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Abstract Adult human jaw muscles differ from limb and
trunk muscles in enzyme-histochemical fibre type compo-
sition. Recently, we showed that the human masseter and
biceps differ in fibre type pattern already at childhood. The
present study explored the myosin heavy-chain (MyHC)
expression in the young masseter and biceps muscles by
means of gel electrophoresis (GE) and immuno-histo-
chemical (IHC) techniques. Plasticity in MyHC expression
during life was evaluated by comparing the results with the
previously reported data for adult muscles. In young mas-
seter, GE identified MyHC-I, MyHC-Ila MyHC-IIx and
small proportions of MyHC-fetal and MyHC-« cardiac.
Western blots confirmed the presence of MyHC-I, MyHC-
ITa and MyHC-IIx. IHC revealed in the masseter six iso-
myosins, MyHC-I, MyHC-IIa, MyHC-IIx, MyHC-fetal,
MyHC a-cardiac and a previously not reported isoform,
termed MyHC-IIx'. The majority of the masseter fibres co-
expressed two to four isoforms. In the young biceps, both
GE and IHC identified MyHC-I, MyHC-IIa and MyHC-IIx.
MyHC-I predominated in both muscles. Young masseter
showed more slow and less-fast and fetal MyHC than the
adult and elderly masseter. These results provide evidence
that the young masseter muscle is unique in MyHC com-
position, expressing MyHC-o cardiac and MyHC-fetal
isoforms as well as hitherto unrecognized potential spliced
isoforms of MyHC-fetal and MyHC-IIx. Differences in
masseter MyHC expression between young adult and
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elderly suggest a shift from childhood to adulthood towards
more fast contractile properties. Differences between
masseter and biceps are proposed to reflect diverse evolu-
tionary and developmental origins and confirm that the
masseter and biceps present separate allotypes of muscle.

Keywords Jaw - Limb - Human - Myosin heavy chain -
Immunohistochemistry - Biochemistry

Introduction

The human body contains more than 600 skeletal muscles,
all with the same basic contractile function based on the
interaction of the thick and thin myofilaments composed
mainly of myosin and actin (Engel and Franzini-Armstrong
2004). In the past, muscles were classified as red and white,
which correlated to their speed of contraction and fatigu-
ability. Later, individual muscle fibre types were distin-
guished and could be correlated to different functional
properties such as speed of contraction, twitch character-
istics and different metabolic characteristics (Pette and
Staron 2000; Schiaffino 2010). Several schemes for clas-
sification have been proposed. For human muscle, the most
common one is based on the myofibrillar ATPase (mAT-
Pase) activity that reflects the myosin heavy-chain (MyHC)
composition of the myofibrils and gives information of
slow-twitch (type I) fibres and fast-twitch (type II) fibres,
which can be further subdivided into ITA and IIB fibres
(Dubowitz 2007). The mATPase reflects the enzyme
activity of the MyHC molecule, which exists as several
isoforms. In human limb skeletal muscles, three major
MyHCs are expressed: slow (I), fast Ila and fast IIx
(Schiaffino 2010). In the last decade, all genes in the
human genome have been characterized and an
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evolutionary tree has been created which shows that in
human muscles 14 genes are linked to the expression of the
different MyHC isoforms and have temporarily over the
years evolved for specific purposes (Berg et al. 2001;
Desjardins et al. 2002; Stedman et al. 2004; Weiss et al.
1999). Hoh (2002) introduced the term allotype for muscles
that were developmentally, structurally and functionally
distinct. The first group of muscles described to have an
allotype distinct from limb and trunk muscles was the jaw
muscles (Hoh 2002).

Ringqvist (1973) was the first to observe that the human
masseter muscle contained fibre types that differed from
those in human limb muscles by being intermediate in
myosin ATPase activity at pH 9.4 to that of type I and type
II fibres, type ATPase IM fibres. Moreover, human mas-
seter fibres are typically smaller in diameter compared with
limb and trunk muscle fibres, especially the type IIB fibres
(Eriksson 1982; Eriksson and Thornell 1983; Monemi et al.
1998). Later it was shown that type ATPase IM fibres
contain both slow and fast MyHC isoforms (Eriksson 1982;
Thornell et al. 1984) and in addition isoforms characteristic
of developing muscles (Butler-Browne et al. 1988; Soussi-
Yanicostas et al. 1990), as well as MyHC-o cardiac
(Bredman et al. 1991; Pedrosa-Domell6f et al. 1992). Thus,
human masseter isomyosin expression is very different
from that of limb muscles.

In our laboratory, we have over the years studied the
masseter muscle also during fetal development and
ageing in comparison with a limb muscle, the biceps, and
shown that the masseter muscle indeed has unique
properties during the life span that differs from that of
limb muscles (Monemi et al. 1999; Stal et al. 1994).
Recently, we also showed marked differences in the
mATPase fibre type composition between the human
masseter in childhood, implying age-related changes in
contractile properties in parallel with skeletal growth,
teeth eruption and improvement of jaw-motor skills
(Osterlund et al. 2011). To explore in further detail how
the muscle fibre types of the human masseter in child-
hood are related to isomyosin expression, we have
evaluated whole muscle sample extracts and individual
fibres of the young masseter and biceps for their content
and distribution of MyHC isoforms. These findings will
be put into the perspective of the evolution of the MyHC
genes (MYH).

Materials and methods
Muscle specimens

The muscle specimens used in this study were from the
anterior (sup ant) and posterior (sup post) regions of the
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superficial portion, and the deep portion (deep) of the
human masseter muscle of seven previously healthy sub-
jects, four males between 3 and 6 years (3, 4, 4 and
6 years), and three females between 3 and 7 years (3, 7 and
7 years), all with normal bite and jaw—face morphology.
One specimen was obtained from the short head of the
biceps brachii muscle (biceps) from each subject. For
biochemistry analyses, samples were missing from biceps
of 4-year-old male and 7-year-old female, from sup ant of
3-year-old female and 4-year-old male and from sup post
of 3-year-old female. For immuno-histochemical (IHC)
analyses, samples were missing for biceps 7-year-old
female and for sup ant 4-year-old male. The samples were
collected prior to 1990 according to prevailing directions
issued by the National Board of Health and Welfare
Stockholm, Sweden. Details on myosin ATPase enzyme-
histochemical, fibre-type classification and results have
been reported in our previous study (Osterlund et al. 2011).

