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Article

1. Introduction

Myostatin, also known as growth/differentiation factor 8 
(GDF-8) is a member of the transforming growth factor 
(TGF)-β superfamily and has been shown to be a negative 
regulator of skeletal muscle growth. The myostatin knock-
out (KO) mouse (McPherron et al. 1997) shows a hypermu-
scular phenotype similar to that of several different 
organisms (cattle, dog, pig, sheep, human) carrying natu-
rally occurring mutations of myostatin (McPherron and 
Lee, 1997; Schuelke et al. 2004; Clop et al. 2006; Mosher  
et al. 2007; Stinckens et al. 2008). Most of the natural muta-
tions result in an inactive protein caused by either an early 
STOP codon or a frameshift mutation in the bioactive 
domain of myostatin (McPherron and Lee, 1997; Mosher 
et al. 2007, Boman et al. 2009). One report details that 

missplicing of the myostatin pre-mRNA was responsible 
for hypermuscularity observed in a human infant (Schuelke 
et al. 2004). In contrast, another mechanism of myostatin 
inactivation induces the hypermuscular phenotype of the 
Compact (Cmpt) mice, which was originally selected for 
high protein content and body weight in the Technical 
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University of Berlin (Bünger et al. 2001). Analysis of the 
Hungarian inbred subpopulation of the Cmpt line identified 
myostatin as the major gene containing a 12-bp non-frame-
shift deletion in the propeptide region, although the biologi-
cally active part of the molecule was unaffected (Varga  
et al. 1997). Additional modifiers seem to be essentially 
involved in determining the full expressivity of the Cmpt 
phenotype; however these genes have not been identified 
yet (Szabó et al. 1998; Varga et al. 2003, 2005). To date, 
few studies describe the phenotypical or molecular analysis 
of the Cmpt mice (Bünger et al. 2004; Rehfeldt et al. 2005; 
Amthor et al. 2007, 2009), even though this line represents, 
in contrast to myostatin KO, a complex and mainly unknown 
mechanism of myostatin-dependent hypermuscularity.

Various contradictory results exist in the literature 
regarding muscle cellularity in myostatin-deficient mice. 
Thus, in the present study, we aimed to describe the muscle 
phenotype of young male Cmpt mice using morphological 
assessments. By analyzing the fast-type tibialis anterior 
(TA) and extensor digitorum longus (EDL) as well as the 
mixed-type soleus (SOL) muscles, we show here that 
hypermuscularity is characterized by either muscle fiber 
hyperplasia or combined hyperplasia and hypertrophy of 
different grades depending on muscle type, and that a sig-
nificant glycolytic shift occurs in the fiber type composition 
of the fast-type muscles of Cmpt mice.

2. Materials and Methods

2.1 Animals

The genetic background of BEHi (Berlin High inbred) line is 
not well defined because it was derived from an out-bred 
line founded from mice bought from pet shops more than 40 
years ago (Bünger et al. 2001). It was initially selected on 
protein mass (Weniger et al. 1974), then on high body 
weight/low fat content (Valle Zarate et al. 1994) and finally 
on body weight (Bünger et al. 2004). The ‘Compact’ line in 
Berlin was derived from the first mice seen in early genera-
tions of the BEH line showing this phenotype, and were 
separated to form a new line that was selected on a muscular-
ity score by visual inspection (Szabó et al. 1998; Varga et al. 
2003, 2005). Animals of the Berlin Cmpt line were used as 
the founders for the Hungarian Cmpt line, and there was no 
further exchange of genetic material between the laborato-
ries in Berlin and Hungary. The Hungarian subpopulation of 
the Cmpt mice was inbred and kept by Géza Müller until 
2010 in the Institute for Animal Biology, Agricultural 
Animal Center, H-2101 Gödöllő, Hungary, and in EGIS 
Pharmaceuticals, Budapest, Hungary. Since 2010, these 
mice have been kept in the Institute of Biochemistry, Faculty 
of General Medicine, University of Szeged, Hungary.

BALB/c mice, serving as wild-type control for the 
experiments, were purchased from Biological Research 
Centre of Szeged, Hungary.

