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ABSTRACT
Background. Mouse strains differ in body and skeletal muscle mass. It is commonly believed that specific 

force is a constant value irrespective of muscle mass. We hypothesised that excessive muscle hypertrophy might 
compromise force output.

Methods. We studied force generating capacity and muscle mass of isolated soleus (SOL) and extensor 
digitorum longus (EDL) muscles in 14–15-week-old males of C57BL/6J, BEH+/+ and DUH mice (n = 7 per strain). 
In addition, muscles of young (4–5 weeks old, n = 7 per strain) BEH+/+ and DUH mice were also studied. Specific 
forces were calculated as isometric tetanic force divided by the estimated physiological cross-section area (PCSA) 
of the muscles. 

Results. DUH strain generated lower specific force (p < .01– .001) than both C57BL/6J and BEH+/+ strains in 
SOL (110 ± 20 vs. 146 ± 28 and 164 ± 8 mN/mm2, respectively) and  EDL muscles (74 ± 18 vs. 101 ± 19 and 95 ± 
11 mN/mm2, respectively). There were no differences between muscles of young and adult mice (p > .05). C57BL/6J 
and BEH+/+ generated similar specific force.

Conclusions. Our results show that body mass is not associated with reduction in specific force of skeletal 
muscles in mice. It seems that age did not affect specific force either. However, the heaviest DUH mice had lower 
specific force in both slow twitch SOL and fast twitch EDL compared to BEH+/+ and C57BL/6J mice. It appears that 
DUH strain could be a useful model in studying factors limiting specific force of skeletal muscle.
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INTRODUCTION

Skeletal muscle is the most abundant tissue 
constituting 40–50% of body mass in 
vertebrates. Muscle function is positively 

associated with physical fitness and plays a critical 
role in health and well-being (Cohen, Nathan, & 
Goldberg, 2015). Loss of muscle mass and function 
is observed in ageing, after musculoskeletal trauma 
as well as in various chronic diseases such as 
neuromuscular disorders, cancer, diabetes, sepsis 
and HIV (Cohen et al., 2015). 

Muscle mass is to a large extent determined 
by genetic factors (Pescatello, Devaney, Hubal, 
Thompson, & Hoffman, 2013). However, only 

few genes affecting muscle function are known. 
For instance, dysfunction of Mstn gene results in 
substantial hypertrophy of skeletal muscles in mice 
and humans (McPherron, Lawler, & Lee, 1997; 
Schuelke et al., 2004). Identification of genes and 
physiological mechanisms that mediate their effects 
on skeletal muscles might help to develop new 
therapeutic strategies against various conditions 
associated with muscle dysfunction. 

It is often assumed that muscle mass reflects 
muscle force generating capacity (Jones, Bishop, 
Woods, & Green, 2008), but neurological factors 
may interfere with force production in humans as 
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well (Degens, Erskine, & Morse, 2009). Moreover, 
specific force or muscle force per physiological 
cross sectional area (PCSA) tends to be higher 
in type 2 than type 1 muscle fibres (Bottinelli, 
Schiaffino, & Reggiani, 1991; Krivickas, Dorer, 
Ochala, & Frontera, 2011; Stienen, Kiers, 
Bottinelli, & Reggiani, 1996; Young, 1984). Little 
effort has been spent in search for other factors 
modulating specific force. Identification of inbred 
mouse strains that differ in specific force of 
isolated muscles excluding neurological influence 
could be an important initial step, which would 
facilitate search for the relevant genetic factors and 
physiological mechanisms. 

It has been established that C57BL/6J, Berlin 
high (BEH+/+) and Dummerstorf high (DUH) 
strains of mice differ significantly in body and 
muscle mass (Amthor et al., 2007; Lionikas et 
al., 2013a). It is often speculated that an increase 
in pennation angles of muscle fibres can reduce 
specific force in skeletal muscles showing excessive 
hypertrophy (Amthor et al., 2007). The main aim 
of this study was to test the hypothesis that specific 
muscle strength decreases with increase in muscle 
mass. We compared specific force in extensor 
digitorum longus (EDL) and soleus (SOL) muscles 
in C57BL/6J, BEH+/+ and DUH strains. Skeletal 
muscles undergo significant growth from young 
age to adulthood (Agbulut, Noirez, Beaumont, & 
Butler-Browne, 2003; Gokhin, Ward, Bremner, & 
Lieber, 2008). Thus we studied skeletal muscles 
of adult and young mice before they reach adult 
body and muscle size. This allowed discriminating 
between effects of mouse strain and mass size of 
specific muscle force.