Gel electrophoresis (GE)

Muscle extracts were prepared from frozen muscle cross-
sections of samples from the sup ant (n = 5), sup post
(n = 6) and deep (n = 7) masseter regions and from the
biceps brachii muscle (n = 5), and as reference muscle
extract from one adult subject. Crushed frozen muscle
samples were extracted on ice in Guba-Straub buffer
solution (0.3 M NaCl, NaH,PO4H,O 0.1 M, 0.05M
1 Mm Na,HPO,, 1 mM MgCl,-6H,0, 10 mM Na,P20;.
10H,O and 10 mM EDTA.2H,0 10 Mm, pH 6.7) for 1 h
and centrifuged at 15,000 rpm for 15 min at 4 °C. The
supernatants were mixed with glycerol (1:2) and stored at
—20 °C until further use. Protein concentration for each
sample was determined using the Bio-Rad Protein Assay
(Bio-Rad). MyHC isoform composition was determined by
one dimension sodium dodecyl sulphate—polyacrylamide
gel electrophores (SDS-PAGE) using the mini PROTEAN3
Cell GE system (Bio-Rad). Two 8 % acrylamide:bis (50:1)
mini-gels (Talmadge and Roy 1993) were polymerized
for >2 h at room temperature the same day as the run.
Immediately before gel loading, samples diluted in
Laemmeli sample buffer (Bio-Rad) to a final concentration
of 0.05 pg/pul were heated at 90 °C for 3 min. The gels
were loaded with either 2.0 pl or >3.0 pl of the muscle
extract. The gels were run at a constant voltage (70 V) and
temperature (7 °C) for 24 h and one gel was stained with
SYPRO® Ruby protein gel stain (Bio-Rad) according to the
manufacturer’s instructions (amount of protein per sample
run on the gel, 0.10 pg) while the other gel was silver
stained (amount of protein per sample run on the gel,
0.15 pg). The image from the SYPRO® Ruby stained gel
was recorded by a Typhoon 9400 scanner (Amersham
Biosciences) and subsequently used to determine the
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relative content of the corresponding MyHC isoforms using
the image analysis software, ImageQuant TL (Amersham
Biosciences). The densitometric quantification of MyHC
isoforms was performed in the 0.10 pg loaded GE. For
each subject and muscle portion the quantification was
based on the mean of three repeated measurements. For the
group, mean (%) and SD were calculated for the sup ant,
sup post and deep portions of the masseter, and for biceps.

The presence of MyHC-fetal was determined using
Western blot analysis and the monoclonal antibody NCL-
MHCn (Novocastra Laboratories Ltd). This analyse inclu-
ded muscle specimens from fetal masseter and biceps
brachii (22 weeks), perinatal masseter from sup ant, sup
post and deep portions (3 months), young masseter from
sup ant, sup post and deep portions (4 and 7 years), adult
masseter from sup ant, post and deep portions (age
22 years), adult biceps (18 years) and elderly deep mas-
seter (83 years). These gels were loaded with 0.4 pg pro-
tein/sample. Protein transfer to a nitrocellulose membrane
(Bio-Rad, cat nr162-0090) was performed for 17 h at
14 °C in Towbin transfer buffer containing 10 % methanol
using the Mini-Trans-Blot® electrophoretic transfer cell
(Bio-Rad). Bound anti-MHCn was visualised using the
Western Breeze® chromogenic Kit (Invitrogen, Cat No.
WB7103).

Immuno-histochemistry

Cross-sections, 7-pum thick, were used for IHC with indi-
rect peroxidase-anti-peroxidase (PAP) technique (Stern-
berger 1979) to visualize bound monoclonal antibodies
(mAbs), each recognizing distinct MyHC. The antibodies
used and their positive reaction against different MyHC
isoforms is seen in Table 1.

Details

Cross-sections, 7 um, serial to those used for myosin
ATPase enzyme-histochemical fibre typing, were mounted
on glass slides, air dried, and incubated with 5 % normal
rabbit serum for 15 min to inhibit non-specific staining. All
sections were incubated with primary MyHC mAbs and
simultaneously treated with primary laminin mAb, a major
non-collagenous component of the basement membrane, to
improve the visualization of the cell border and diluted to
appropriate concentrations with phosphate-buffered saline
(PBS) containing 0.1 % bovine serum albumin (BSA) at
+4 to +8 °C over the night. Double labelling for both
MyHC and laminin was achieved by incubating the sec-
tions with the two different primary mAbs. After washing
in 0.01 M PBS for 15 min, sections were again incubated
with 5 % normal rabbit serum for 15 min. All sections
were then incubated with rabbit-anti mouse antibodies

(RAM) diluted to appropriate concentrations with 0.01 M
PBS containing 0.1 % BSA for 30 min in room tempera-
ture. After washing in 0.01 M PBS for 15 min, all sections
were incubated with mouse PAP diluted to appropriate
concentration with 0.01 M PBS containing 0.1 % BSA for
30 min in room temperature. After repeated washes, the
peroxide binding was revealed by applying a solution
containing 3,3’-diaminobenzidine and hydrogen peroxide
(H,O,) for 10 min. Finally, the sections were rinsed with
running water for 5 min, dehydrated in graded concentra-
tions of ethanol, followed by xylene treatment and mounted
with DPX.

