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Abstract
Myofibrillar protein turnover is a key component of muscle growth and degeneration, requiring
proteolytic enzymes to degrade the skeletal muscle proteins. The objective of this study was to
investigate the role of the calpain proteolytic system in muscle growth development using μ-
calpain knockout (KO) mice in comparison with control wild-type (WT) mice, and evaluate the
subsequent effects of silencing this gene on other proteolytic systems. No differences in muscle
development between genotypes were observed during the early stages of growth due to the up
regulation of other proteolytic systems. The KO mice showed significantly greater m-calpain
protein abundance (P < 0.01) and activity (P < 0.001), and greater caspase 3/7 activity (P < 0.05).
At 30 wk of age, KO mice showed increased protein:DNA (P < 0.05) and RNA:DNA ratios (P <
0.01), greater protein content (P < 0.01) at the expense of lipid deposition (P < 0.05), and an
increase in size and number of fast-twitch glycolytic muscle fibers (P < 0.05), suggesting that KO
mice exhibit an increased capacity to accumulate and maintain protein in their skeletal muscle.
Also, expression of proteins associated with muscle regeneration (neural cell adhesion molecule
and myoD) were both reduced in the mature KO mice (P < 0.05 and P < 0.01, respectively),
indicating less muscle regeneration and, therefore, less muscle damage. These findings indicate
the concerted action of proteolytic systems to ensure muscle protein homeostasis in vivo.
Furthermore, these data contribute to the existing evidence of the importance of the calpain
system’s involvement in muscle growth, development, and atrophy. Collectively, these data
suggest that there are opportunities to target the calpain system to promote the growth and/or
restoration of skeletal muscle mass.
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INTRODUCTION
Protein turnover in skeletal muscle is unique due to the continuous structure of the
myofibrils within the muscle cell, and, therefore, turnover must be accomplished without
disrupting this structure (Goll et al., 2008). Dayton et al. (1976) proposed that myofibrillar
proteins are turned over by releasing filaments from the surface of the fibril and must be
targeted and degraded by a protease system. The μ- and m-calpains are comprised of a large
80 kDa subunit, unique to each, and a smaller 28 kDa subunit, which is common to both and
encoded by the Capn4 gene (Sorimachi et al., 1989). Silencing the Capn4 gene is
embryonically lethal, as is silencing the large subunit of m-calpain, but knocking out the
large subunit of μ-calpain is not. These animals are both viable and fertile (Azam et al.,
2001). Calpains have been identified to be involved in muscular dystrophies (Badalamente
and Stracher, 2000; Briguet et al., 2008) and wasting conditions associated with muscle
disuse (Dargelos et al., 2008; Brule et al., 2010). The μ-calpain knockout (KO) studies have
shown severe attenuation of proteolysis of skeletal muscle proteins (Geesink et al., 2006).
Furthermore, calpain activity is essential for myoblast fusion and proliferation, and cell
growth (Dedieu et al., 2004; Moyen et al., 2004).

It is evident that μ-calpain has important roles, both in normal postnatal muscle growth and
in muscle wasting. Consequently, understanding how muscle proteins are turned over
metabolically and how this turnover is regulated has important implications in muscle
growth and loss. However, the effect of silencing the large subunit of μ-calpain mice during
the entirety of development has not been studied. Thus, the objective of this study was to
investigate the role of the calpain proteolytic system in muscle growth development, using
μ-calpain KO mice in comparison with control wild-type mice, and evaluate the subsequent
effects of silencing this gene on other proteolytic systems.

MATERIAL AND METHODS
The United States Meat Animal Research Center Animal Care and Use Committee approved
the use of animals in this study.

Generation of μ-calpain Knockout Mice and Sample Collection
The μ-calpain KO (Capn1 inactivation) mice were generated in the laboratory of A. H.
Chishti, as described by Azam et al. (2001). Heterozygous μ-calpain± C57BL/6J mice were
used to generate male and female KO and wild-type (WT) mice for this study. At 3, 5, 10,
20, and 30 wk of age (n = 6 per genotype per sex) mice were sacrificed by cervical
dislocation. The gastrocnemius, quadriceps, and extensor digitorum longus (EDL) muscles
from both hind limbs, and the tibialis anterior (TA) and soleus from the left hind limb were
dissected, snap frozen in liquid nitrogen, weighed, pooled together, and stored at −80°C for
subsequent analysis. The TA and soleus muscles from the right hind limb were
quantitatively dissected and frozen in ice-cold isopentane for histology analysis. The heart,
liver, and spleen were removed and weighed.