METHODS

Animals. All procedures involving mice 
were approved by the Lithuanian State Food and 
Veterinary Service (No. 0223 in 2012). All mice 
were housed in standard cages under the same 
environmental conditions (12:12 h light-dark cycle 
at 21–230C) with ad libitum access to food and 
water. 14–15 week-old males of C57BL/6J, BEH+/+ 
and DUH strains were studied. In addition, muscles 
of young mice (4–5 weeks old) of both large growth 
strains (BEH+/+ and DUH) strains were also 
studied in order to examine strain effects on muscle 
force before the onset of muscle growth. BEH+/+ 
mice was generated by crossing BEH mice which 
have dysfunctional Mstn gene with the Berlin Low 

(BEL) strain and then repeatedly backcrossing the 
offspring to BEH using marker assisted selection 
for the wild type allele (+) myostatin (Amthor et al., 
2007; Lionikas et al., 2013b). Therefore, BEH+/+ 
mice have normally functioning myostatin as both 
C57BL/6J and DUH. Animal number in each group 
was the same (n = 7). 

Muscle properties. Mice were euthanized by 
cervical dislocation and SOL or EDL was excised 
with 5-0 silk suture tied securely to the proximal 
and distal tendons. The muscle was then fixed 
between two platinum plate electrodes in 100 ml 
Radnoti tissue bath filled with the Tyrode solution 
(in mM: 121 NaCl, 5 KCl, 0.5 MgCl2, 1.8 CaCl2, 0.4 
NaH2PO4, 0.1 NaEDTA, 24 NaHCO3, 5.5 glucose) 
that was bubbled with a gas mixture of 95% O2 and 
5% CO2 at pH 7.4. The bath was maintained at room 
temperature of ~22–250C during all experiments. 
The muscle was suspended vertically in the bath 
with the proximal tendon attached securely to the 
lever arm of muscle test system (1200A-LR Muscle 
Test System, Aurora Scientific Inc., Canada) and 
distal tendon to an iron hook. Muscle length was 
increased in steps every 30 s just after delivery of 
electrical pulse to evoke a twitch contraction. This 
procedure was continued until twitch force did not 
increase with the increase in muscle length. The 
muscle was then photographed with the length 
scale in the background to assess muscle length 
with a precision of 0.1 mm. The muscle was kept 
at this optimal length (L0) during the assessment 
of contractile properties. Firstly, single twitch was 
generated and peak twitch force was measured. 
Twitch contraction time was assessed as the time 
from the beginning of the contraction to the peak 
of twitch force. Twitch half relaxation time was 
measured as the time taken for force to decline 
from peak to 50% of peak value. Afterwards, the 
muscle was subjected to 300 ms (EDL) and 900 ms 
(SOL) trains of stimuli at 25, 50, 75, 100, 150 and 
200 Hz for assessment of peak tetanic force and 
force-frequency relationship. Specific tetanic force 
was calculated as peak tetanic force divided by 
muscle physiological cross-sectional area (PCSA). 
PCSA was estimated by dividing muscle wet 
weight by the product of fibre length (Lf), and the 
density of mammalian skeletal muscle (1.06 g/cm3) 
as described previously (Brooks & Faulkner, 
1988). Lf/L0 ratios of 0.45 and 0.70 were used in 
these calculations for adult mice EDL and SOL 
respectively, and Lf/L0 ratios of 0.45 and 0.71 were 
used for young mice EDL and SOL respectively 
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(Brooks & Faulkner, 1988). The muscle was freed 
from tendons, blotted and weighed (Kern, ABS 80-4, 
Germany) following all the measurements. 

Statistical analysis. All analyses were 
performed using SPSS 20.0 package for Windows. 
The Shapiro-Wilk test was used to determine 
the normality of the variables in the strains. 
Differences between strains were assessed by one-
way ANOVA test. LSD test was applied for post 
hoc comparisons. For all statistical tests, the level 
of significance was set a priori at p < .05. All data 
are presented as means ± SD.