Morphometric analysis

The serial cross-sections were viewed under a light
microscope (Leica DMR), equipped with a camera (Leica
DC 220) connected with an image-analyses system (Leica
QWin). In the masseter, two muscle samples from each of
the sup ant, sup post and deep portions, respectively, were
analysed. Eight random fields were analysed in each
sample. In the biceps brachii, one muscle sample was
analysed in eight random fields. Analysis of the antibody
staining of individual fibres was performed in all serial
sections. Incomplete sections were excluded from the
analyses. The complete analyses embraced for the masseter
4,853 fibres of mATPase enzyme-histochemical fibres
types that included type I (n = 2,751), type IM (n = 741),
type IIC (n = 211), type IIAB (n = 417) and type IIB
(n = 733). The corresponding number in the biceps was
4,558 fibres of mATPase enzyme-histochemical fibres type
that included type I (n = 2,680), type IIA (n = 1,190),
type HAB (n = 636) and type IIB (n = 52). The fibre
populations were equivalent with those in a previous report
(Osterlund et al. 2011). Due to the low frequency of the
type IIA fibres in the masseter (n = 3), and types IM and
IIC fibres in the biceps brachii (n = 5 and n = 0, respec-
tively), these fibres were excluded from the analysis.
Individual fibres expressing one MyHC isoform were
defined as single, and fibres expressing two or more MyHC
isoforms were defined as combinations or mixed fibres.

Statistical methods

Mean and standard deviation were calculated for descrip-
tive statistics. Paired ¢ tests were used to test the null
hypothesis (Hp) of no difference in proportion and relative
content of various MyHCs between masseter regions and
between masseter and biceps brachii muscles. The H, was
rejected at the level of significance p < 0.05. The rela-
tionship between the mean values from GE and IHC
analyses was described with correlation coefficient (Pear-
son) (r). Comparison between present results for young
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Table 1 MyHC antibodies used for IHC and the corresponding MYH genes, short name and references

Antibody Source of MyHC Genes  Short name References
antigen
MyHC mAb
ALD19* Chicken MyHC-slow tonic MYHI4 MyHC-sto Sawchak et al. (1985), Thornell et al.
(1989)
A4.840° Human First developmental MYHC-1 MYH7  MyHC-1/f cardiac Cho et al. (1993), Hughes et al. (1993)
A4.951° Human Second developmental MYH7  MyHC-I/f cardiac Cho et al. (1993), Hughes et al. (1993)
MYHC-I
N2.261° Human Third developmental MYH7  MyHC-I + Ila Hughes et al. (1993), Liu et al. (2002)
MYHC-1
MyHC-Ila MYH2  MyHC-I + Ila
MyHC-fetal/perinatal MYHS
MyHC-extra ocular MYHI3
MyHC-u cardiac MYH6
A4.74° Human MyHC-IIa MYH2  MyHC-Ila Hughes et al. (1993), Liu et al. (2002)
SC71¢ Bovine MyHC-Ila MYH2  MyHC-Ila Schiaffino et al. (1989)
BF35°¢ Bovine MyHC-1 MYH7  MyHC-*all except Schiaffino et al. (1989), Liu et al. (2002)
1Ix”
MyHC-Ila MYH?2
MyHC-embryonic MYH3
MyHC-fetal/perinatal MYHS
MyHC-extra ocular MYHI3
MyHC-« cardiac MYH6
MyHC-slow tonic MYHI14
NCL- Rabbit MyHC-fetal/perinatal MYHS8  MyHC-fet Ecob-Prince et al. (1989), Weiss et al.
MHCn (1999)
F1.652* Human MyHC-embryonic MYH3  MyHC-emb Silberstein et al. (1986)
F88° Human MyHC-« cardiac MYH6  MyHC-u ¢ Léger (1985)
Laminim mAb
5H2° Mouse Laminin-«2 chain LAMA2 Ln o2 Sewry et al. (1998)

Official gene nomenclature according to OMIM (http://www.ncbi.nlm.nih.gov/omim/)
* Gift from Donald A. Fischman (Cornell University; New York, NY, USA)

® Purchased from Developmental Studies Hybridoma Bank (Department of Biological Sciences, University of Towa; Iowa City, IA, USA)
¢ Gift from Prof. S. Schiaffino (University of Padova; Padova, Italy)

9 Purchased from Novocastra Laboratories (Newcastle upon Tyne, UK)
¢ Gift from Dr. Jean J. Leger (Institute de la Sante et de la Recherche Meicale, Unite 249; Montpellier, France)

masseter, and previous data for adult and elderly (Monemi
et al. 1999) masseter of relative content (%) of different
MyHC isoforms in the SDS-PAGE gels was presented as
95 % confidence intervals.

Results

Gel electrophoresis (GE)

For both the young masseter and young biceps, the GE
results showed an apparent inter-individual variability in

density of the different MyHC bands. In both muscles,
three bands were identified in the gels loaded with 0.10-pg
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muscle extract as MyHC-I, MyHC-IIa and MyHC-IIx
(Table 2), when compared with data from the previous
studies using the same GE technique (Liu et al. 2002). The
MyHC-I band, with the highest mobility, was the most
prominent in both muscles. It was larger in the sup ant
masseter than in the sup post masseter (p = 0.032). In the
young masseter, a faint band with somewhat lower
mobility than that of the MyHC-I band was detected, in
gels loaded with 15 pl, in subjects number 3, 5 and 6 in all
regions, and in sup ant and sup post in adult samples
(Fig. 1), although not resolved as separate bands by den-
sitometry. This band reflected the presence of MyHC-u«
cardiac (Liu et al. 2002). No band representing MyHC-fetal
was detected but this isoform is expected, since this
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Table 2 Densitometric quantification of the SDS-PAGE

Muscle portions MyHC-1 MyHC-IIA MyHC-IIx

Group values X SD Min-max X SD Min-max X SD Min-max
Sup ant (n = 5) 94 88-98 3 2 1-5 3 3 1-7

Sup post (n = 6) 88 7 80-93 3 2-9 9 1-18
Deep (n = 17) 85 10 72-99 4 3 1-9 12 10 0-26
Biceps (n = 6) 68 16 42-85 31 16 13-57 1 1 0-2