Total protein, water, fat, and ash body composition were evaluated (n = 6 per genotype per
gender per age), and accretion rates calculated (proximate analysis; AOAC, 1997). Six
groups of newborn mice per genotype (n = 35 to 39 per group) were sacrificed for initial
body composition analysis.

Quantification of DNA, RNA, and Protein
Quantitative determination of total DNA from 30 mg of pooled crushed muscle samples was
performed using a standard salt extraction procedure. Total RNA was extracted from 10 mg
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of muscle samples using TRIzol reagent (Invitrogen, Carlsbad, CA). Total RNA and DNA
concentrations were quantified using a ND-1000 spectrophotometer (Nano-Drop
Technologies, Wilmington, DE). Protein concentrations were determined using the micro-
BCA assay (Pierce, Rockford, IL).

Sample Preparation
Fifty milligrams of pooled crushed muscle samples were homogenized in 10 vol of
extraction buffer (100 mM Tris, 5 mM EDTA, pH 8.3). One-fourth of the total homogenate
was removed and prepared for SDS-PAGE by the addition of 2X protein denaturing buffer
(PDB; 125 mM Tris, 4% SDS, 20% glycerol, 10% β-mercaptoethanol, and 0.01%
bromophenol blue, pH 6.8). The remaining three-fourths was prepared for either analysis of
proteins in the soluble fraction (Wheeler and Koohmaraie, 1999), casein zymography
(Veiseth et al., 2001), or calpastatin activity (Shackelford et al., 1994).

SDS-PAGE and Immunoblotting
For electrophoresis, 30 μg of protein was loaded onto SDS-PAGE gels. Twelve percent
resolving gels were used for calpastatin, myogenin, and myoD, 10% for PTP1B and neural
cell adhesion molecule (NCAM), and 7.5% for m-calpain and calpain 3, with 4% stacking
gels. Gels were run at a constant of 200 V for 45 min. The separated proteins were
transferred onto Hybond-P polyvinylidene difluoride (PVDF) membrane (GE Healthcare,
Piscataway, NJ) by Western blotting, at a constant current of 200 mA for 1 h at 4°C.
Western blots were immunoprobed overnight at 4°C with either anti-m-calpain antibody
diluted 1:2,500 (Ab39165); anti-calpastatin, 1:5,000 (Ab28252); anti-myogenin, 1:600
(Ab82843); anti-myoD, 1:1,000 (Ab64159); anti-PTP1B, 1:7,500 (Ab52650; Abcam,
Cambridge, MA); anti-calpain 3, 1:50 (CALP-12A2; Novacastra, Bannockburn, IL); or anti-
NCAM, 1:50 (MAB310; Millipore, Billerica, MA); and detected with SuperSignal
Chemiluminescence substrate (Pierce). Protein band intensities were quantified using
ChemiImager 5500 digital imaging analysis system (Alpha Innotech, San Leandro, CA).

Zymography and Nondenaturing PAGE
Casein zymography was performed according to the procedure of Veiseth et al. (2001).
Polyacrylamide gels (12.5%) were loaded with 100 μg of protein and electrophoresed at 125
V for 6 h at 4°C before incubation and staining. Protein band intensities were quantified
using ChemiImager 5500 digital imaging analysis system (Alpha Innotech).

Calpastatin, Caspase 3/7, and Proteasome Activity
Calpastatin activity was determined using the BODIPY-labeled casein assay based on the
method of Thompson et al. (2000), with some modifications. In brief, 25 μL of sample was
combined with 750 ng of semi-purified ovine m-calpain and brought to a final volume of
100 μL with dilution buffer (20 mM Tris, 1 mM EDTA, 100 mM KCl, 0.1% β-
mercaptoethanol, pH 7.5). The reaction was initiated with 100 μL of BODIPY-casein (5 μg
BODIPY-labeled casein/mL) in dilution buffer containing 6 mM CaCl2, incubated at 37°C
for 30 min and end-point fluorescence measured.

Caspase 3/7 activity was measured in muscle samples using Apo-One Homogenous
Caspase-3/7 Assay (Promega, Madison, WI), adapted for tissue samples (Wagner et al.,
2003). The assay was incubated at room temperature for 3 h and end-point fluorescence
measured.