RESULTS

Mice body and skeletal muscle morphometric 
properties are presented in Table. Adult animals 
of all three strains were significantly different in 
all these parameters (p < .05– .001). DUH strain 
was heaviest and had largest muscles compared 

to other two strains (p < .001). BEH+/+ mice 
were intermediate by these parameters between 
C57BL/6J and DUH. Muscle contribution to 
the overall body mass differed between these 
strains. C57BL/6J mice had larger (p < .05–.001) 
ratios of muscle to body weight than BEH+/+ 
and DUH, especially for SOL. According to this 
parameter, muscle contribution to body weight 
was smallest in BEH+/+ mice while DUH strain 
showed intermediate values between BEH+/+ and 
C57BL/6J strains. Other morphometric parameters 
such as muscle and fibre length as well as PCSA 
were associated with the body size as mice differed 
significantly in body mass. Young mice of both 
larger strains (BEH+/+ and DUH) were selected 
by body weight to match the C57BL/6J strain. 
They did not differ in this parameter, but the rest 
morphometric parameters like weight and PCSA 
of muscles were lower (p < .05–.001) compared to 
C57BL/6J strain. 

Table. Morphometric properties of soleus (SOL) and extensor digitorum longus (EDL) muscle in C57BL/6J, BEH+/+ and DUH strains 
of mice

Young Adult 

BEH+/+ DUH C57BL/6J BEH+/+ DUH 

SOL properties

BW (g) 25.0 ± 1.9*** 27.1 ± 2.3*** 26.4 ± 0.7 51.8 ± 4.0††† 77.6 ± 9.2†††‡‡‡

MW (mg) 6.1 ± 0.6***††† 7.5 ± 0.9***†† 10.5 ± 0.9 13.5 ± 1.1†† 25.0 ± 3.6†††‡‡‡

MW/BW (%) 0.024 ± 0.002††† 0.027 ± 0.003**††† 0.040 ± 0.004 0.026 ± 0.003††† 0.032 ± 0.003†††‡‡‡

L0 (mm) 11.3 ± 0.7***††† 10.9± 0.6***††† 13.0 ± 0.7 14.3 ± 0.4††† 15.1 ± 0.4†††‡

Lf  (mm) 8.0 ± 0.5***††† 7.8 ± 0.5***††† 9.1 ± 0.5 10.0 ± 0.3††† 10.6 ± 0.3†††‡

PCSA (mm2) 0.71 ± 0.06***††† 0.90 ± 0.08***†# 1.10 ± 0.11 1.31 ± 0.12† 2.23 ± 0.29†††‡‡‡

EDL properties

BW (g) 25.2 ± 1.8*** 25.7 ± 0.9*** 25.8 ± 1.5 49.1 ± 3.7††† 80.5 ± 6.2†††‡‡‡

MW (mg) 9.0 ± 0.4***† 9.4 ± 0.6***† 10.7 ± 0.5 14.7 ± 1.0††† 30.7 ± 2.4†††‡‡‡

MW/BW (%) 0.037 ± 0.00***††† 0.036 ± 0.003†† 0.042 ± 0.003 0.030 ± 0.002††† 0.038 ± 0.003 †‡‡‡

L0 (mm) 13.6 ± 0.8 13.4 ± 0.7*** 13.3 ± 0.5 14.2 ± 0.8† 16.9 ± 0.7†††‡‡‡

Lf  (mm) 6.1 ± 0.4 6.0 ± 0.3*** 6.0 ± 0.2 6.4 ± 0.3† 7.6 ± 0.3†††‡‡‡

PCSA (mm2) 1.39 ± 0.12***† 1.48 ± 0.13***† 1.69 ± 0.13 2.17 ± 0.17††† 3.81 ± 0.38†††‡‡‡

