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Summary

Introduction

We studied the expression of myosin heavy chain isoforms at

mRNA and protein levels as well as fiber type composition in the
fast extensor digitorum longus (EDL) and slow soleus (SOL)
twitch muscles of adult inbred Lewis strain rats. Comparison of
the results from Real Time RT-PCR, SDS-PAGE and fiber type
analysis showed corresponding proportions of MyHC transcripts
(MyHC-1, -2a, -2x/d, -2b), protein isoforms (MyHC-1, -2a, -2x/d,
-2b) and fiber types (type 1, 2A, 2X/D, 2B) in both muscles.
Furthermore, we found that slow MyHC-1 mRNA expression in
the SOL was up to three orders higher than that of fast MyHC
transcripts. This finding can explain the predominance of MyHC-1
isoform and fiber type 1 and the absence of pure 2X/D and
2B fibers in the SOL muscle. Based on our data presenting
quantitative evidence of corresponding proportions between

mRNA level, protein content and fiber type composition, we
suggest that the Real Time RT-PCR technique can be used as a
routine method for analysis of muscle composition changes and
could be advantageous for the analysis of scant biological
samples such as muscle biopsies in humans.
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It is generally accepted that skeletal muscle fiber
types are defined by myosin heavy chain (MyHC)
isoform content, which is dependent on the level of
expression of the specific mRNAs. Both fiber type
composition, MyHC isoform content and mRNA
expression can be determined by appropriate (semi)
quantitative methods. The fiber type composition can be
estimated e.g. by stereological analysis (Zacharova and
Kubinova 1995), MyHC isoform content by SDS-PAGE
(Talmage and Roy 1993), though some attempts to
employ other approaches have been published (Říčný and
Soukup 2011). MyHC transcript level determination was
performed by in situ hybridization or by various
modifications of RT-PCR (DeNardi et al. 1993, Esser et
al. 1993, Lieber et al. 1993, Smerdu et al. 1994, Peuker
and Pette 1995, 1997, Jänkälä et al. 1997, Wright et al.
1997, Jaschinski et al. 1998, Jung et al. 1998, Stevens et
al. 1999a,b, Weiss et al. 1999, Huey et al. 2001, Serrano
et al. 2001, Smerdu and Eržen 2001, Caiozzo et al. 2003,
Eizema et al. 2003, Sakuraba et al. 2005, Vadászová et
al. 2006a,b, Vadászová-Soukup and Soukup 2007,
Smerdu and Soukup 2008, for review see Pette et al.
1999) until Real Time RT-PCR (qRT-PCR) became
generally accepted (for review see Pfaffl 2004) and
routinely used for MyHC analyses in rats (Pattison et al.
2003, Zurmanova et al. 2008, Clause et al. 2012). It was
found that the extensor digitorum longus (EDL) in Lewis
rats, as well as in other strains (Novák et al. 2010),
contains four fiber types (slow type 1, fast 2A, 2X/D and
2B fibers). The fiber types are related to four MyHC
isoforms (MyHC-1, -2a, -2x/d and -2b) and four mRNA
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transcripts (MyHC-1, -2a, -2x/d and -2b) encoded by
specific genes (for review see Schiaffino and Reggianni
1996). The soleus (SOL) muscle also expresses four
mRNAs isoforms, however, only the two MyHC-1 and
-2a protein isoforms, as well as type 1 and 2A (2C) fibers
are usually detected under physiological conditions
(Soukup et al. 2002, 2009, Zacharova et al. 2005,
Vadászová et al. 2006a,b, Vadászová-Soukup and
Soukup 2007, Zurmanova et al. 2007, Smerdu and
Soukup 2008, Novák and Soukup 2011, Soukup et al.
2012, for review see Pette and Staron 1990, Schiaffino
and Reggianni 1994, Soukup and Jirmanová 2000,
Schiaffino 2010).
The main purpose of the present study was to
compare the relative proportions of MyHC transcripts and
translated MyHC isoform protein levels and fiber type
composition using qRT-PCR, SDS-PAGE and
stereological fiber type analysis of immunochemically
stained muscle cross sections in the slow SOL and fast
EDL muscles of adult Lewis rats. The second aim was to
determine the quantitative differences between slow
MyHC-1 and fast MyHC-2a, -2x/d and -2b transcripts in
an attempt to explain the predominance of MyHC-1
isoform and type 1 fibers in the SOL muscle in adult
Lewis rats.