2.2. Experimental Design

Male, 2.5-month (10–12-week)-old Cmpt (44-50.7 g) and 
BALB/c (24-28g) wild-type mice were used for the experi-
ments (n=5–10). Typical hindlimb muscles (quadriceps 
(Quadr), tibialis anterior (TA), extensor digitorum longus 
(EDL), soleus (SOL) and gastrocnemius (Gastro)) of both 
strains were removed under intraperitoneal anesthesia (3% 
chloral hydrate, 0.15 ml/10 g body weight). Older male 
Cmpt mice (4-, 7-, 12-, 18-, and 23-month-old) were also 
used for comparison of body and muscle weight, as well as 
for some fiber analyses of TA muscles. All muscles were 
weighed and frozen in isopenthane/liquid nitrogen and kept 
at -80C until further use. TA, EDL and SOL muscles from 
the right leg were used for morphological and immunohis-
tochemical analysis while RNA isolation and quantitative 
RT-PCR was carried out on the contralateral TA counter-
parts. Animal experiments were approved by the 
Institutional Animal Care and Use Committee at the 
University of Szeged in accordance with the U.S. National 
Institutes of Health guidelines for animal care.

2.3. Morphological Analysis

For morphological analysis, 10-µm serial cryostat sections 
were taken from the mid-belly region of different muscles 
of both Cmpt and BALB/c mice followed by standard 
hematoxylin-eosin (HE) staining. Using images from all 
microscopic fields, we reconstructed the whole cross-
sectional area (CSA) of each muscle using the Cell B pro-
gram (Olympus DP Soft software, Version 3.2., Soft 
Imaging System GmbH; Münster, Germany) and fiber 
number was determined by counting all fibers in TA, EDL 
and SOL muscles using Digimizer software (MedCalc 
Software, Mariakerke, Belgium).

2.4. Myosin Heavy Chain (MHC) 
Immunohistochemistry

Fiber type analysis was carried out on 10-µm thick serial 
cryosections of TA, EDL and SOL muscles from both Cmpt 
and BALB/c wild-type male mice. Sections were first 
blocked in 5% non-fat milk powder in PBS, then incubated 
with mouse monoclonal primary antibodies BA-D5 (1:25), 
sc-71 (1:25) and BF-F3 (1:5), which are specific for myosin 
heavy chain (MHC) I (slow oxidative) MHCIIA (fast oxida-
tive) and MHCIIB (fast glycolytic), respectively (Deutsche 
Sammlung von Mikroorganismen und Zellkulturen [DSMZ], 
Braunschweig, Germany). After incubation with the peroxi-
dase-conjugated secondary antibody (rabbit anti-mouse; 
Dako, Denmark) immunocomplexes were visualized by 
diaminobenzidine (DAB) staining with or without nickel 
enhancement. IIX fibers were considered as those not stained 
by any of the above antibodies. The size and distribution of 
muscle fibers in SOL were determined by analyzing all 



Fiber Typing in Cmpt Mice 891

(700-800) fibers in each muscle using Cell B and Digimizer 
software; in EDL muscles, about 50% of the fibers (600 to 
1100 fibers in BALB/c and Cmpt mice, respectively) were 
measured. In TA muscles, an analysis of fiber size as well as 
fiber type distribution was done by examining 2-3 represen-
tative microscopic fields (with 10x objective) of both super-
ficial and deep portions of TA muscles. Regional results 
were then summarized for the whole cross-sectional area of 
each TA muscle (500 to 1000 fibers/muscle in 4-7 micro-
scopic fields in BALB/c and Cmpt mice, respectively).

2.5. Quantitative RT-PCR Analysis

Total RNA was isolated from TA muscles of Cmpt and 
BALB/c male mice (n=5) with TRI reagent according to the 
manufacturer’s instructions (Molecular Research Center, 
Inc. Cincinnati, OH), followed by reverse transcription 
(MMLV-Moloney Murine Leukemia Virus Reverse 
Transcriptase, 28025-013, Sigma-Aldrich, St. Louis, MO). 
For the detection of transcript levels of MHCI, MHCIIA, 
MHCIIX and MHCIIB, quantitative PCR was carried out 
with SYBR GREEN master mix (Fermentas, Thermo 
Fischer Scientific, Pittsburgh, PA) on a Light Cycler 1.5 
(Roche Applied Science, Indianapolis, IN). As an internal 
control, Hprt (hypoxanthine guanine phosphorybosyltrans-
ferase) was amplified using the same TA muscle probes. 
Cycle conditions were set as an initial denaturation step for 
10 min at 95C, followed by 45 cycles of 10 sec at 95C for 
template denaturation, 10 sec at 58C for annealing phase 

and 10 sec at 72C for extension. Specificity of the PCR 
products was confirmed by melting curve analysis followed 
by verification of the amplicon length on 1.5% agarose gels 
stained with ethidium bromide. Primer pairs for Hprt, 
MHCI, MHCIIA, MHCIIX and MHCIIB were designed 
against sequences of intron-spanning exons by Primer 3 
Input software (version 0.4.0; http://frodo.wi.mit.edu/
primer3/input.htm) and tested to avoid primer dimers, non-
specific amplification and self-priming (Table 1).