Note. Values are means ± SD; BW, body weight; MW, muscle weight; MW/BW, muscle weight to body weight ratio; L0, optimal muscle length; 
Lf, optimal fibre length; PCSA, physiological muscle cross-sectional area. **p < .01, ***p < .001 vs. adult mice of the same strain; †p < .05, ††p < 
.01, †††p < .001 vs. C57BL/6J, ‡p < .05, ‡‡‡p < .001 vs. BEH+/+; #p < .05 vs. young BEH+/+.
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Data on contractile properties of the skeletal 
muscle are presented in Figure 1. The positive 
relationship between skeletal muscle size and their 
peak tetanic force was observed so that muscles of 
larger strains were stronger. Thus, SOL and EDL 
muscles of DUH mice were strongest (p < .01– .001) 
than muscles of both BEH+/+ and C57BL/6J mice, 
and SOL and EDL muscles of BEH+/+ mice were 
stronger (p < .01– .001) than muscles of C57BL/6J 
mice. However, there were differences between the 
strains when peak tetanic force was normalized to 
PCSA in order to calculate specific tetanic force. 
DUH strain had lowest (p < .01– .001) specific 
tetanic force for both SOL and EDL compared to 
other two strains. Young DUH mice also showed 
lower specific force (p < .05– .01) than the other 

strains for the both muscles. There were differences 
neither between C57BL/6J and BEH+/+ strains nor 
between young and adult mice of the same strain. 
The tendency toward increments of this parameter 
in young vs. adult mice was observed. 

We have also assessed twitch speed as 
twitch contraction time and half relaxation time 
(Figure 2). Contraction time and half relaxation 
time of SOL and EDL muscles did not differ 
significantly between adult strains. Twitch speed, 
especially when assessed by half relaxation time, 
tended to be increased in young mice compared to 
adult mice. This was the most apparent on in young 
DUH mice which differed (p < .05– .001) from the 
other strains in these properties.

Figure 1. Tetanic force generation capacity of soleus (SOL) and extensor digitorum longus (EDL) muscles for C57BL/6J, BEH+/+ and 
DUH strains

Note. Values are means ± SD. *p < .05, **p < .01, ***p < .001, respectively.
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DISCUSSION

The main aim of the study was to test the 
hypothesis that increase in body and muscle mass 
is associated with reduction in specific force of 
skeletal muscles in mice. The results of the study 
do not agree with this hypothesis. C57BL/6J and 
BEH+/+ mice did not differ in specific force of SOL 
or EDL despite two-fold differences in body mass. 
Specific muscle force was also similar in young and 
adult mice which differed several fold in body mass. 
Interestingly, however, the heaviest DUH mice had 
reduced specific force in both SOL an EDL. 

We studied C57BL/6J mice which had similar 
body mass as many other inbred strains (Reed, 
Bachmanov, & Tordoff, 2007) and compared this 
strain with two high growth strains, i.e. BEH+/+ 
and DUH strains. The BEH+/+ and DUH strains 
were generated by selection for muscularity and/or 
body weight score over more than 30 generations 
(Bünger et al., 2004). These strains were referred 

to as strains with large protein accretion and thus 
with large muscle mass (Varga et al., 1997; Bünger 
et al., 2004). Muscle of BEH strain is associated 
with the Compact mutation in the Mstn gene which 
contributes to doubling mass of most muscles 
(Varga et al., 1997; Amthor et al., 2007; Minderis 
et al., 2015). Myostatin factor was eliminated in 
this study as BEH+/+ mice with the wild type 
allele were examined. This was done to eliminate 
specific effects of myostatin gene which has been 
associated with low specific force in mice (Minderis 
et al., 2015).  Interestingly, however, muscle mass 
to body mass ratio of both BEH+/+ and DUH was 
lower than in C57BL/6J mice. Thus, enlargement 
of tissues other than skeletal muscles is probably 
of major importance in determining body mass of 
BEH+/+ and DUH mice. 

We did not find any differences in specific force 
between young and adult mice. Our hypothesis 

Figure 2. Twitch velocities of soleus (SOL) and extensor digitorum longus (EDL) muscles for C57BL/6J, BEH+/+ and DUH strains