Materials and Methods
Animals
Experiments were performed on 12 adult (13.8
to 16.8 months old) female inbred Lewis strain rats
obtained from the authorized laboratory rat-breeding unit
of the Institute of Physiology, Academy of Science of the
Czech Republic, v. v. i., Prague, (Accreditation No. 1020/
491/A/00). They were housed at 23±1 °C and at 12-hour
light-dark cycle periods with ad libitum access to water
and a complete laboratory diet. The maintenance and
handling of experimental animals were in accordance
with the EU Council Directive (86/609EEC) and the
investigation was approved by the Expert Committee of
the Institute of Physiology, Academy of Sciences of the
Czech Republic, v. v. i., Prague. The animals were
anesthetized with intraperitoneal injections of 1 ml
(100 mg) of Narketan (Ketaminum ut hydrochloridum)
per 1000 g of body weight, followed by 0.5 ml (10 mg) of
the myorelaxant Xylapan (Xylazinum ut hydrochloridum)
per 1000 g of body weight (Vetoquinol S.A. France and
Vetoquinol Biowet Poland, respectively) and sacrificed
by an overdose of the anesthetic. Both EDL and SOL
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muscles were excised from left and right hind limbs, the
left muscles were immediately frozen in liquid nitrogen
until used for quantitative RT-PCR, the right muscles
were frozen as well and the middle portion was used
immediately for preparation of cross cryosections
followed by myofibrillar adenosine-triphosphatase
(mATPase) reaction and immuno-staining, the other
portions were stored at –80 °C until used for SDS-PAGE
analysis.
Quantitative Real Time RT-PCR
The primers against four MyHC isoform
transcripts (described in detail in Zurmanova et al. 2008)
were designed using the Gene Runner program (Hastings
Software).
RNA isolation and RT-PCR
Total cellular RNA was extracted from each
muscle sample using the TRIZOL Reagent (Invitrogen).
The purity and integrity of the RNA preparations was
checked spectroscopically and by agarose gel
electrophoresis. One µg of total RNA was converted to
cDNA using the RevertAidTM H Minus First Strand
cDNA Synthesis Kit (Fermentas) using oligo (dT)
primers according to the manufacturer’s instructions.
Samples of cDNA (1 µl) were amplified in 25 μl of PCR
reaction mixture containing iQTM SYBR Green Supermix
(Bio-Rad) plus 1 μM of each MyHC isoform-specific
primers according to the manufacturer’s instructions.
PCRs were performed on a Light Cycler (Roche
Ltd.) as described previously (Waskova-Arnostova et al.
2013) using the following temperature profile: initial
denaturation at 95 °C for 2 min, followed by 38 cycles
consisting of denaturation at 95 °C for 30 s, annealing at
54 °C for 30 s and elongation at 72 °C for 20 s.
Fluorescence was acquired in each cycle after heating the
samples to 80 °C eliminating the noise of primer dimers
(Pfaffl 2001). At the end of each run, melting curve
analysis was performed to ascertain the presence of a
single amplicon. The data used for calculation were the
mean of crossing point (Cp) values obtained from qPCR
performed in triplicates. We verified that the variation of
triplicates did not exceed 0.5 Cp. Standard curves were
generated for each pair of primers using 3-fold serial
dilution of cDNA. The efficiency of the PCR
amplification for each primer pair was then calculated
from the standard curve to state precisely the relative
expression. The level of analyzed transcripts was
normalized to the level of the reference gene
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glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
transcripts with regard to the specific PCR efficiency (E)
for each gene as follows:
Normalized amount = (1+E)Cp reference transcript/(1+E)Cp target transcript