2.6. Statistical Analysis

Statistical analysis was performed by unpaired t test using 
Prism software (GraphPad Software, Inc.; San Diego, CA). 
Age-dependent body and muscle weights of Cmpt mice 
(Fig. S1) were tested using a one-way ANOVA and 
Newman-Keuls multiple comparison tests. All data are 
expressed as the mean ± SEM. The level of p<0.05 was 
considered significant. The individual p-values are indi-
cated in the legends to each figure.

3. Results

3.1. Body and Muscle Weight of Cmpt Mice

We phenotypically compared 2.5-month-old myostatin 
mutant Cmpt mice (Varga et al. 1997) with wild-type 
BALB/c mouse using scores of body and muscle weight. 
Cmpt male mice were significantly larger than BALB/c 
mice in terms of body weight (Fig. 1A). Absolute weights 

Table 1. Primer sequences of different MHC isoforms and Hprt used in qRT-PCR.

Target Accession number Forward primer Reverse primer Product size (bp)

MHCIIB NM_010855.2 GTGATTTCTCCTGTCACCTCTC GGAGGACCGCAAGAACGTGCTGA 280
MHCIIX NM_030679.1 ACGGTCGAAGTTGCATCCC CAGTAGTTCCGCCTTCGGTC 272
MHCIIA NM_001039545.2 TGCACCTTCTCGTTTGCCAG GGCCATGTCCTCGATCTTGT 320
MHCI NM_003689292.1 CTACAGGCCTGGGCTTACCT TCTCCTTCTCAGACTTCCGC 126
Hprt NM_013556.2 TCAGTCAACGGGGGACATAAA GGGGCTGTACTGCTTAACCAG 142

bp: base pair; MHC: myosin heavy chain; Hprt: Hypoxanthine guanine phosphorybosyltransferase.

Figure 1. Body weight (A) and 
normalized muscle mass (B, C) of 
BALB/c and Cmpt male mice. B-C 
show normalized muscle masses of 
quadriceps (Quadr), gastrocnemius 
(Gastro), tibialis anterior (TA), 
extensor digitorum longus (EDL) and 
soleus (SOL) muscles. Bars represent 
mean ± SEM; asterisks show significant 
differences between BALB/c and Cmpt 
mice (n=5-10, *p<0.05, ***p<0.001).

http://frodo.wi.mit.edu/primer3/input.htm
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of the different hindlimb muscles, such as Quadr, Gastro, 
TA, EDL and SOL muscles, were significantly larger in 
Cmpt mice (data not shown). Similarly, muscle weights, 
normalized to body weights, were significantly larger in 
Cmpt animals, with the exception of the oxidative SOL mus-
cle. These results indicated a disproportionate increase in 
mass for most muscles of Cmpt mice (Fig. 1B-C). To assure 
that the 2.5-month-old Cmpt mice had already finished the 
intense growing phase, we compared body and muscle (TA, 
EDL and SOL) weights in mice of different ages (Fig. S1). 
Body weight was similar in young (2.5-month-old) and adult 
(4- and 7-month-old) animals, while 12–23-month-old mice 
had slightly higher weight measurements. However, no sig-
nificant difference was found in muscle weights amongst 
any of the age groups, indicating that the 2.5-month-old ani-
mals we used for the experiments have already reached mus-
cle sizes typical of adult mice.