Group values for the relative content (%) of MyHC-I, MyHC-Ila and MyHC-1Ix. Mean, standard deviation and min and max values are given

developmental MyHC isoform is known to be present in
the masseter of adults and elderly (Monemi et al. 1999).
Therefore, the GE analysis was extended to include gels
loaded with >3.0 pl muscle extract to allow low content
isoforms to appear. The >3.0 pl gels revealed more details
for the low-mobility bands (Fig. 2). In samples number 2
and 6, there were three low-mobility bands including a
band in between the MyHC-Ila and the MyHC-IIx bands.
This band corresponded to MyHC-fetal (Liu et al. 2002). In
sample number 1, a faint band was seen with lower
mobility than that of the MyHC-IIx, corresponding to
MyHC-embryonic (Liu et al. 2002). To confirm the pres-
ence of MyHC-fetal, a Western blot analysis using the
mAb MHCn was performed (Fig. 3). In this analysis, we
included muscle samples from fetal masseter and biceps
muscles (22 weeks) and from perinatal masseter
(3 months), and also from adult masseter (22 years) and
biceps (18 years) and elderly masseter (83 years). In the
fetal samples, the result showed one band approximately at
the level of MyHC-IIa. Notably, two bands were detected
in the masseter samples aged 3 months and 4 and 7 years.
One band appeared at the level of the band in the fetal
samples. This band was seen also in the elderly masseter.
The “extra” band was located in between the MyHC-IIa
and MyHC-IIx bands. This “extra” band was also seen in
the adult masseter (sup ant). No fetal band was seen in the
adult biceps samples.

Immuno-histochemistry

Figure 4 shows the staining pattern with the different mAbs
of mATPase fibre types in the young masseter and biceps
muscles. In the biceps, the mAbs A4.840 and A4.951
stained the type I fibres weakly to strongly. The mAb
N2.261 stained the type IIA fibres moderately to strongly,
type IIAB generally strongly and left half of the type 1IB
fibres unstained. The A4.74 and SC71 mAbs generally
stained types IIA and IIAB fibres strongly and type IIB
fibres weakly. The mAb BF35 stained the types I, IIA and
ITAB moderately and left type IIB unstained. No young
biceps fibres were stained with mAbs MHCn, F88, F1.652
and ALDI9. In the masseter there was a marked variability

in staining with all antibodies and of all fibre types (Fig. 4).
The mAbs A4.840 and A4.951 stained all types I and IM
fibres, less than half of the type IIC fibres, and occasion-
ally, type IIAB and IIB fibres. The mAb N2.261 stained the
type I fibres weakly, types IM, IIC and IIAB fibres mod-
erately to strongly but generally left type IIB unstained.
The mAb A4.74 stained the types IM, IIC, ITAB and IIB
and a few type I. The mAb SC71 stained types IIC, IIAB
and IIB and half of the type IM. The mAb BF35 stained all
fibre types except half of the type IIB fibres. All fibre types,
but preferentially types IM and IIC were stained with
mAbs MHCn and F88. No fibres were stained with the
mAbs ALD19 and F1.652.

Fibres were judged to contain MyHC-I when stained
with mAbs A4.840, A4.951; MyHC-Ila when they were
moderately to strongly stained with mAb N2.261 and
weakly to strongly stained with mAbs A4.74, SC71 and
BF35; MyHC-IIx when they were unstained with mAb BF
35 and weakly to strongly stained with mAbs A4.74 and
SC71. Fibres that were unstained with mAb N2.261 and
weakly to strongly stained with mAbs A4.74, SC71 and BF
35 were judged to contain a separate MyHC isoform,
tentatively termed MyHC-IIx'. Both MyHC-fetal and
MyHC-o cardiac were all discriminated by their specific
antibodies, MHCn and F88, respectively.

Figure 5 shows examples of antibody stainings and
detected MyHC isoforms in young biceps and masseter
fibres. Table 3 shows group values of the proportion of
different MyHC isoforms, as evaluated from the antibody
stainings, in the young masseter and biceps-fibre popula-
tions. Figure 6 is based on pooled data for all subjects in
the masseter (4,853 fibres) and in the biceps (4,558 fibres).
In the masseter, 44 % contained one MyHC isoform, either
MyHC-1, MyHC-Ila, MyHC-IIx or MyHC-IIx". The rest of
the fibres, 56 %, showed mixtures of two to four isoforms
in 26 combinations, or 19 when less-frequent combinations
(<1 %) were excluded. MyHC-fetal and MyHC-o cardiac
isoforms always occurred in combinations with other iso-
forms. In the biceps, 99 % of the fibres contained only one
isoform. Table 4 displays for the masseter the proportion of
mATPase fibre types expressing one MyHC isoform or
combinations of isoforms. In type I fibres, one single
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Fig. 1 SDS-PAGE of the 1. 3y 2.3y 3. 4y 4. 4y 5. 6y 6. Ty 7.7y Adult
biceps and the deep, sup ant and
sup post portions of the Biceps AyHC-11x
masseter loaded with 0.15 pg _ ) MyHC-11:
——— ——— —— — Y a
muscle extract. Samples from MyHC-1
seven subjects (/-7) aged .
3-7 years and two adult
subjects aged 18 years (biceps)
and 22 years (masseter). In both MyHC-IIx
muscles, three bands correspond Masseter deep i ¥ ’
to MyHC-I, MyHC-Ila and — — —_— —_— MyHC-lla
MyHC-IIx (arrows). In the - <MyHC-I
masseter (subjects 3, 5, 6 and 7
and adult), faint bands with
somewhat lower mobility than
the MyHC-I band corresponds Masseter sup ant MyHC-11x
to MyHC-« ca}rdlag (a.rr.ow). . - e’ My HC -0t cardiac
Note marked inter-individual — - == MyHC-I
variability — e S
Masseter sup post MyHC I1x
- 1yHC-1la
_ e — o - - - “)Myl 1C-cx cardiac
—MyHC-1
I3y 2.3y 3.4y 4. 4y 5. 6y 6. Ty 7.7y Adult
Masseter deep
MyHC-embryonic MyHC-Iix s MyHC-IIx
N MyHC-fetal /MyHC—chI -
—— e B — " — yHC-Ila
F~MyHC-Ila ~~MyHC-Ila