Proteasome activity was measured in muscle samples using Proteasome-Glo Assay
(Promega), adapted for tissue samples (Strucksberg et al., 2010). The assay detects the 3
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proteolytic activities of the proteasome: chymotrypsin-like, trypsin-like, and caspase-like
activity, using the luciferin-labeled substrates Suc-LLVY, Z-LRR, and Z-nLPnLD,
respectively. The assay was incubated at room temperature for 20 min and end-point
luminescence measured.

Optimal incubation times for the protease activity assays were determined empirically and
all samples were assayed in duplicate. Luminescence and fluorescence were measured on a
Wallac 1420 Victor2 multilabel counter (EG&G Wallac, Turku, Finland). Fluorescence was
measured at an excitation wavelength of 485 ± 20 nm and an emission wavelength of 530 ±
25 nm. The amount of luminescence or fluorescence generated is directly proportional to the
amount of activity present in the sample. Protein concentrations of sample supernatants used
in the activity assays were determined using micro-BCA assay (Pierce).

Fiber Typing
Soleus and TA muscles were transverse sectioned 10-μm thick with a cryostat. Sections
were stained for NADH and myofibrillar ATPase activities, a simultaneous combination
staining procedure, with an acid preincubation solution (pH 4.52 for TA and pH 4.20 for
soleus), as described by Solomon and Dunn (1988). A minimum of 200 fibers per animal
were classified as slow-twitch red oxidative Type I fibers (dark purple), fast-twitch
intermediate oxidative Type IIA fibers (purple), or fast-twitch white glycolytic Type IIB
fibers (light purple), according to the classification of Ashmore and Doerr (1971).

Statistical Analysis
Data were analyzed using the PROC MIXED procedure with an autoregressive covariance
structure (SAS Inst. Inc., Cary, NC). The model tested fixed effects of genotype, age, and
gender, and all interactions. When no gender differences were observed, gender data were
combined. Least squares means were generated for all interactions and main effects. Least
squares means for significant interactions and main effects not involved in higher order
interactions were separated, using the Diff option (pairwise t tests). A predetermined
significance level of 0.05 was used for all determinations of statistical significance. P < 0.10
was considered a trend towards significance.

RESULTS
Growth

Body, organ, and muscle weights increased with age (P < 0.001), and were heavier in males
than females (P < 0.001), with the exception of the spleen (P = 0.51; Table 1). At 30 wk,
WT mice were significantly heavier than KO mice (genotype × age, P = 0.046; Table 1).
Liver weights were affected by genotype, with WT mice having significantly larger livers (P
= 0.04) than KO mice. Genotype did not affect heart or spleen weights (P = 0.16, P = 0.43,
respectively). Muscle weights of the soleus, TA, gastrocnemius, quadriceps, and EDL were
also unaffected by genotype (P = 0.12, P = 0.22, P = 0.68, P = 0.91, P = 0.42,
correspondingly). Other than BW at 30 wk, no other phenotypical differences were observed
between genotypes.

Total DNA, RNA, and protein content, and their concentrations were unaffected (P > 0.71)
by genotype (Fig. 1). Protein content (P < 0.001) and concentration (P = 0.03) increased
with age, indicating protein accumulation. DNA content and concentration decreased with
age (P < 0.001). Although total RNA fluctuated among age groups (P = 0.38), RNA
concentration decreased with age (P < 0.05). As expected, males had greater total DNA,
RNA, and protein content than females (P < 0.05), reflecting increased muscle mass.
Concentrations of RNA, DNA, and protein were unaffected (P > 0.86) by gender.
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Protein:DNA increased with age (Fig. 1; P < 0.001), whereas RNA:protein decreased (P <
0.001). Ratios were unaffected (P > 0.56) by gender. The RNA:DNA ratio did not differ (P
> 0.68) among age groups in WT mice, whereas in KO mice there was a significant increase
at 30 wk (P < 0.01) and a genotype × age interaction observed (P < 0.01). At 30 wk, the
protein:DNA ratio was significantly greater in the KO mice (P = 0.02). Genotype did not
affect (P > 0.78) RNA:protein ratio.

