
Intermediate sizes of fibers (means range from approximately 1577 — 2949 pm?2) were found
in the DAT of both sexes where they often reacted to both antibodies (Figure 2 and
Supplementary Material). Intermediate sizes were also observed in the SAT and the SPT of
females and the SAT of M3. Very large fibers (means range from approximately 2830 —
7110 um?) are found in the SAT and the SPT of males where they reacted strongly to MY32
(Figure 2 and Supplementary Material).

Discussion

In both sexes, SAT and SPT express a fast/type Il MyHC phenotype, whereas DAT
expresses a type l/type 1l (hybrid) MyHC phenotype. The SAT and SPT of baboons are
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distinguished by the high proportion of the IM MyHC isoform, the lack of sexual
dimorphism in EMG activity pattern, and the change in recruitment from low amplitude
during soft-object chewing cycles to high amplitude during hard/tough object chewing
cycles (Wall et al., 2007, 2008). Together, these observations provide strong evidence in
support of the high occlusal force hypothesis to explain the differential distribution of fast/
type Il fibers in superficial temporalis (Anapol and Herring, 2000; Gibbs et al., 1983;
Herring, Grimm, and Grimm, 1979; Nielsen and Miller, 1988).

MY 32 does not react with IIM fibers in some mammals, including Callithrix, a New World
monkey (Kang et al., 1994; Sciote and Rowlerson, 1998). However, MY 32 does react with
1M fibersin Macaca fascicularis, a close relative of baboons (Stedman et al., 2004). In the
baboons, reaction intensity to MY 32 occurred along a continuum in DAT with the majority
of fibers showing a strong reaction (Supplementary Material). Reaction intensity to MY 32
was bimodal (present or absent) in SAT and SPT with close to 100% of fibers showing a
reaction. Given that 1IM comprises most (=80%) of the MyHC present in SAT and SPT and
large amounts of the MyHC present in DAT, we conclude that MY 32 reacts with the type
IIM MyHC in the baboons.

However, MyHC antibodies are known to display unusual patterns of co-reaction in
mammalian jaw muscles (Hoh et al., 1988a,b, 1991; Widmer et al., 2002). Kang et al. (1994)
found that slow (type 1) fibers in temporalis and masseter of several species, including
Callithrix, react to both MY 32 and NOQ7.5.4D, suggesting an immunohistochemical
difference between jaw and limb slow fibers. This interpretation is perhaps consistent with
the observation that in the baboons NOQ7.5.4D often reacted weakly with the large fibers in
SAT and SPT. The co-expression of small amounts of non-1IM MyHC in the large type Il
fibers of SAT and SPT does not alter the conclusion that SAT and SPT show a fast/type Il
phenotype. The data also suggest that there are numerous hybrid fibers in DAT, SAT, and
SPT.

Hybrid fibers are common in skeletal muscle (Stephenson, 2001) and are known to occur in
substantial proportions in the human temporalis muscle (Korfage and van Eijden 1999).
Humans express many different MyHC isoforms in the masticatory muscles including fetal
and neonatal (Eriksson and Thornell, 1983; Korfage et al., 2005a, b; Rowlerson et al., 1983;
Sciote and Morris, 2000), but do not express MyHC-IIM (Rowlerson et al., 1983; Sciote et
al., 1994; Stedman et al., 2004). Humans are also unusual in that the type 1l fibers of the jaw
muscles are frequently smaller than the type I fibers (Eriksson and Thornell, 1983; Korfage
and van Eijden, 1999; Ringqvist, 1974a, b; Sciote et al., 1994). Although the temporalis
muscle of humans and baboons is similar in that both species express hybrid fibers, the data
presented here suggest that the fiber type distribution and fiber area in the temporalis muscle
of baboons are quite distinct from that of humans.