— — — ——— —— —— —— e 1} ] (-]

Fig. 2 SDS-PAGE of the deep masseter loaded with >3.0 pl muscle
extract. Samples from seven subjects (/-7) aged 3-7 years and one
adult subject aged 18 years. In the gel from the deep masseter, the
band seen in between the MyHC-Ila and MyHC-1Ix bands in subject

isoform and seven combinations of two to four isoforms
were detected, in type IM four combinations, in type IIC
one single isoform and six combinations, in type IIAB one
single isoform and five combinations, and in type 1IB three
single isoforms and eight combinations of two to three
isoforms. Matching the mATPase fibre types with MyHC
isoforms revealed a systematic continuum of single and
combinations of MyHC-I, MyHC-Ila, MyHC-IIx’and
MyHC-IIx in the mATPase fibre types I, IM, IIC, IIAB and
IIB, respectively.

Analysis of masseter regional differences for slow and
fast MyHCs was performed by combining the present MyHC
data with the previous data for proportion of different
enzyme-histochemical fibre types (Osterlund et al. 2011).
The result showed larger proportion of fibres containing fast
MyHC in the sup ant and sup post masseter regions than in
the deep masseter (p = 0.026 and p = 0.012, respectively).
The proportion of MyHC-IIx was larger in the sup post than
in the deep masseter (p = 0.039).
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number 2 and 6 corresponds to MyHC-fetal (arrows). In subject 1, a
faint band corresponds to MyHC-embryonic (arrow). Note marked
inter-individual variability

Correlation between gel (GE) and immuno-
histochemical results

To compare the outcome of the GE examination with the
result of the IHC examination concerning the presence of
different MyHC isoforms in the young masseter muscle, a
correlation analysis was performed. In the masseter, there
was a strong correlation between the GE data and the IHC
data for MyHC-I (» = 0.895, p < 0.0001), moderate cor-
relation for MyHC-IIx (r = 0.540, p = 0.021) and no
correlation for MyHC-Ila (r = 0.184 p > 0.05) (Fig. 7).
Young biceps was not included in the analysis due to few
samples.

Comparison young muscles with adult and elderly
muscles

The 95 % confidence intervals for proportion (%) of the
different isoforms in the SDS-PAGE gels of young, adult
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Fig. 3 Western blots using the
mAb MHCn. Samples from
fetal masseter and biceps
muscles (22 weeks), from the
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MyHC-fetal isoforms in young masseter than in adult and
elderly (Monemi et al. 1999) masseter. Furthermore, the
young masseter contained more MyHC mixed fibres
(63 %) than in adults (23 %) (Stal et al. 1994) and elderly
(41 %) (Monemi et al. 1999). For the biceps, data indicate
larger content of MyHC-I and smaller amounts of MyHC-
Ila and MyHC-IIx in young and elderly than in adults
(Monemi et al. 1999).

Discussion

As expected, the masseter and the biceps muscles showed
pronounced differences in MyHC expression during
childhood. Predominance of MyHC-I in both muscles was
in good agreement with results from the enzyme-histo-
chemical evaluation using myosin ATPase as a discrimi-
nator for the same samples (Osterlund et al. 2011).
Furthermore, MyHC-o cardiac and MyHC-fetal were both
present in the masseter, co-expressed with the conventional
slow and fast isoforms. Therefore, more than half of the
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young masseter fibres contained mixtures of up to four
MyHC isoforms in great contrast to 1 %, and maximally
two isoforms in the young biceps. Young masseter MyHC
heterogeneity was further emphasized by as many as four
different isoforms in the most common combination of
MyHC isoforms, and 19 MyHC-based fibre types, and a
continuum of single and combinations of MyHC isoforms
systematically related to mATPase fibre types.

In the present study, we have used two methods to
visualize the MyHC isoforms, IHC, with a panel of mAbs
recognizing different MyHC isoforms in individual fibres,
and GE, which visualizes MyHC bands on the basis of
electrophoretic mobility. The identity of the GE bands can
be verified on the basis of immuno-reactivity with the
MyHC recognizing antibodies (Western immunoblots).
Nevertheless, one has to be aware that all MyHCs are quite
similar in amino-acid composition reflecting their similar
organization and function. The amino-acid identity among
the full-length skeletal MyHCs ranges from 78.9 to 94.8 %,
however, as related to the evolutionary MyHC gene tree,
the ancient MyHC isoforms show only 77 to 81 % identity
with the more recently developed MyHC isoforms,
whereas the fast isoforms Ila and IIx show 94.8 % identity
and MyHC-a cardiac and MyHC-f} cardiac 93.2 % identity
(Weiss et al. 1999). This reflects the fact that it is very
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Fig. 4 Staining-intensity pattern for eight different mAbs of fibre
types defined according to mATPase reaction in the young biceps and
masseter muscles. The proportion (%) of unstained (white), weakly

difficult to obtain truly specific antibodies for just one
MyHC isoform and to separate the individual isoforms by
GE, as discussed below.

For fibres expressing MyHC-I in the young masseter, there
was generally a good agreement between the present IHC and
GE results (73 and 86 %, respectively) and the proportion of
enzyme-histochemical fibres expressing MyHC-I (83 % in
types I, IM and IIC) (Osterlund et al. 2011). This was not the
case for fibres expressing fast MyHCs. IHC stained 45 % of
the young masseter fibres for fast MyHC in accordance with
the proportion of enzyme-histochemical fibre types express-
ing fast MyHC (55 % in types II and IM) (Osterlund et al.
2011). However, fast MyHC content on the gels was only
13 %. This apparent disparity in results of the two methods
can, however, be explained. Firstly, the mAbs against MyHCs
used have very high sensitivity. Thus, individual fibres, which
contain relatively small amounts of the fast isomyosins, as
reflected in the gels, will nevertheless appear as stained fibres
by IHC. Secondly, in young masseter, the type II fibre diam-
eter is much smaller than the type I type diameter (Osterlund
et al. 2011) which means that a given proportion of fibres
detected with mAbs will correspond to a relatively smaller
muscle mass quantified by GE.