Non-template and non-RT reactions were
performed as controls. The quantitative data are the
means of four measurements and these are presented as
the ratio of values for individual mRNAs.
Immunocytochemistry
Muscle fiber types were determined on fresh
frozen muscle cross sections 10 μm thick incubated with
different mouse monoclonal antibodies (mAbs) specific
for rat MyHC isoforms BA-D5 (MyHC-1), SC-71
(MyHC-2a), F-35 (all MyHC except -2x/d) and BF-F3
(MyHC-2b) (cf. Schiaffino et al. 1986, Developmental
Studies Hybridoma Bank). Additionally, mAbs anti Slow
(MyHC-1) and anti-Fast (MyHC-2), both provided by
Biotrend or Medac/Novocastra, were used to further
distinguish slow and fast MyHC isoforms. Primary
antibody binding was revealed using donkey secondary
antibody conjugated with HRP (Jackson Immunoresearch
Laboratories, USA). (For a detailed description see
Smerdu and Soukup 2008, Soukup et al. 2009).
Sodium
dodecyl
sulphate
polyacrylamide
gel
electrophoresis (SDS-PAGE)
For SDS-PAGE, the
muscle
samples
(approximately 30 mg) were thoroughly cut using
scissors in 5 volumes of ice-cold washing buffer (5 mM
Na-phosphate pH 7.0, 20 mM NaCl, 1 mM EGTA),
centrifuged 5 min/12000 x g. The pellet was re-suspended
in 3 volumes of extraction buffer (100 mM
pyrophosphate
pH 8.4,
5 mM
EGTA,
1 mM
dithiothreitol), extracted for 30 min on ice by shaking and
centrifuged 5 min/12000 x g. The supernatant was diluted
1:4 with the sample buffer (125 mM TRIS-HCl pH 6.8,
1 mM EDTA, 5 % SDS, 5% mercaptoethanol, 0.1 %
bromophenol blue, 20 % glycerol) and 5 μl of the sample
(1 μg of protein per well) were loaded onto the gel.
MyHC isoforms were separated by SDS-PAGE
(Talmadge and Roy 1993) using MiniPROTEAN3 Cell
(Bio-Rad Ltd.) at a constant voltage (100 V) for 18-19 h
at 4 °C. After MyHC isoform separation, the gels were
either silver-stained (Blum et al. 1987) or stained by
Coomassie Brilliant Blue and Bismarck Brown R (Choi
et al. 1996). The individual MyHC isoforms were
densitometrically evaluated at two gels from each sample
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using the imaging system (Fujilab, Japan) and the AIDA
3.28 computer program (Advanced Image Data Analyser,
Germany) (for further details see Říčný and Soukup
2011).
Quantitative morphological analysis
The numerical (N) proportions (%) of muscle
fiber types were assessed by 2-D stereological methods
using the principles of an unbiased counting frame and
point counting (Zacharova and Kubinova 1995). The
stereological measurements were performed using the
C.A.S.T. Grid System (Olympus, Albertslund, Denmark).
In order to achieve a realistic estimate of the measured
parameters, the concrete arrangement of the stereological
system (number of points, size of the counting frame,
scanning interval) was selected according to muscle
section size and fiber composition on the basis of efficacy
analysis described in our previous papers (Zacharova and
Kubinova 1995, Zacharova et al. 1997, 1999, 2005).
Statistical analysis
The data were expressed as mean ± SD.
Differences between transcript and protein levels and
fiber type composition were evaluated using the KruskalWallis One Way Analysis of Variance on Ranks followed
by all pairwise multiple comparison procedures (Dunn´s
method), mRNA difference between EDL and SOL
muscles (Fig. 3) by Mann-Whitney Rank Sum Test
(SigmaStat program, Systat Software, Germany).

Results
MyHC mRNAs analysis by qRT-PCR
Our measurements revealed that the analyzed
EDL and SOL muscles of adult Lewis rats expressed all
four MyHC-1, -2a, -2x/d and -2b transcripts (Figs 1-3).
The highest expression levels in the EDL were
demonstrated for fast MyHC-2b followed by MyHC-2x/d
isoform transcripts, which together formed more than
90 % of all MyHC transcripts and exceeded the level of
the slower MyHC-2a isoform transcript almost ten times
and that of MyHC-1 nearly 30 times (Figs 1 and 3). On
the other hand, in the SOL muscle, although all four
MyHC RNAs were detected, the major MyHC-1
transcript was two to three orders higher than the fast
isoforms and it formed more than 99 % of all MyHC
isoform RNAs (Figs 2 and 3). Differences in the level of
individual transcripts between both muscles were highly
significant (Fig. 3).
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Fig. 1.

Fig. 2.

Figs 1. and 2. Relative values (expressed as percentage) of slow MyHC-1 and fast MyHC-2a, -2x/d and -2b mRNAs as determined by
qRT-PCR (dark columns), of MyHC-1, -2a, -2x/d and -2b isoform content as determined by SDS-PAGE (hatched columns) and fiber type
proportions of type 1, 2A, 2X/D and 2B as determined by immunocytochemistry and quantitative fiber type analysis (blank columns) in
the extensor digitorum longus (Fig. 1.) and soleus (Fig. 2.) muscles of adult female Lewis strain rats. Note the similarity of proportions
between mRNA level, MyHC isoform content and fiber type percentage in case of each isoform. Statistics was performed using the
Kruskal-Wallis One Way Analysis of Variance on Ranks. * indicates significant difference (p≤0.05) against MyHC transcript; # indicates
significant difference (p≤0.05) against SDS-PAGE.

MyHC protein analysis by SDS-PAGE
The SDS-PAGE technique also confirmed the
presence of all four MyHC-1, -2a, -2x/d and -2b protein
isoforms, but consistently only in the EDL muscles. A
major proportion consisted of the fastest MyHC-2b and
-2x/d isoforms forming about 85 % of all MyHC protein,
followed by the -2a isoform. The three fast isoforms thus
formed 97 % of MyHC content, the rest consisting of the
slow MyHC-1 isoform (Fig. 1). In contrast to EDL, SOL
muscle contained a dominant 98.5 % proportion of
MyHC-1 protein isoform supplemented by MyHC-2a
(Fig. 2). MyHC-2x/d and -2b isoforms were absent in all
but one analyzed muscle.

Fig. 3. Expression of slow MyHC-1 and fast MyHC-2a,
-2x/d and -2b mRNAs in the extensor digitorum longus (EDL,
blank columns) and the soleus (SOL, hatched columns) muscles
of adult female inbred Lewis strain rats. Results are expressed in
arbitrary units (a.u.). Note the great difference between the
transcript levels in the SOL compared to the differences present
in the EDL muscle. Statistics was performed using Mann-Whitney
Rank Sum Test. Significant difference between same MyHC
transcripts in the EDL against SOL: * p≤0.01.