3.2. Muscle Fiber Number and Fiber Cross-
sectional Area

To define whether the hypermuscularity of Cmpt mice is 
caused by hyperplasia or hypertrophy within the muscle, we 
analyzed muscle fibers on HE- or MHC-immunostained 
serial cross-sections of different muscle types—glycolytic 
TA and EDL muscles and oxidative SOL muscles—in both 
mutant and wild-type groups (Fig. 2). Fiber number in all 
examined muscles of the 2.5-month-old Cmpt mice was sig-
nificantly higher than that observed in wild-type mice. The 
TA muscle demonstrated the most significant hyperplasia 
as compared with the EDL and SOL muscles (Fig. 2A). 
However, fiber size did not differ in TA muscles between 
Cmpt and BALB/c mice. EDL and SOL muscles of Cmpt 
mice, on the other hand, showed evidence of hypertrophy 
(Fig. 2B). To check whether older Cmpt mice also show 
changes in fiber parameters, we analyzed TA muscles of 
7-month-old Cmpt mice and found no differences in mean 
fiber number or size compared with the 2.5-month-old 
Cmpt mice (fiber number: 5450 ± 135 vs. 5455 ± 114; fiber 

size: 2193 ± 95 vs. 2114 ± 118, respectively) (Table S1). In 
summary, based on our results, hypermuscularity of Cmpt 
mice is characterized by fiber hyperplasia in TA muscles 
and by a combination of hyperplasia and different grades of 
hypertrophy in EDL and SOL muscles.

3.3. MHC Composition and Fiber Size 
Distribution

To analyze the possible effects of the Cmpt mutation on 
MHC composition, serial cryosections of TA, EDL and 
SOL muscles were immunostained using sets of monoclo-
nal antibodies in order to differentiate type I, IIA, IIX  
and IIB fibers (Figs. 3-6). In line with the literature 
(Bloemberg et al. 2012), only MHCII isoforms were 
detected in TA and EDL muscles of both mouse lines (Figs. 
3-6). Whereas, no MHCIIB fibers were found in SOL mus-
cles. Therefore, we next analyzed the parameters of the 
slow-type I and the fast-type IIA and IIX fibers in SOL 
muscles (Figs. 3-6).

By counting different fiber types on whole cross- 
sectional images, we noted that the fast-type TA muscles of 
Cmpt mice contained significantly more glycolytic IIB 
fibers and a decreased number of IIX and IIA fibers as com-
pared with that in wild-type mice (Fig. 3, 4, 5A). Fiber com-
position has been shown to be different in superficial and 
deep portions of TA muscles in wild-type mice, with more 
glycolytic IIB fibers at the periphery (Bloemberg et al. 
2012). Therefore, we also compared the regional fiber type 
composition in both mouse lines (Fig. 4, 5B). The number 
of IIB fibers was significantly higher in both superficial and 
deep regions of Cmpt mice compared with that in wild-type 
animals (Fig. 4, 5B). Moreover, in Cmpt mice, both muscle 
regions contained a similar number of IIB fibers, whereas, 
in wild-type BALB/c mice, the IIB fibers were abundant 
only in the superficial region, as expected (Fig. 4, 5B). In 
contrast, the proportion of the glycolytic-oxidative IIX 
fibers significantly decreased in both TA regions of Cmpt 
mice, without any regional difference in fiber number 

Figure 2. Total muscle fiber number 
(A) and average fiber cross-sectional 
area (CSA) (B) of tibialis anterior (TA), 
extensor digitorum longus (EDL) and 
soleus (SOL) muscles in BALB/c and 
Cmpt male mice. Bars represent the 
mean ± SEM; asterisks show significant 
differences between BALB/c and 
Cmpt mice (n=3-5, *p<0.05, **p<0.01, 
***p<0.001).
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(Fig. 4, 5B). In wild-type mice, however, we found a sig-
nificantly higher proportion of IIX fibers in the deep region 
(Fig. 4, 5B). Finally, the number of the oxidative IIA fibers 
was very low, and these were almost exclusively confined 
to the deep region of TA muscles in both mouse strains; 
however, the number of IIA fibers was even reduced in 
Cmpt mutant mice compared with wild-type animals (Fig. 
4, 5B).

Similar to TA muscles, the number of glycolytic IIB 
fibers was higher in the fast-type EDL muscles of Cmpt 
mice, while the number of IIX and IIA fibers was signifi-
cantly lower as compared with that of wild-type mice (Fig. 
3, 5A). In contrast, the oxidative SOL muscles in Cmpt 
mice contained more slow-type I fibers and less fast-type 
IIA fibers than those in wild-type mice, while the number of 
IIX fibers was very low and not different in the two mouse 
lines (Fig. 3, 5A).

Together, our findings clearly demonstrate a substantial 
shift toward a more glycolytic phenotype in the fast-type 
TA and EDL muscles but not in the mixed-type oxidative 
SOL muscles of Cmpt mice.