The SDS-PAGE results show that 1M is the major type Il MyHC expressed in the baboon
temporalis muscle. The physiological properties of 1IM fibers in primates have not been
measured. In the domestic cat and dog, I1IM fibers are only moderately fast, but they are
fatigue-resistant and capable of producing high isometric tension at the cost of high ATP
turnover (Hoh, 2002; Reiser and Bicer, 2007; Saeki et al., 1987; Toniolo et al., 2008;
Yamaguchi et al., 2010). The ability of 1IM fibers to generate high isometric force, though
recognized to be the ancestral condition for many mammalian species (Kang et al., 1994), is
also thought to evolve in association with dietary specializations that require high occlusal
forces (Hoh, 2002; Hoh et al., 2006; Rowlerson et al., 1983;Sciote et al., 2003; Yamaguchi,
2007; Reiser et al. 2009, 2010).
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There was significant sexual dimorphism of fiber area in SAT and SPT with males having
much larger fiber areas. This has been found in macaques (Maxwell et al., 1979; Miller and
Farias, 1988), humans (Eriksson and Thornell, 1983), and rabbits (English et al., 1998,
1999), and may be due to the presence of androgen receptors on the muscles of the males
(English et al., 1999;Lyons et al., 1986). It is interesting to note that one male baboon, M2,
has extremely large fibers in SAT (Figure 2) and SPT and was also the dominant male in his
social group.

The sexual dimorphism in fiber phenotype distribution in DAT observed here, in which the
DAT fibers of the female baboons have a significantly higher proportion of MyHC-I in
comparison to the males raises the possibility of an unexpected physiological correlate. The
differences are not linked to variation in EMG amplitude during soft-object or hard/tough
object chewing cycles (Wall et al., 2008). They may indicate sex differences in temporalis
force at high levels of motor unit recruitment (English et al., 1999). A high proportion of
type | fibers has a positive association with duration of daily EMG activity in the chewing
muscles of humans, rabbits, and rats (Korfage et al., 2005a, b; Tanaka et al., 2008). This
suggests that the high proportion of MyHC-I in the DAT of the female baboons may be
related to increasing resistance to fatigue and/or controlling for cost caused by a high
frequency of individual fiber recruitment in comparison to males, particularly if this
recruitment occurs at sub-maximal muscle forces (Guelinckx et al., 1986). This might occur
in a female over the course of day if a given fiber must be recruited more frequently or more
fibers are recruited relative to total physiological cross-sectional area to generate occlusal
force during chewing.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

DAT Deep anterior temporalis
MyHC Myosin Heavy Chain

SAT Superficial anterior temporalis
SPT Superficial posterior temporalis
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Figure 1.
SDS-PAGE results for the females (F2, F3) and the males (M1, M2, and M3) for DAT,

SAT, and SPT. Control muscles from human vastus lateralis and macaque superficial
temporalis identify the positions of MyHC isoforms 11X, lIA, l1IM, and I.

Arch Oral Biol. Author manuscript; available in PMC 2014 April 01.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Wall et al.

Page 12

Controls F2 F3

Human Macaque DAT SAT SPT DAT SAT SPT
Vastus Temp

X —
A —
IM —— —— i e —
I — —
M1 M2 M3
DAT SAT SPT DAT SAT SPT DAT SAT SPT

Figure2.

Examples of antibody reactions in DAT and SAT in a male (M2). A and B illustrate the type
I/type 11 (hybrid) phenotype of DAT. C and D illustrate the fast/type 11 phenotype of SAT
and SPT. The scale bar is 0.2 microns. A, DAT, MY 32 reaction. The black arrow points to a
muscle cell that shows an intermediate reaction to the fast antibody. B, DAT, NOQ7.5.4D
reaction. The black arrow points to the same muscle cell as noted in A that shows an
intermediate reaction to the slow antibody. C, SAT, MY 32 reaction. The black arrow points
to a muscle cell that shows a negative reaction to the fast antibody. D, SAT, NOQ7.5.4D
reaction. The black arrow points to the same muscle cell as shown in C that shows a dark
reaction to the slow antibody.
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