Fiber type immunohistochemical analysis
In the EDL muscles, we confirmed using
quantitative fiber type analysis the presence of all four
fiber types, namely slow type 1, fast 2A, 2X/D and 2B.
The fastest 2B and 2X/D fibers formed more than 75 %
and together with 2A fibers, they represented up to 95 %
of all fibers (Fig. 1). In the SOL muscle, quantitative fiber
type
composition
analysis
determined
by
immunocytochemistry demonstrated a dominant presence
of slow type 1 fibers stained with BA-D5 mAb
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specifically recognizing slow MyHC-1 isoform
supplemented by about 1 % of fast 2A fibers stained by
SC-71 mAb specifically recognizing fast MyHC-2a
isoform. All fibers in the SOL muscle were stained by
BF-35 mAb, recognizing all MyHC isoforms except
MyHC-2x/d, which showed the absence of pure fast
2X/D fibers. Similarly, there were no 2B fibers stained by
BF-F3 mAb specifically recognizing this fiber type. In
both muscles transitional hybrid type 2C (1C) fibers were
found, which stained to a variable extent by anti-slow and
anti-fast mAbs. Figures of histochemical and immunocytochemical reactions were presented earlier in our
papers (e.g. Soukup et al. 2002, 2009, 2012, Novák et al.
2010).

Discussion
Comparison of MyHC mRNA, protein level and fiber type
Our results confirmed the presence of similar
proportions of MyHC mRNA transcripts, protein
isoforms and fiber types of all four MyHC-1, -2a, -2x/d
and -2b isoforms in the EDL and SOL muscles.
Furthermore, in the SOL muscle, both fastest MyHC
isoforms at the transcript and protein levels were
markedly less represented suggesting an explanation for
the absence of 2X/D and 2B fibers. In the EDL muscle,
the highest levels of MyHC-2b and -2x/d mRNA were
about one order higher than the level of the minor
MyHC-1 and even less than one order when compared to
MyHC-2a mRNA. The lowest amount of the MyHC-1
transcript corresponding to a minor representation of the
slow MyHC-1 protein isoform and of the slow type 1
fibers in the EDL, as well as the dominant presence of the
slow type 1 transcript, isoform and fiber type in the SOL
muscle, are in agreement with the results of previous
studies in Lewis rats (Soukup et al. 2002, 2009,
Zacharova et al. 2005, Smerdu and Soukup 2008, Novák
et al. 2010, Novák and Soukup 2011).
In the EDL, the amount of MyHC mRNAs
increased in the same order as did the content of MyHC
protein isoforms and the percentage of fiber types, i.e.
type 1 < 2a < 2x/d < 2b (cf. Fig. 1). Interestingly, the 2A
fibers in the EDL were present in a higher percentage
than would correspond to the MyHC-2a transcript level
and MyHC-2a isoform content. Our stereological
evaluation suggested that about 5 to 10 % of fibers
considered to be 2A fibers according to the reaction with
SC-71 mAb were in fact 2C/1C fibers. The same can be
true for the type 1 fibers, as some of these could be
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detected by BA-D5 mAb, although they would rather
belong to the 1C/2C fibers. If so, then in the EDL, the
percentage of 2A and type 1 fibers would be lower and
that of 2X/D and 2B higher than shown in Figure1. In
such case, the significant difference found between fiber
type and MyHC isoform or transcript percentage might
be lower or disappear. This would further support our
suggestion that there is close correlation among
transcript, protein and fiber type levels. The question of
correct determination of fiber type percentage can be
further raised by the difference in the avidity of mAbs
used for the detection of MyHC isoforms. Both mAbs
BA-D5 (anti slow MyHC-1) and SC-71 (anti fast
MyHC-2a) can be used highly diluted (1:200), while
BF-35 (anti MyHC-2x/d) and BF-F3 (anti MyHC-2b)
usually have to be used undiluted. This could especially
effect the determination of 2X/D fibers, because BF-35
mAb is a negative marker of 2X/D fibers. This means that
even a small amount of MyHC-1 or -2a recognized by
high affinity BAD-5 and SC-71 mAbs can mask the
possible existence of 2X/D fibers. This problem can be
partially overcome by using the new 6H1 mAb
specifically recognizing the MyHC-2x/d isoform.
Absence of MyHC-2x/d and -2b isoforms and
2X/D and 2B fibers in the SOL muscle can be explained
by the extremely low MyHC-2x/d and -2b transcript
levels. The absence of 2X/D and 2B fibers in the SOL is
supported by stereological analysis of mean fiber
diameters (fiber areas), which revealed that all fibers in
the SOL muscles have similar diameters in contrast to the
EDL, where type 2B and 2X/D fibers always exhibit
significantly greater diameters compared to 2A and type
1 fibers (unpublished data from Cast Grid analysis).
Mechanisms of regulations of MyHC genes transcription
It is generally supposed that the MyHC mRNA
level defines the amount of subsequently synthesized
protein (Pette and Staron 1990, Schiaffino and Reggiani
1996, Pette et al. 1999, Pette 2002, Caiozzo et al. 2003,
Schiaffino 2010). Many of the dynamically regulated cell
processes (e. g. mRNA stability, formation of splicing
variants, regulation of translation or protein stability) may
result in a lower correlation between mRNA expression
and protein level. Evidently, fiber type composition can
flexibly react to physiological demands within the given
genetic range (Eržen et al. 1996, Snoj-Cvetko et al.
1996a,b) and, as already concluded, the extent of each
MyHC isoform expression is determined by the level of
their mRNA. The molecular control of muscle diversity
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and plasticity have been studied for a long time and it
seems that the neural input generated via the nerve
impulse pattern plays an important, if not decisive, role
(for review see e.g. Pette and Staron 1993, Schiaffino and
Reggiani 1994, 1996, Buonanno and Rosenthal 1996,
Pette et al. 1999, Soukup and Jirmanová 2000, Pette
2002, Asmussen et al. 2003, Schiaffino 2010). However,
the way of neural input conversion into gene expression
is still a matter of speculation (for review see Buonanno
and Fields 1999, Pette 2002, Schiaffino 2010). One of the
most promising suggestions attempting to explain the
effect of neural input on gene expression relies on the
serine/threonine phosphatase called calcineurin. If the
Ca2+ level in the sarcoplasm remains high due to tonic
excitation (characteristic e. g. of the anti-gravity function
of the SOL muscle), calcineurin is activated and can
dephosphorylate the nuclear factor of activated
thymocytes (NFAT) in the case of “slow muscle genes”,
which afterwards enters the nucleus and associates with
MEF2 (belonging to the family of myocyte enhancing
factors). These can then bind together to the slow
MyHC-1 isoform promotor and thus induce expression of
MyHC-1 mRNA. In fast muscles, like EDL, the neural
impulse pattern is characterized by irregular short bursts
of activity resulting in fluctuation of Ca2+ concentration
that is not high enough to activate calcineurin and start
the whole cascade of events described above. On the
other hand, it was suggested that calcineurin has only a
modulatory role, rather than being a primary regulator of
slow MyHC gene expression (Pandorf et al. 2009). It
remains to be also established whether maturation of fast
fibers is accompanied by epigenetic modifications at the
MyHC-1 gene locus that make this gene essentially
inaccessible for transcription or whether gene expression
is also controlled at the post-transcriptional level
(Schiaffino 2010).