Note. Values are means ± SD. *p < .05, **p < .01, ***p < .001, respectively.
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was that adult mice would show lower specific 
force than young mice. Muscle hypertrophy leads 
to a decrease in specific force if it associated 
with dramatic increase in muscle fibres diameter 
without increase in attachment area for muscle 
fibres at the myotendinous junction (Degens, 2012). 
Mice undergo significant increase in muscle mass 
in the process of maturation. It could be that this 
is matched by an increase in attachment area for 
muscle fibres so that pennation angles of muscle 
fibres do not change significantly in spite of dramatic 
changes in muscle mass. These assumptions are 
supported by in vivo human studies which show 
that maturation has no effect on architecture 
of muscle fibres (Morse et al., 2008; O’Brien, 
Reeves, Baltzopoulos, Jones, & Maganaris, 2010). 
In addition, prepubertal children and adults have 
the same specific force of quadriceps (O’Brien et 
al., 2010). Interestingly, however, specific force of 
gastrocnemius was higher by 21% in pubescent 
boys compared to adult men (Morse et al., 2008). 
This was not due to changes in moment arm length, 
muscle architecture or antagonist coactivation and 
the authors attributed these findings to possible 
discrepancies in measuring PCSA between boys 
and men. In our case, however, there might be 
genetic differences in muscle architecture between 
the mouse stains. These genetic effects could 
explain low specific force in DUH mice as muscle 
fibre pennation angle is an important determinant 
of muscle force output (Ikegawa et al., 2008; 
Kawakami, Abe, Kuno, & Fukunaga, 1995). 

In addition to body and skeletal muscle mass, 
muscle fibre-type composition is also determined 
by genetic factors. Lionikas et al. (2013 a) showed 
that distinct strains differing in muscle mass also 
differ in muscle fibre-type composition. DUH mice 
have twice as many type 1 fibres than C57BL/6J 
(64 ± 11 vs. 31 ± 2%) in SOL while BEH mice 
with the homozygous Compact allele in Mstn gene 
had 35 ± 2% type 1 fibres (Lionikas et al., 2013a). 
A constitutive myostatin knock out results in an 
approximately 20% increase in the relative content 
of type 2 fibres at the expense of type 1 fibres in SOL 
(Girgenrath, Song, & Whittemore, 2005). Thus it is 
likely that BEH+/+ mice with wild type myostatin 
might be intermediate by proportion of type 1 
fibres between C57BL/6J and DUH mice. Twitch 
speed measurements, especially half relaxation 
time, suggest that SOL of C57BL/6J is faster than 
in the other two strains. This might suggest that 
lower specific force in DUH is somehow associated 

with greater amount of slow type 1 fibres (Bottinelli 
et al., 1991; Krivickas et al., 2011; Stienen et al., 
1996; Young, 1984). However, this explanation 
can hardly be valid for EDL which contains only 
negligible quantities of type 1 fibres. 

It is also possible that contractile protein levels 
are lower in DUH mice compared to BEH+/+ and 
C57BL/6J mice. The average myonuclear domain 
(MND) is larger in myostatin-deficient mice which 
show excessive muscle hypertrophy compared to 
wild type mice (Qaisar et al., 2012). Muscle fibres 
with large MNDs show lower levels of contractile 
proteins (Qaisar et al., 2012).  MND is not fixed and 
can increase in response to growth stimulus (Van 
der Meer, Jaspers, & Degens, 2011). Qaisar et al. 
(2012) have also proposed a hypothesis about a size 
threshold for MND beyond which muscle fibres are 
not able to maintain adequate myofibrillar protein 
levels and number of functioning cross-bridges. 
According to Lionikas et al. (2013a) DUH mice 
has a larger CSA of both type 1 and 2A fibres than 
C57BL/6J strain in SOL and larger CSA of type 
2A but not type 1 fibres in SOL than myostatin-
deficient BEH which demonstrates lower specific 
force. As isoforms of type 2 fibres are in both SOL 
(2A) and EDL (2B, 2X and very few 2A) muscles in 
considerable amounts they could be as a potential 
candidate for lower specific force due to enlarged 
MNDs in type 2 fibres. The drawback of this theory 
is that it cannot explain why young DUH mice 
with 3-fold smaller muscle mass (i.e. significantly 
smaller muscle fibres) and therefore supposedly 
smaller MNDs compared to adult counterparts 
have lower specific force as well.