@ Springer

MHCn i::zsi v

(light gray), moderately (dark gray), strongly (black) stained fibres is
shown in the pie charts

The results of the two methods with respect to the
amount and localization of MyHC-fetal and MyHC-a car-
diac in the young masseter also seem to be at variance. By
IHC, both isoforms were detected in about half the young
masseter fibre population, dispersed throughout the com-
plete fibre type population though preferentially expressed
in IM and IIC fibres. By GE, they were detected in the
overloaded gels (silver stained) but only faintly visible in
the Supro-ruby stained gels. Like the result for fast MyHC
content, the finding for fetal and «-cardiac isoforms may be
due to the high mAb sensitivity. With respect to the
specificity of these mAbs, we are aware that Western blots
of theses mAbs have revealed that some have a broader
reactivity pattern than the originally published or proposed
by manufacturer. This is the case for the mAbs SC71,
A4.74 and N2.261. The first two are reported to identify
MyHC-IIa, but show affinity, albeit weaker, also for
MyHC-IIx (Smerdu and Soukup 2008). The mAb N2.261
not only shows very strong affinity for MyHC-Ila but also
detects MyHC-I and MyHC-extra ocular (Liu et al. 2002),
whereas the mAb BF35 reacts with MyHCs 1, a-cardiac,
IIa, slow tonic and extra ocular (Liu et al. 2002). By taking
this into account, when classifying MyHC staining in
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Fig. 5 Serial muscle cross-
sections from the deep masseter
(left) and the biceps (right)
muscles (subject 3 years),
stained for mATPase at pH 10.3
and 4.3 and with mAbs A4.951,
N2.261, A4.74, BF35, MHCn
and F88. Examples of MyHC
isoforms in mATPase fibre
types numbered /-8. MyHC-I in
type I (fibre number 1), MyHC-
I + fetal + a-cardiac in type I
(number 2), MyHC-I + Ila +
fetal 4 a-cardiac in type IM
(number 3), MyHC-I + Ila +
oa-cardiac in type IM (number
4), MyHC-IIX' + fetal in type
1IB (number 5), MyHC-IIx

in type IIB (number 6),
MyHC-IIa + IIx in type IIB
(number 7) and MyHC-Ila in
type A (number 8). Bar 50pm

relation to mATPase fibre typing, we have found it is
necessary to introduce a new fibre type MyHC-IIx', since
the staining pattern of these fibres was not in agreement
with the presumptive staining patterns expected from these
mAbs. The mAb BF35 negative fibres are supposed to
reflect fibres expressing MyHC-IIx, since this is the only
MyHC which this antibody does not detect. However, in
the present study, a proportion of the mAb BF35 unstained
fibres were also unstained for the mAb N2.261, indicating
also the absence of MyHC-Ila in these fibres. On the other

hand, these fibres were stained with the mAbs SC71 and
A4.74, which preferentially detect MyHC-Ila according to
the manufacturer and researchers introducing them (Hoh
et al. 1993; Liu et al. 2002; Schiaffino et al. 1989). How-
ever, these antibodies also have been shown to have affinity
for MyHC-IIx, albeit clearly weaker than for MyHC-IIa.
Thus, unfortunately, these mAbs do not reliably separate
fibres containing MyHCs Ila and IIx (Smerdu and Soukup
2008). Until further information is available, we tentatively
interpret the MyHC-IIx' fibre to reflect the occurrence of a
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Table 3 THC results

Muscle portions MyHC-1 MyHC-IIA MyHC-IIx

Group values X SD Min-max X SD Min-max X SD Min-max

Sup ant (n = 5) 79 10 69-98 41 9 32-53 7 10 0-27

Sup post (n = 6) 70 15 52-90 36 5 27-42 16 14 0-38

Deep (n = 7) 72 19 41-96 31 10 18-46 6 6 0-14

Masseter (n = 7) 73 15 41-98 35 7 18-53 10 11 0-38
Biceps (n = 6) 55 8 45-64 45 8 36-55 1 2 0-4

Muscle portions MyHC-fetal MyHC-u cardiac MyHC-IIx’

Group values X SD Min-max X SD Min-max X SD Min-max

Sup ant (n = 5) 47 25 6-68 32 22 0-55 4 4 0-8

Sup post (n = 6) 40 24 4-71 26 21 0-62 3 6 0-15

Deep (n =17) 49 9 37-64 36 25 1-64 10 15 0-39

Masseter (n = 7) 45 20 4-64 31 22 0-64 6 10 0-39

Biceps (n = 6) 0 0 0 0 0 0 0 0 0

Proportion (%) of muscle fibres expressing MyHC isoforms MyHC-1, MyHC-Ila, MyHC-IIx, MyHC-fetal, MyHC-« cardiac, MyHC-IIX’ in the
masseter regions, whole masseter and biceps. Mean, standard deviation and min and max values are given

Fig. 6 Proportions (%) of
single (shaded) and
combinations of MyHC
isoforms in the young masseter % Ha+11x
and biceps muscles. Note in the 0.5% Ix’
masseter, 26 “MyHC fibre latfetta-c
types” (19 when excluding less- 4%
frequent combinations, <1 %)

and in the biceps, 6 and 4

IIx"+et+a-c

1.5%

I1x"+fet

[Tat+a-¢
2%
Ila+fet
1%

[+Ila+a-
Dl’l

I+11a+fet

4%

2%

novel spliced isoform of MyHC-IIx. Interestingly, the
young biceps lacked this isoform, which may again reflect
some disparity in molecular structure between cranial and
limb fast MyHC isoforms. This is most probably related to
divergence between the masseter and biceps in evolution-
ary and developmental origins (Sambasivan et al. 2011). It
should be noted that the existences of MyHC splice vari-
ants is not unique. Indeed isoforms of MyHC-I have
already been described for MyHC-I in human muscle
during development (Hughes et al. 1993) and variants of
embryonic MyHC has also been reported by Lucas and
Hoh (2003).