Body Composition
Overall, KO mice showed greater protein percentage than WT animals (Table 2; P = 0.04).
Protein content increased up to 10 wk in WT mice, whereas in KO mice protein continued to
accumulate until 20 wk, before decreasing. The KO mice showed significantly greater
protein percentages than WT at 20 and 30 wk (genotype × age interaction; P = 0.02 and P =
0.01, respectively), at the expense of lipid deposition at 30 wk (P = 0.03). Genotype
differences were independent of sex (P > 0.44). Water and ash percentages decreased and
increased with age, respectively (P < 0.001), autonomous of sex and genotype.

Protein and water accretion rates were unaffected (P > 0.10) by the main effects of genotype
and gender (Table 3). During the 3- to 5-wk growth period, KO mice had significantly
greater lipid accretion (genotype × age; P = 0.01) than WT mice. However, this observation
was reversed during the 5- to 10-wk period, with WT mice having increased lipid accretion
(genotype × age; P = 0.05) and a tendency for increased ash accretion (P = 0.08).

Protease Systems Activity and Protein Expression
Casein zymography confirmed no μ-calpain activity in the KO mice. In WT mice, μ-calpain
activity was affected by age (P < 0.001), with activity peaking at 10 wk (Table 4). The m-
calpain activity and protein expression was assessed using casein zymography and Western
blotting, respectively. The m-calpain was detected in both KO and WT mice, and was
significantly affected by age (P < 0.0001; Table 4). The m-calpain activity was greater in
KO mice (P < 0.0001), with significant genotype effects at 3, 5, and 10 wk (genotype × age;
P = 0.01, P = 0.0001, P = 0.001, respectively; Table 4). However, as mice reached maturity,
this up regulation of m-calpain became less apparent with no genotype effect detected (P >
0.14) at 20 or 30 wk. Protein abundance of m-calpain followed a similar pattern as activity
(Table 4), with greater m-calpain expression in KO mice than WT (P < 0.01) and a
significant genotype × age interaction at 5 wk (P < 0.001). In agreement with activity,
genotype differences in m-calpain protein abundance were less evident as the animals aged.
Age, therefore, was a significant source of variation (P < 0.001). Although age had a
significant effect on calpain 3 protein abundance (P < 0.001), with expression at 5 wk
greater than all other age groups, silencing the μ-calpain gene had no effect (P > 0.22) on
calpain 3 expression (Table 4).

Protein abundance of full-length calpastatin increased in both genotypes up until 10 wk,
before significantly decreasing at 20 and 30 wk (Table 4; P < 0.001). This decrease
corresponded with the appearance of an isoform at ~27 kDa. Although this pattern of
expression was observed in both genotypes, it was greater in the KO mice (P = 0.004),
resulting in significant genotype × age effect at 5 wk (P = 0.04) and a trend at 10 wk (P =
0.09).

Calpastatin activity did not exhibit the same pattern as protein expression (Table 4). In
general, calpastatin activity decreased with age (P < 0.001), with activity at 3 and 5 wk
greater than all other age groups. In the KO mice, there was a tendency for decreased
calpastatin activity (P = 0.06) compared with WT mice, with KO mice at 3 wk having
significantly less activity (genotype × age; P = 0.02).

Kemp et al. Page 5

J Anim Sci. Author manuscript; available in PMC 2014 March 23.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Caspase 3/7 activity decreased with age (P < 0.001) in both genotypes, with activity at 3 wk
significantly greater than all other age groups. A significant increase in caspase 3/7 activity
was detected in KO mice in comparison with WT mice (P < 0.01; Table 4), and a genotype
× age interaction observed at 5 wk (P = 0.05). The differences in caspase 3/7 activity
between genotypes diminished with age.

The proteasome assay used in this study measured the 3 proteolytic activities associated with
the proteasome separately. Each component of the proteasome followed the same pattern
and therefore activity was combined and total proteasome activity is reported. In contrast to
the other proteolytic systems analyzed, there was a trend for less proteasome activity in KO
mice (P = 0.079; Table 4). At 5 wk, proteasome activity was significantly decreased in KO
(genotype × age interaction; P = 0.013), corresponding with genotype differences in m-
calpain and caspase 3/7.