Conclusions
Using three different methods, we demonstrate
the existence of corresponding proportions of MyHC at
the level of mRNA transcripts (MyHC-1, -2a, -2x/d, -2b),
protein isoforms (MyHC-1, -2a, -2x/d, -2b) and fiber
types (type 1, 2A, 2X/D, 2B). Markedly low expression
of MyHC-2x/d and MyHC-2b mRNAs in comparison
with MyHC-1 mRNA in the SOL muscle clearly shows
why MyHC-2x/d and MyHC-2b protein isoforms are
usually not present at amounts detectable by silver
staining of electrophoretic gels and why there are no
2X/D and 2B fibers detected on muscle sections by
immunocytochemical staining. As already suggested long
time ago for RT-PCR (Wright et al. 1997), we conclude
that Real Time RT-PCR can be used as a routine method
wherever analysis of MyHC and/or muscle composition
changes is needed. If the same correlation is proven in
humans, Real Time RT-PCR could be used in the case of
muscle biopsies, as it requires much smaller samples
compared to the other two methods.

Conflict of Interest
There is no conflict of interest.

Acknowledgements
The authors thank Ms. Dita Kasparová for performing the
PCR experiments, Ms. Věra Mihálová and Dr. Vika
Smerdu for SDS-PAGE, Ms. Kateřina Kopecká for
immunocytochemistry and Dr. Gisela Zachařová for
statistical analysis. We also thank Prof. Ida Eržen and
Prof. S. Schiaffino for the gift of original anti-MyHC
antibodies. The study was supported by MYORES LSHCT-2004-511978, GA304/08/0256, GA305/09/1228,
GAAV IAA 601110908, MSM0021620858 and MSMT
LH12058, MSMT 7AMB 12SK158 grants and by
Research Project RVO: 67985823 (AV0Z 50110509).