In line with our results regarding average fiber size (Fig. 
2B), we could not detect any specific hypertrophy for any of 
the IIB, IIX or IIA fiber types in TA muscles (Fig. 5C). 

Indeed, the size distribution of the IIB, IIX and IIA fibers in 
TA muscles revealed only minimal changes in terms of 
peak position or shape of the histograms in Cmpt mice when 
compared with the results seen for wild-type mice (Fig. 
6A). In EDL muscles, however, fiber hypertrophy (Fig. 2B) 
was exclusively caused by the increased size of IIB fibers, 
while the sizes of IIX and IIA fibers were unchanged (Fig. 
5C). In line with these findings, IIB fiber distribution in 
EDL muscles was shifted toward larger fiber size in Cmpt 
mice, while IIX and IIA histograms were not different 
between the Cmpt and BALB/c lines (Fig. 6B). In contrast 
to fast muscles, both I and IIA fibers showed evidence of 
hypertrophy for Cmpt mice (Fig. 5C), such that both fiber 
frequencies shifted toward an increase in size in Cmpt SOL 
muscles as compared with BALB/c SOL muscles (Fig. 6C). 
Because of their low number, IIX fiber size was not ana-
lyzed in SOL muscles.

3.4. mRNA Levels of MHC Isoforms Detected by 
Quantitative RT-PCR

In order to determine the transcript levels of MHC isoforms 
(MHCI, IIA, IIB, IIX), we performed qRT-PCR analysis in 
TA muscles of both Cmpt and BALB/c male mice (Fig. 7). 

Figure 3. Representative immunohistochemical stainings of tibialis anterior (TA), extensor digitorum longus (EDL) and soleus (SOL) 
muscles of BALB/c (A) and Cmpt (B) male mice. Panel A represents whole cross-sectional areas of TA, EDL and SOL muscles stained 
either by MHCIIB antibody (in TA and EDL muscles) or by MHCI antibody (in SOL muscle) in BALB/c mice, and panel B shows the same 
tissue staining for sections from Cmpt male mice. All muscles were stained by diaminobenzidine but Cmpt TA muscle was additionally 
nickel enhanced. Scale bars represent 400 µm for TA, 200 µm for EDL and 200 µm for SOL muscles.
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Hprt was used as an internal control because Hprt levels were 
similar in Cmpt vs. wild-type TA muscles (Fig. 7A). We 
found that MHCIIB mRNA levels were significantly 
increased (Fig. 7B), while MHCIIX (Fig. 7C) and MHCIIA 
transcript levels (Fig. 7D) decreased in Cmpt mice compared 
with those values in wild-type mice. The slow MHCI isoform 
was almost undetectable (data not shown). These results are 
in line with those obtained from the immunohistochemical 
analysis, suggesting that the fiber-type shift in the TA muscle 
is regulated at the level of MHC transcription.

4. Discussion

The Cmpt mouse line takes a special place in the group of 
hypermuscular animals carrying naturally occurring myo-
statin mutations, as the propeptide region, not the biologi-
cally active domain, of myostatin is affected. Abnormal 
propeptide structure might play an important role in mis-
folding, inefficient secretion, and/or abnormal processing 
of myostatin in Cmpt mice (Szabó et al. 1998). It has also 
been shown that the Cmpt mutation of myostatin is an 

Figure 4. Immunohistochemical analysis of myosin heavy chain (MHC) isoforms in different regions of tibialis anterior (TA) muscles of 
BALB/c and Cmpt male mice. A-C represent the superficial region of BALB/c mice and D-F depict that of Cmpt mice; G-I and J-L show 
BALB/c and Cmpt deep regions, respectively. HE staining (A, D, G, J) and antibodies against MHCIIA (B, E, H, K) and MHCIIB (C, F, I, L) 
were used. Representative fibers are marked as IIA, IIB and IIX fibers. Scale bars represent 100 µm.
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indispensable yet not satisfactory requirement for the full 
expression of the hypermuscular phenotype, pinpointing 
the significance of additional modifier gene or genes (Varga 
et al. 1997, 2003, 2005).