One might argue that it is not reliable to 
compare skeletal muscle function between muscles 
of young mice with ongoing developmental 
hypertrophy and mature muscles of adult mice. 
We did not find any studies where force generation 
capacity was compared between young and adult 
mice of DUH and BEH+/+ strains. However, 2–3 
month old C57BL/6J mice did not differ from 
9–10 month mice in specific force of SOL and 
EDL (Brooks & Faulkner, 1988). Approximately 
2-fold and 3-fold increase in skeletal muscle mass 
was observed in the BEH+/+ and DUH strains 
from the age of 4–5 weeks to 14–15 weeks in our 
study. Several studies show that skeletal muscles 
of ~1 month old mice are already displaying all 
characteristics typical for mature muscle (Agbulut 
et al., 2003, Gokhin et al., 2008). During the first 
days after birth skeletal muscles of mice have lower 
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density of contractile material and show different 
fibre type composition, but then catch up with 
adult muscle within several weeks. Following a 
period of 21 days after birth SOL and EDL muscles 
display a sequential transition from embryonic to 
neonatal and eventually to adult myosin heavy 
chain (MyHC) isoforms though few differences in 
a proportion of adult MyHC isoforms in muscles 
was still remaining after 21 days (Agbulut et al., 
2003). Gokhin et al. (2008) demonstrated a robust 
increase in a myofibrillar packing from 48 to 93% 
in mice tibialis anterior muscle fibres with an 
accompanying increase in maximum isometric 
tension to a 6-fold following a period of 28 days 
postnatal. Collectively, this evidence suggests that 
young mice of 28–35 days as in our study should 
demonstrate a force generation capacity comparable 
to adult mice. Small differences in contraction 
time and half relaxation time between young and 
adult mice herein might be associated with still 
unfinished transition processes in composition of 
MyHC isoforms.

There are also methodological issues to consider 
when assessing specific force. Some investigators 
calculate muscle force relative to a muscle mass 
while others normalize force to muscle CSA. 
The calculations of specific force by dividing the 
absolute force with muscle mass are common in 
studies where muscle lengths are similar between 
the animal groups. In our case, however, there were 
significant differences in muscle length between 
strains and age groups. It appears that differences 
in muscle length have to be accounted when 
comparing muscles mass of mice in our study. This 
involved calculation of muscle CSA. There are two 
different methods for assessment of muscle CSA. 
Some investigators calculate an anatomical CSA 
(ACSA) while others estimate the physiological 
CSA (PCSA). It appears that PCSA provides a 
better reflection of muscle force generating capacity 
since skeletal muscles differ in the length of muscle 
fibres as the ratio of fibre to muscle length (Lf/L0) is 
0.70 and 0.45 for SOL and EDL of C57BL/6J mice, 
respectively (Brooks & Faulkner, 1988). We used 

these ratios to evaluate a fibre length indirectly 
for a PCSA calculation in all three strains as we 
were not able to find any information about fibre to 
muscle length ratios for BEH+/+ and DUH mice. 
Thus, an applied ratio if it is inaccurate might 
result in an underestimation or overestimation of 
a real PCSA of these strains. However, we suppose 
that if there are any differences in a fibre to muscle 
ratio between C57BL/6J and larger strains it should 
not be dramatic. Indeed, in SOL muscle of the 
ICR mice strain weighing 40–50 g (very similar 
to the BEH+/+ mice) showed Lf/L0 ratio of 0.71 
(Choi & Widrick, 2009; Widrick & Barker, 2006). 
EDL muscles of WI/HicksCar rats, which are 
significantly larger animals than mice, showed Lf/
L0 ratio of 0.4 which is also similar to C57BL/6J 
mice (Carlson & Faulkner, 1998). 

Another methodological issue may concern 
viability of muscles differing in size during an ex 
vivo procedure. As muscles of the DUH strain are 
much thicker it might be argued that deeper fibres 
of these muscles are affected by hypoxia. Segal 
and Faulkner (1985) demonstrated that ex vivo 
SOL and EDL (~70–90 mg) of rats show good 
contractile performance over significant periods of 
time when incubated as in our experiment using 
temperatures not exceeding 25 0C. Moreover, such 
temperature ensures an adequate O2 diffusion and 
similar to fresh muscles glycogen content.

CONCLUSIONS

Results of the study do not agree with the 
hypothesis that increase in body mass is associated 
with reduction in specific force of skeletal muscles 
in mice. Interestingly, however, the heaviest DUH 
mice had reduced specific force in both SOL an 
EDL. It appears that this mouse strain could be 
an interesting model in studying factors limiting 
specific muscle force.
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