References
ASMUSSEN G, SCHMALBRUCH I, SOUKUP T, PETTE D: Contractile properties, fibre types and myosin isoforms
of fast and slow muscles of hyperactive Japanese waltzing mice. Exp Neurol 184: 758-766, 2003.
BLUM H, BEIER H, GROSS HJ: Improved silver staining of plant proteins, RNA, DNA in polyacrylamide gels.
Electrophoresis 8: 93-99, 1987.
BUONANNO A, ROSENTHAL N: Molecular control of muscle diversity and plasticity. Dev Genet 19: 95-107, 1996.
BUONANNO A, FIELDS RD: Gene regulation by patterned electrical activity during neural and skeletal muscle
development. Curr Opin Neurobiol 9: 110-120, 1999.

2013

Myosin Heavy Chain mRNA, Protein Isoform and Fiber Type

451

CAIOZZO VJ, BAKER MJ, HUANG K, CHOU H, WU YZ, BALDWIN KM: Single-fiber myosin heavy chain
polymorphism: how many patterns and what proportions? Am J Physiol Regul Integr Comp Physiol 285:
R570-R580, 2003.
CLAUSE KC, TCHAO J, POWELL MC, LIU LJ, HUARD J, KELLER BB, TOBITA K: Developing cardiac and
skeletal muscle share fast-skeletal myosin heavy chain and cardiac troponin-I expression. PLoS One 7: e40725,
2012.
DENARDI C, AUSONI S, MORETTI P, GORZA L, VELLECA M, BUCKINGHAM M, SCHIAFFINO S: Type 2X
myosin heavy chain is coded by a muscle fiber type-specific and developmentally regulated gene. J Cell Biol
123: 823-835, 1993.
EIZEMA K, VAN DEN BURG M, KIRI A, DINGBOOM EG, VAN OUDHEUSDEN H, GOLDSPINK G, WEIJS WA:
Differential expression of equine myosin heavy-chain mRNA and protein isoforms in a limb muscle.
J HistochemCytchem 51: 1207-1216, 2003.
ERŽEN I, PRIMC M, JANMOT C, CVETKO E, SKETELJ J, D’ALBIS A: Myosin heavy chain profiles in regenerated
fast and slow muscles innervated by the same motor nerve become nearly identical. Histochem J 31: 277-283,
1996.
ESSER K, GUNNING P, HARDEMAN E: Nerve-dependent and independent patterns of mRNA expression in
regenerating skeletal muscle. Dev Biol 159: 173-183, 1993.
CHOI JK, YOON SH, HONG HY, CHOI DK, YOO GS: A modified Coomassie blue staining of proteins in
polyacrylamide gels with Bismark brown R. Anal Biochem 236: 82-84, 1996.
HUEY KA, ROY RR, BALDWIN KM, EDGERTON VR: Temporal effects of inactivity on myosin heavy chain gene
expression in rat slow muscle. Muscle Nerve 24: 517-526, 2001.
JÄNKÄLÄ H, HARJOLA V-P, PETERSEN NE, HÄRKÖNEM M: Myosin heavy chain mRNA transform to faster
isoforms in immobilized skeletal muscle: a quantitative PCR study. Appl Physiol 82: 977-982, 1997.
JASCHINSKI F, SCHULER M, PEUKER H, PETTE D: Changes in myosin heavy chain mRNA and protein isoforms
of rat muscle during forced contractile activity. Am J Physiol 274: C365-C370, 1998.
JUNG HH, LIEBER RL, RYAN AF: Quantification of myosin heavy chain mRNA in somatic and branchial arch
muscles using competitive PCR. Am J Physiol 275: C68-C74, 1998.
LIEBER RL, BODINE SC, BURKHOLDER TJ, PIEROTTI DJ, RYAN AF: Cloning and in situ hybridization of
type-2A and type-2B rat skeletal muscle myosin tail region – implications for filament assembly. Biochem
Biophys Res Commun 197: 1312-1318, 1993.
NOVÁK P, SOUKUP T: Calsequestrin distribution, structure and function, its role in normal and pathological
situations and the effect of thyroid hormones. Physiol Res 60: 439-452, 2011.
NOVÁK P, ZACHAROVA G, SOUKUP T: Individual, age and sex differences in fiber type composition of slow and
fast muscles of adult Lewis strain rats. Comparison with other rat strains. Physiol Res 59: 783-801, 2010.
PANDORF CE, JIANG WH, QIN AX, BODELL PW, BALDWIN KM, HADDAD F: Calcineurin plays a modulatory
role in loading-induced regulation of type I myosin heavy chain gene expression in slow skeletal muscle. Am J
Physiol Regul Integr Comp Physiol 297: R1037-R1048, 2009.
PATTISON JS, FOLK LC, MADSEN RW, CHILDS TE, SPANGENBURG EE, BOOTH FW: Expression profiling
identifies dysregulation of myosin heavy chains IIb and IIx during limb immobilization in the soleus muscles
of old rats. J Physiol 553: 357-368, 2003.
PETTE D: The adaptive potential of skeletal muscle fibers. Can J Appl Physiol 27: 423-448, 2002.
PETTE D, STARON RS: Cellular and molecular diversities of mammalian skeletal muscle fibers. Rev Physiol Biochem
Pharmacol 116: 1-76, 1990.
PETTE D, STARON RS: The molecular diversity of mammalian muscle fibers. NIPS 8: 153-157, 1993.
PETTE D, PEUKER H, STARON RS: The impact of biochemical methods for single muscle fibre analysis. Acta
Physiol Scand 166: 261-277, 1999.
PEUKER H, PETTE D: Direct reverse transcriptase-polymerase chain reaction for determining specific mRNA
expression levels in muscle fiber fragments. Anal Biochem 224: 443-446, 1995.
PEUKER H, PETTE D: Quantitative analyses of myosin heavy-chain mRNA and protein isoforms in single fibers
reveal a pronounced fiber heterogeneity in normal rabbit muscles. Eur J Biochem 247: 30-36, 1997.