Our identification of two bands stained for MyHC-fetal
using the Western blot technique is unexpected but might
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be of considerable interest in terms of MyHC expression
and phylogenetic regulation. One band corresponded in
mobility with a band in the fetal sample known to reflect
the MyHC fetal isoform (Butler-Browne et al. 1988). This
band co-migrated with the MyHC-IIa band in our gels. The
other band had slower mobility and co-migrated with the
MyHC-IIx band. We were able to exclude the possibility
that the extra band was related to MyHC-embryonic, both
on the basis of the known mobility of MyHC-embryonic in
our gel system (Kjellgren et al. 2003) and the fact that the
mAb F1.652, specific for human embryonic MyHC (Kar-
sch-Mizrachi et al. 1989), stained our fetal-control samples
but left young masseter samples unstained. Additional
studies are needed to confirm the existence of the two fetal
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Table 4 Scheme for the young masseter showing the proportion (%) of single and combinations of MyHC isoforms MyHC-I, MyHC-IIa,
MyHC-1Ix’, MyHC-IIx, MyHC-fetal (fet) and MyHC-« cardiac (« ¢) in mATPase fibre types I, IM, IIC, IIAB and IIB

Enzyme MyHC isoforms: single and combinations
histochemical fibre
types 1 I 1 1 1 1 I
ITa Ila Ila Ila Ila IMa Ila Ila Ila Ila
Ix' IIx’ IOx' Ix
IIx IIx IIx IIx IIx IIx
Fet Fet Fet Fet Fet Fet Fet Fet Fet Fet
oc o oc “c ac o ac oc o ac
c
I 58 16 5 13 2 2 2 2
M 10 14 29 47
IIC 2 5 27 4 4 4 50
IIAB 1 2 43 11 18 25 1
1IB 1 4 1 4 27 1 9 40 7 4 2

Note continuum of single and combinations of MyHC isoforms in the span of type I to type IIB fibres, from pure slow MyHC in type I fibres to
combinations of fast, fetal and a-cardiac isomyosins in type IIB fibres. Note also overlap in MyHC combinations between fibre types, i.e., a given

combination can appear in up to four fibre types
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Fig. 7 Scatterplot of individual results from the GE (x axis) and IHC
(y axis) analyses, of all three masseter regions, MyHC-I (squares),
MyHC-1la (triangles) and MyHC-IIx (circles). There was a correla-
tion between GE and IHC data for MyHC-I (r = 0.895, p < 0.0001)
and MyHC-IIx (r = 0.540, p = 0.021)

isoforms and their functional significance, but our results
suggest the possibility of the existence of a so far unrec-
ognized spliced variant of MyHC-fetal in human skeletal
muscles. Recent molecular studies using mRNA techniques
indicate adaptive changes in MyHC-fetal expression in the
human masseter muscle in response to altered biome-
chanics from dental and surgical treatments (Harzer et al.
2010; Oukhai et al. 2011). The role of MyHC a-cardiac in
human jaw-muscle function has not yet been revealed.
Experimental results on rat cardiac myocytes indicate that
even small amounts of MyHC-a cardiac significantly
increase myocyte power output (Herron and McDonald
2002). An age-related decrease of this isoform is suggested
when the present result in young masseter is compared with
data from adult and elderly masseter.

The finding of more slow MyHC and less fast MyHC in
young masseter as compared with the masseter in adults

A 100 7
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Fig. 8 95 % confidence intervals for relative content (%) of MyHC-I,
MyHC-IIa, MyHC-IIx and MyHC-fetal in SDS-PAGE gels of young
masseter versus adult and elderly masseter (Monemi et al. 1999).
MyHC-I in upper panel (a), MyHC-Ila, MyHC-IIx and MyHC-fetal
isoforms in lower panel (b). No overlap in confidence intervals
between young versus adult and elderly indicates larger proportion of
MyHC-I and smaller proportions of MyHC-Ila, MyHC-IIx and
MyHC-fetal isoforms in young masseter
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and elderly (Monemi et al. 1999) extends our previous
finding of a smaller proportion of type IIB fibres in young
masseter than in adult and elderly masseter (Osterlund
et al. 2011). Taken together, these results suggest a marked
age-related plasticity of the masseter MyHC composition
during growth, maturation, and aging. This, in turn, reflects
a shift from childhood to adultdhood by a decrease of slow
twitch and an increase of fast twitch motor units. Such a
dynamic change toward a wider span of motor-unit prop-
erties would probably benefit the maturation and
improvement of refined jaw-motor skills for eating and
speech behaviour. However, the functional implication of a
change toward less-slow and more-fast MyHC in adult and
elderly masseter (Monemi et al. 1999) than in young
masseter does not seem to match physiological data indi-
cating relatively slow contraction properties in elderly
masseter rather than fast (see Monemi et al. 1999).

Differences in MyHC expression between young mas-
seter and biceps can be traced to different patterns of evo-
lution and development of craniofacial muscles versus limb
and trunk muscles. Recent studies have provided evidence
that the skeletal muscles of the head that control mastica-
tion, facial expression and eye movements are evolutionary,
morphologically and molecularly distinct from trunk and
limb muscles (Harel et al. 2009; Noden and Francis-West
2006). In evolutionary terms, the head of vertebrates is
thought to be a novel structure, and muscles associated with
the head, e.g., extra ocular, jaw and facial muscles are also
novel, being derived from the cranial mesoderm, an
embryonic tissue that is unique to vertebrates. Thus, it has
been suggested that the head muscles have arisen inde-
pendently of limb and trunk muscles, which means that the
progenitors from the cranial mesoderm are evolutionary
distinct from the somatic muscle progenitor pool. Further-
more, current knowledge suggests that different genetic
regulatory cascades operate within the individual cranio-
facial muscle groups, and that there is a remarkable rela-
tionship with cardiomyogenesis (Sambasivan et al. 2011).