Since the genetic background of the Cmpt mice is very 
complex and no appropriate genetic control line has been 
available so far, we decided to use BALB/c mice as a 
control for the following reasons: 1) This inbred line was 
used for mapping the myostatin mutation and the modi-
fier genes in Cmpt mice (Szabó et al. 1998); 2) These 

mice are generally used as wild-type controls and their 
muscle parameters as well as fiber composition have 
already been reported (Freitas et al. 2002; Luedecke et al. 
2004); and 3) Muscle characteristics of BALB/c mice are 
similar to those of C57BL/6, another wild-type mice 
used as a genetic background of myostatin KO mice 
(McPherron et al. 1997), suggesting that these lines are 
comparable to some extent (Luedecke et al. 2004; 
Pellegrino et al. 2005; Bloemberg et al. 2012; McKeehen 
et al. 2013).

Figure 5. Fiber type composition (A-B) and mean fiber cross-sectional area (C) in tibialis anterior (TA), extensor digitorum longus 
(EDL) and soleus (SOL) muscles of BALB/c and Cmpt male mice. Panel A represents fiber type composition of all fibers in TA, EDL 
and SOL muscles, while panel B shows regional fiber type distribution of TA muscles subdivided into superficial and deep regions. 
Panel C represents mean fiber cross sectional area (CSA) of the different (I, IIA, IIX and IIB) fibers in TA, EDL and SOL muscles. Data 
are presented as the mean ± SEM. Asterisks show significant differences between BALB/c and Cmpt mice (n=3–4, *p<0.05, **p<0.01, 
***p<0.001) while a crosshatch indicates significant changes between superficial and deep portions of the same TA muscle within a 
specific mouse line (n=3, #p<0.05).
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In the present study we show, in accordance with others 
(Bünger et al. 2004; Rehfeldt et al. 2005; Amthor et al. 
2007, 2009), that body and muscle weights of male Cmpt 
mice are higher than those of wild-type BALB/c mice. 
Body mass is even higher in Cmpt mice (47.7g) than it is 
described for male myostatin KO of the same age (38–41g) 
(McPherron et al. 1997). However, muscle weights nor-
malized to body weight are comparable in both myostatin 
mutant lines, suggesting that Cmpt and myostatin KO mice 
represent a similar grade of muscularity. One exception 

was the SOL muscle, which seemed to be different in this 
regard, as its relative muscle-to-body weight did not 
increase in Cmpt compared with the wild-type mice. 
Indeed, it has been reported earlier that the oxidative SOL 
muscle contained less myostatin transcripts than the glyco-
lytic EDL muscle (Mendler et al. 2000; Wang et al. 2012) 
and that the lack of myostatin had a stronger effect on gly-
colytic muscles than on oxidative ones (McPherron et al. 
1997; Carlson et al. 1999; Hennebry et al. 2009; Wang et al. 
2012). Therefore, we analyzed three different hindlimb 

Figure 6. Frequency distribution of fiber size in tibialis anterior (TA) (A), extensor digitorum longus (EDL) (B) and soleus (SOL) (C) 
muscles of BALB/c and Cmpt male mice specific to each myosin heavy chain (MHC) isoform: MHCIIB, MHCIIX, MHCIIA and MHCI. 
CSA, fiber cross-sectional area.
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muscles: the fast-glycolytic TA and EDL as well as the 
oxidative SOL muscles in Cmpt mice.

Based on extensive morphological analyses, measuring 
and counting all fibers on HE-stained cross sections and 
500–1000 fibers on MHCIIB-stained sections, the TA mus-
cles were exclusively characterized by muscle fiber hyper-
plasia, with an absence of hypertrophy. This observation 
may be somewhat surprising, as earlier reports described 
both hyperplasia and hypertrophy in different myostatin 
KO animals (McPherron and Lee, 1997; Amthor et al. 
2009). However, even in the original myostatin KO mouse 
report (McPherron et al. 1997), the ratio of hyperplasia to 
hypertrophy varied in the different muscles; e.g., the TA 
muscles of myostatin KO mice were dominated by hyper-
plasia, while only 14% fiber hypertrophy was documented. 
It is worth mentioning that the myostatin KO vs. myo-
statin+/+ control mice (McPherron et al. 1997) contained 