452

Žurmanová and Soukup

Vol. 62

PFAFFL MW: A new mathematical model for relative quantification in real-time RT-PCR. Nucleic Acid Res 29: 20022007, 2001.
PFAFFL MW: Quantification strategies in real-time PCR. In: A-Z of Quantitative PCR. SA BUSTIN (ed), International
University Line (IUL) La Jolla, CA, USA, 2004, pp 87-112.
ŘÍČNÝ J, SOUKUP T: Comparison of new ELISA method with established SDS-PAGE method for determination of
muscle myosin heavy chain isoforms. Physiol Res 60: 899-904, 2011.
SAKURABA T, SHIMADA Y, TAKAHASHI S, MATSUNAGA T, ITOI E, KAWATANI M: The effect of magnetic
stimulation on unloaded soleus muscle of rat: changes in myosin heavy chain mRNA isoforms. Biomed Res 26:
15-19, 2005.
SCHIAFFINO S: Fibre types in skeletal muscle: a personal account. Acta Physiol (Oxf) 199: 451-463, 2010.
SCHIAFFINO S, REGGIANI C: Myosin isoforms in mammalian skeletal muscle. Appl Physiol 77: 493-501, 1994.
SCHIAFFINO S, REGGIANI C: Molecular diversity of myofibrillar proteins: gene regulation and functional
significance. Physiol Rev 76: 371-423, 1996.
SCHIAFFINO S, SAGGIN L, VIEL A, AUSONI S, SARTORE S, GORZA L: Muscle fiber types identified by
monoclonal antibodies to myosin heavy chains. In: Biochemical Aspects of Physical Exercise. G BENZI,
L PACKER, N SILIPRANDI (eds), Elsevier, Amsterdam, 1986, pp 27-34.
SERRANO AL, PEREZ M, LUCIA A, CHICHARRO JL, QUIROZ-ROTHE E, RIVERO JLL: Immunolabelling,
histochemistry and in situ hybridisation in human skeletal muscle fibres to detect myosin heavy chain
expression at the protein and mRNA level. J Anat 199: 329-337, 2001.
SMERDU V, ERŽEN I: Dynamic nature of fibre-type specific expression of myosin heavy chain transcripts in
14 different human skeletal muscles. J Muscle Res Cell Motil 22: 647-655, 2001.
SMERDU V, SOUKUP T: Demonstration of myosin heavy chain isoforms in rat and humans: the specificity of seven
available monoclonal antibodies used in immunohistochemical and immunoblotting methods. Eur J Histochem
52: 179-190, 2008.
SMERDU V, KARSCH-MIZRACHI I, CAMPIONE M, LEINWAND L, SCHIAFFINO S: Type IIx myosin heavy
chain transcripts are expressed in type IIb fibers of human skeletal muscle. Am J Physiol 267: C1723- C1728,
1994.
SNOJ-CVETKO E, SKETELJ J, DOLENC I, OBREZA S, JANMOT C, D’ALBIS A, ERŽEN I: Regenerated rat fast
muscle transplanted to the slow muscle bed and innervated by the slow nerve, exhibits an identical myosin
heavy chain repertoire to that of the slow muscle. Histochem Cell Biol 106: 473-479, 1996a.
SNOJ-CVETKO E, SMERDU V, SKETELJ J, DOLENC I, D’ALBIS A, JANMOT C, ERŽEN I: Adaptive range of
myosin heavy chain expression in regenerating soleus is broader than in mature muscle. J Muscle Res Cell
Motil 17: 401-409, 1996b.
SOUKUP T, JIRMANOVÁ I: Regulation of myosin expression in developing and regenerating extrafusal and intrafusal
muscle fibers with special emphasis on the role of thyroid hormones. Physiol Res 49: 617-633, 2000.
SOUKUP T, ZURMANOVA J: How much do MyHC isoform mRNA levels correlate with MyHC protein levels and
fiber type composition? J Muscle Res Cell Motil 33: 261, 2012.
SOUKUP T, ZACHAROVA G, SMERDU V: Fibre type composition of soleus and extensor digitorum longus muscles
in normal female inbred Lewis rats. Acta Histochem 104: 399-405, 2002.
SOUKUP T, SMERDU V, ZACHAROVA G: Fiber type composition of unoperated rat soleus and extensor digitorum
longus muscles after unilateral isotransplantation of a foreign muscle in long-term experiments. Physiol Res
58: 253-262, 2009.
SOUKUP T, SULIMENKO V, MARKOVÁ V, KOPECKÁ K, ZACHAROVA G, PALEČEK J: Expression of the
skeletal calsequestrin isoform in normal and regenerated skeletal muscles and in hearts of rats with altered
thyroid status. Physiol Res 61: 575-586, 2012.
STEVENS L, SULTAN KR, PEUKER H, GOHLSCH B, MOUNIER Y, PETTE D: Time-dependent changes in
myosin heavy chain mRNA and protein isoforms in single fibers of unloaded rat soleus muscle. Am J Physiol
277 (Cell Physiol 46): C1044-C1049, 1999a.
STEVENS L, GOHLSCH B, MOUNIER Y, PETTE D: Changes in myosin heavy chain mRNA and protein isoforms in
single fibres of unloaded rat soleus muscle of rat. FEBS Letts 463: 15-18, 1999b.