Hoh (2002) has studied the evolutionary origins of
vertebrate jaw closing and limb and trunk muscles in detail.
He attributes the phenomenon of phylogenetic muscle
plasticity to adaptive changes in muscle properties in
response to changes in functional load during phylogeny.
As the functional properties of jaw-closing muscles across
species are varied and complex, jaw muscles show a much
greater phylogenetic plasticity than limb and trunk mus-
cles. In terms of myosin expression it fits with the extensive
repertoire of myosin expression across species in jaw
closers, whereas in limb muscles, differences in myosin
expression only manifest in relation to scaling of body
mass (Schmidt-Nielson 1984).

With the characterization of the genome of several
species, it has become apparent that the most
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phylogenetically ancient striated muscle MyHC gene is the
gene encoding for a MyHC isoform which appeared some
400 million years ago, initially referred to as superfast
MyHC and found in carnivores (Rowlerson et al. 1981).
This MyHC has been renamed MyHC-masticatory/IIM
(Hoh 2002; Qin et al. 2002). Hoh (2002) has shown that
during mammalian evolution, some taxa (carnivores, chir-
opterans, primates, dasyurids and diprotodonts) have
retained the masticatory myosin expression in jaw-closers
while others have replaced it with different MyHCs more
adapted to their particular diet and eating habits (Hoh 2002;
Kang et al. 1994). In humans, a gene on chromosome 7
encodes MyHC-masticatory/IIM, but the gene is not expres-
sed. Silencing of this gene has been calculated to have
occurred about 2.4 million years ago. This down regulation
has been proposed to have had a major impact on the devel-
opment and growth of the human cranium and brain (Stedman
et al. 2004). Opposing thoughts have been published
(McCollum et al. 2006) and what is the hen and the egg in the
evolution of the brain has still not been settled.

The next step in the evolution of human MyHC genes
was the presence of two genes: MYHI14 located on chro-
mosome 20 and MYHI5 on chromosome 3. The human
MYH14 gene is encoding for MyHC slow tonic, an isoform
present in muscle spindle fibres, extra ocular muscles,
laryngeal muscles and in primary generation muscle fibres
during development (Rossi et al. 2010). The MYH15 is also
expressed in mice extra ocular muscles but appears to have
been silenced in humans (Rossi et al. 2010). Thereafter,
two highly conserved gene clusters present in all mammals
appeared, although located on different chromosomes
(Berg et al. 2001; Desjardins et al. 2002). One cluster, in
humans located in chromosome 14, is composed of two
tandemly arrayed genes, MYH6 and MYH?7. They code for
MyHC-« cardiac and for MyHC-f cardiac, the latter being
equivalent to MyHC-I or MyHC slow-twitch expressed in
skeletal muscle (Mahdavi et al. 1984; Weiss et al. 1999). In
jaw-closing muscles of some animals like rabbit, MyHC-a
cardiac is the predominant isoform whereas in others like
cows, jaw muscles almost exclusively express MyHC-f
cardiac/MyHC-I (Kang et al. 1994). The two genes MYH6 and
MYH7 have a very high degree of identity (93.2 % ,Mahdavi
et al. 1984; Weiss et al. 1999). They are also closely linked
from a functional point of view and show in the heart an
intricate regulation by thyroid hormones, functional load as
well as in developmental aspects (Arnostova et al. 2011; Hoh
2002; Swynghedauw 1986). In the human masseter, both
these genes are expressed with a huge predominance for
MyHC-], although MyHC-« cardiac is present in masseter
fibres (Bredman et al. 1991; Pedrosa-Domellof et al. 1992).
This finding can be explained in terms of acommon progenitor
for both heart myogenesis and jaw-closing muscles (Harel
et al. 2009; Sambasivan et al. 2011).
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The cluster of fast MyHC genes, in humans, located in
chromosome 17, has developed through gene duplications
and these genes are highly conserved (Weiss et al. 1999).
The most ancient gene MYHI3 encodes for a MyHC
referred to as MyHC-extra ocular since it was first found in
extra ocular muscles, but also expressed in laryngeal
muscles (Hoh 2005). Other paired genes developed further
into MYH3 coding for MyHC-embryonic and a gene which
gave raise to MYH8 and MYH4, coding for MyHC-fetal/
perinatal and MyHC-IIb, respectively, on the one hand, and
to MYHI and MYH?2 coding for MyHC-IIx and MyHC-Ila,
respectively, on the other hand. This gene scheme gives
some perspective on the differential expression of MyHCs
in masseter and limb and trunk muscles in humans. While
adult limb muscles have kept the expression of slow
MyHC-p cardiac/MyHC-I and fast MyHC-1Ia and MyHC-
IIx, the typical fast MyHC found in rodents, MyHC-IIb, is
silenced (Rossi et al. 2010). The MyHC-embryonic and
MyHC-fetal appear during development and upon repair of
muscle fibres, which recapitulates the developmental pat-
tern of MyHC expression. Compared with extrafusal fibres,
intrafusal, muscle spindle, fibres are even more diverse in
expression of MyHC-isoforms, probably reflecting differ-
ences in pathway of differentiation (Walro and Kucera
1999). The present work extends our previous study on the
human masseter during childhood and we propose that the
special MyHC expression in the masseter reflects both
specific developmental and evolutionary aspects of the
jaw-closing muscles. During childhood, new specialized
functional demands appear in parallel with craniofacial
changes, teeth eruption and improvement of jaw functions
for mastication and speech.

In conclusion, our study provides evidence that the
young masseter muscle has a unique MyHC expression,
including unconventional MyHC isoforms as well as
hitherto unrecognized spliced variants of both MyHC-fetal
and MyHC-IIx. Comparison between present results and
previously reported data for adult and elderly masseter
suggests marked plasticity in MyHC expression during life
span toward less-slow and more-fast and fetal MyHC iso-
forms. Comparison of MyHC expression in young versus
adult and elderly muscles revealed differences between
masseter and biceps in MyHC plasticity and therefore in
alterations of contractile properties during life. Differences
in MyHC expression between masseter and biceps are
proposed to reflect diverse evolutionary and developmental
origins and accord with the masseter and biceps being
separate allotypes of muscle.
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