similar fiber number in TA muscles (5470 vs. 2936) as 
observed with the Cmpt vs. BALB/c mice in our study (5455 
vs. 3093), which makes the KO and Cmpt experiments 
somewhat comparable. In contrast to TA, the EDL muscles 
of Cmpt mice were characterized by a combination of hyper-
plasia (50%) and hypertrophy (20%), whereas, in the myo-
statin KO, the same type of muscles showed only a moderate 
hyperplasia and a stronger hypertrophy (Amthor et al. 2009). 
Amthor and colleagues (2009) compared EDL muscles of 
KO mice with that of the female ‘Berlin’ Cmpt mice 
(BEHc/c). In line with our findings, they also detected stron-
ger hyperplasia in female BEHc/c EDL muscles (1589) than 
in the KO (1200). Interestingly, the fiber number of both 
BEH+/+ and myostatin+/+ controls were also comparable with 
ours (1083 and 1160 vs. 1232, respectively). However, our 
results are somewhat different from those described for the 
BEHc/c females, for which fiber hypertrophy was very pro-
nounced and still dominated over hyperplasia (Amthor et al. 
2009). We found that the moderate fiber hypertrophy in 
Cmpt EDL was confined to the most glycolytic IIB fibers 
and not to the IIX or IIA fibers. This is again in accordance 
with the earlier reports that showed a stronger effect of myo-
statin on glycolytic muscles (McPherron et al. 1997; Carlson 
et al. 1999; Hennebry et al. 2009; Wang et al. 2012). We 
believe that the long separation of the ‘Berlin’ and Hungarian 
Cmpt lines, gender differences, the use of different controls 
as well as the higher number of fibers analyzed in our exper-
iments (3000/1800 fibers in Cmpt/BALB/c vs. 150/180 
fibers in BEHc/c /BEH+/+ (Amthor et al. 2009) may account 
for these differences.

In the oxidative SOL muscle of Cmpt mice, low-grade 
hyperplasia (15%) and mainly hypertrophy (27%) accounted 
for the moderately higher mass of the mice as compared 
with wild-type mice. Moreover, both the oxidative I and IIA 
fibers showed evidence of hypertrophy compared with the 
wild-type mice. The changes in SOL are quite different 
from those of fast TA and EDL muscles in the Cmpt line 
and it is also difficult to compare them to myostatin KO 
mice where either 32% hyperplasia (Girgenrath et al. 2005) 
or 20% fiber hypertrophy has previously been described 
(Gentry et al. 2011).

It is not known so far, how cellularity in different mus-
cle types is regulated upon myostatin defect. However, 
prenatal hyperplasia seems to be the major effect of devel-
opmental myostatin deficiency in most muscles of mice 
and cattle (McPherron et al. 1997; Grobet et al. 1997; Lee 
and McPherron 1997). Based on the different ratio of 
hyperplasia to hypertrophy in various myostatin-deficient 
muscles, myostatin might have a strong, but muscle type-
dependent, effect on the proliferation of muscle precursor 
cells. Consequently, postnatal fiber hypertrophy might be 
restricted to different grades. Rehfeldt and co-workers 
(2005) introgressed the myostatin mutant Cmpt allele into 
a special high-growth mouse line (DUHi) and detected, 

Figure 7. mRNA levels of myosin heavy chain (MHC) isoforms 
and Hprt in TA muscles of BALB/c and Cmpt male mice. Bars 
in B-D represent mRNA levels of MHCII isoforms normalized 
to Hprt transcripts (A). Data are expressed as the mean ± SEM. 
(n=5, *p<0.05, **p<0.01,).
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similar to our results, muscle hyperplasia in the predomi-
nantly fast rectus femoris and longissimus dorsi muscles, 
without any muscle hypertrophy. These data suggest that, 
at least in fast muscles, hyperplasia is even more pro-
nounced in Cmpt mice than in myostatin KO mice. The 
difference might reside in the allelic variation of the myo-
statin defect and/or in modifier genes influencing Cmpt 
phenotype. To show that the dominance of hyperplasia 
(over hypertrophy) found in 2.5-month-old Cmpt muscles 
is not the result of delay in postnatal fiber growth, we ana-
lyzed TA muscles of 7-month-old Cmpt male mice. We 
found a similar hyperplasia without any substantial fiber 
hypertrophy in these older animals, which refutes that the 
increase of fiber size might reach its peak later in adult-
hood in Cmpt mice.