2013

Myosin Heavy Chain mRNA, Protein Isoform and Fiber Type

453

TALMAGE RJ, ROY RR: Electrophoretic separation of rat skeletal muscle myosin-heavy chain isoforms-rapid
communication. J Appl Physiol 75: 2337-2340, 1993.
VADÁSZOVÁ-SOUKUP A, SOUKUP T: Dual role of thyroid hormones in rat soleus muscle MyHC isoform
expression. Physiol Res 56: 833-836, 2007.
VADÁSZOVÁ A, HUDECOVÁ S, KRIŽANOVÁ O, SOUKUP T: Levels of myosin heavy chain mRNA transcripts
and content of protein isoforms in the slow soleus muscle of 7-month-old rats with altered thyroid status.
Physiol Res 55: 221-225, 2006a.
VADÁSZOVÁ A, HUDECOVÁ S, KRIŽANOVÁ O, SOUKUP T: Levels of myosin heavy chain mRNA transcripts
and protein isoforms in the fast extensor digitorum longus muscle of 7-month-old rats with chronic thyroid
status alterations. Physiol Res 55: 707-710, 2006b.
WASKOVA-ARNOSTOVA P, ELSNICOVA B, KASPAROVA D, SEBESTA O, NOVOTNY J, NECKAR J, KOLAR
F, ZURMANOVA J: Right-to-left ventricular differences in the expression of mitochondrial hexokinase and
phosphorylation of Akt. Cell Physiol Biochem 31: 66-79, 2013.
WEISS A, MCDONOUGH D, WERTMAN B, ACAKPO-SATCHIVI L, MONTGOMERY K, KUCHERLAPATI R,
LEINWAND L, KRAUTER K: Organization of human and mouse skeletal myosin heavy chain gene clusters
is highly conserved. Proc Natl Acad Sci USA 96: 2958-2963, 1999.
WRIGHT C, HADDAD F, QIN AX, BALDWIN KM: Analysis of myosin heavy chain mRNA expression by RT-PCR.
J Appl Physiol 83: 1389-1396, 1997.
ZACHAROVA G, KUBINOVA L: Stereological methods based on point counting and unbiased counting frames for
two-dimensional measurements in muscles: comparison with manual and image analysis methods. J Muscle
Res Cell Motil 16: 295-302, 1995.
ZACHAROVA G, KNOTKOVÁ-URBANCOVÁ J, HNÍK P, SOUKUP T: Nociceptive atrophy of the rat soleus
muscle induced by bone fracture: a morphometric study. J Appl Physiol 82: 552-557, 1997.
ZACHAROVA G, MRÁČKOVÁ K, JIRMANOVÁ I, SOUKUP T: Stereological evaluation of the soleus muscle
isografted into fast extensor digitorum longus (EDL) muscle in rats with different thyroid status. Gen Physiol
Biophys 18 (Suppl 1): 84-86, 1999.
ZACHAROVA G, VADÁSZOVÁ A, SMERDU V, ASMUSSEN G, SOUKUP T: The effect of a unilateral muscle
transplantation on the muscle fiber type and the MyHC isoform content in unoperated hind limb slow and fast
muscles of the inbred Lewis rats. Physiol Res 54: 691-696, 2005.
ZURMANOVA J, MALACOVA D, PUTA F, NOVÁK P, ŘÍČNÝ J, SOUKUP T: Mass spectrometry analyses of rat
2b myosin heavy chain isoform. Physiol Res 56: 659-662, 2007.
ZURMANOVA J, PUTA F, STOPKOVA R, SOUKUP T: Real time RT-PCR with newly designed primers confirmed
the presence of 2b and 2x/d myosin heavy chain mRNAs in the rat slow soleus muscle. Physiol Res 57: 973978, 2008.