Although TA and EDL muscles contain predominantly 
type II glycolytic fibers (Bloemberg et al. 2012), we observed 
a significant glycolytic shift within type II fibers in Cmpt 
compared with wild-type mice. This result again is consis-
tent with that of Rehfeldt et al. (2005) who found more gly-
colytic fibers in the rectus femoris muscle of the special 
Cmpt-DUHi line by NADH-tetrazolium reductase staining. 
A substantial glycolytic shift was also described in EDL 
muscles of myostatin KO mice as well as in double-muscled 
cattle using different methods (ATPase and SDH staining 
vs. immunohistochemical analysis), showing that both meta-
bolic and structural protein changes occur with a myostatin 
deficiency (Wegner et al. 2000; Girgenrath et al. 2005; 
Amthor et al. 2007). However, immunohistochemical stain-
ing of MHC isoforms used in our study is more appropriate 
to distinguish between fiber types. By this method, signifi-
cantly more IIB fibers and less IIX or IIA fibers were 
detected in TA muscles of Cmpt mice than in wild-type 
mice. Moreover, we analyzed fiber type distribution in 
superficial and deep portions of TA, as there are regional 
differences in glycolytic fibers distribution in wild-type 
mice (Bloemberg et al. 2012). Interestingly, the regional dif-
ference disappeared in Cmpt mice in contrast to wild-type, 
so that both superficial and deep regions of TA muscles 
were dominated by the glycolytic IIB fibers of a quite uni-
form fiber size. Transcript levels were in agreement with our 
immunohistochemical results: MHCIIB mRNA levels were 
significantly higher, while those of MHCIIX and IIA signifi-
cantly lower in Cmpt TA muscles compared with those 
genes in wild-type muscles. These findings suggest that the 
fiber–type shift in fast muscles detected in our study is sup-
ported at the level of both MHC transcripts and proteins.

Likewise, we measured the same ratio of IIB/IIX/IIA 
fibers in EDL muscles of Cmpt mice using immunohisto-
chemical methods, as performed by Amthor and colleagues 
(2007) for myostatin KO mice. The results shows that, in 
fast skeletal muscles, the Cmpt mutation results in similar 
glycolytic changes as the complete lack of myostatin 

protein in the KO mice. The glycolytic shift was consistent 
with the decrease in mitochondrial content, a reduced 
expression of cytochrome c oxidase, a lower citrate syn-
thase activity and a shortening of contraction as well as 
relaxation time in myostatin KO mice (Amthor et al. 2007; 
Savage and McPherron 2010). Moreover, KOs showed 
impaired tolerance to chronic repetitive contractions 
(Ploquin et al. 2012) and a decrease in specific force gen-
eration, similar to that which was measured in BEHc/c 
female EDL muscles (Amthor et al. 2007). These data sug-
gest that the function of the bigger and more glycolytic 
muscles is impaired upon myostatin defect.

However, the oxidative SOL muscles did not show any 
glycolytic shift in Cmpt mice in our experiments (53% 
slow-oxidative type I fibers, 44% fast-oxidative IIA fibers) 
as compared with that in the BALB/c line (38% type I 
fibers, 60% type IIA fibers). In contrast, these fibers had 
even slower oxidative phenotype than the control fibers. 
The fiber type composition we detected in BALB/c SOL is 
in agreement with the literature (Freitas et al. 2002; 
Luedecke et al. 2004) and represents a fiber ratio typical of 
a wild-type SOL, with less than 40% slow-type I fibers 
(Pellegrino et al. 2005; Bloemberg et al. 2012; McKeehen 
et al. 2013). Therefore, it is unlikely that the BALB/c mouse 
was not an appropriate type of control for our experiments 
in this regard. Based on the literature, the more than 50% 
slow-type I fibers in Cmpt animals is rather unusual for a 
SOL muscle in any type of mice, and is different from ear-
lier reports on myostatin KO mice (Girgenrath et al. 2005; 
Gentry et al. 2011; Wang et al. 2012). This suggests that the 
different mechanisms of myostatin deficiency—with or 
without the influence of modifier genes—may induce dif-
ferential and muscle-specific effects.

In summary, Cmpt mouse, in spite of its complex genetic 
background, shows similarities (at least in fast muscles) to 
myostatin KO mice in terms of muscle cellularity and gly-
colytic muscle phenotype, suggesting that the lack of myo-
statin is responsible for these morphological/functional 
changes. However, based on the more pronounced hyper-
plasia in Cmpt fast muscles as well as the different cellular-
ity and oxidative phenotype of Cmpt SOL, additional 
studies are needed to elucidate the molecular mechanisms 
of myostatin inactivity and the possible role of modifier 
genes in Cmpt mice.
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