Muscle Histology
Silencing the Capn1 gene significantly affected the histology profile in both the slow-twitch
red oxidative soleus and fast-twitch white glycolytic TA (Fig. 2, Table 5; P < 0.05). In TA,
there was a trend for KO mice to have more Type IIA and less Type I fibers than WT mice
at 5 wk (P = 0.06; data not shown). Additionally, the KO mice had more Type IIB fibers (P
= 0.05; Table 5), with a genotype × age interaction observed at 30 wk (P = 0.03; data not
shown), which appeared to be at the expense of Type IIA fibers (P = 0.02; Fig. 2A).
Furthermore, at 30 wk, the Type IIB fibers in KO mice were significantly larger than those
in the WT animals (genotype × age × fiber type interaction, P = 0.03).

In the soleus, KO mice had smaller Type I fibers in both area (P = 0.02) and diameter (P =
0.018), but were more abundant in numbers (P < 0.05; Table 5). A shift in fiber type
distribution was observed in the soleus muscle, with an increase in Type IIB fibers as the
animals aged at the expense of both types of oxidative fibers (P < 0.001; Fig. 2C). Although
sex influenced muscle fiber size (P < 0.001), with males having larger fibers than females
(Table 5), the effects of genotype and age were independent of gender (P > 0.09). Age had
the largest effect on muscles, with both fiber area and diameter increasing with age (P <
0.001).

Indicators of Muscle Development and Atrophy
Myogenin protein abundance (Fig. 3A) increased until 10 wk before, decreasing as the
animals aged, in both genders and genotypes (P < 0.001), which was consistent with the
fastest growth rates. Overall, myogenin protein abundance tended to be greater in KO mice
(P = 0.078) and a significant age × genotype interaction was detected at 5 wk (P = 0.035).

MyoD protein expression was significantly affected by age (P < 0.001), with abundance at 3
and 5 wk greater than at 10 and 20 wk (Fig. 3B). Between 20 and 30 wk, there was a
significant increase in myoD abundance in WT mice (P < 0.001), whereas in KO mice,
abundance was not significantly altered. Subsequently, at 30 wk, myoD abundance in KO
was lower than WT (genotype × age; P = 0.003).

Protein tyrosine phosphatase 1B (PTP1B) was greater in the KO mice in comparison with
WT (P = 0.06), with a genotype × age interaction observed at 3 wk (P = 0.029; Fig. 3C).
The expression of PTP1B decreased as animals aged (P < 0.001); however, protein
abundance significantly increased between the 20- and 30-wk ages (P < 0.02), irrespective
of genotype.
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Protein abundance of NCAM was unaffected by the main effects of sex, age, and genotype
(Fig. 3D). However, at 30 wk, KO mice showed significantly less NCAM in comparison
with WT animals (genotype × age; P = 0.0231).

DISCUSSION
This study investigated the role of the calpain proteolytic system in muscle growth,
development, and atrophy, using μ-calpain null mice, and evaluated the subsequent effects
of silencing this gene on other proteolytic systems. Knocking out the μ-calpain catalytic
subunit had no effect on muscle mass of the heart, nor any of the skeletal muscles
quantitatively dissected in this study. Body weights of the mature mice at 30 wk were
greater in WT in comparison with KO, and this difference was attributed to increased liver
weights. Although no differences in muscle mass were detected between the 2 genotypes,
both m-calpain protein expression and activity were significantly greater in the KO mice,
indicating that m-calpain was up regulated to compensate for the lack of μ-calpain
expression. This up regulation was particularly apparent in the younger mice when animals
were rapidly growing, as indicated by the genotype × age interactions observed. These
differences in m-calpain abundance between genotypes became minimal as the animals
matured, which coincided with differences in BW.

Calpastatin is the specific inhibitor of μ- and mcalpains (Parr et al., 2004). Protein
expression of fulllength calpastatin was significantly greater in the μ-calpain KO mice in
comparison with WT. Calpastatin expression peaked at 10 wk, whereas m-calpain was
greatest at 5 wk, suggesting that the increase in m-calpain abundance observed preceded that
of calpastatin. This, in turn, indicates that calpastatin is up regulated in the KO mice in
response to the increased m-calpain abundance detected, as twice as much calpastatin is
required to control m-calpain as μ-calpain (Goll et al., 2003). There were no differences
between the genotypes in protein abundance of any of the cleaved calpastatin isoforms
detected, suggesting that increased expression of full-length calpastatin occurred via an up
regulation in the KO mice, rather than an increase in degradation in WT. In contrast to
protein expression, calpastatin activity tended to be less in the KO mice and decreased with
age, which could be a reflection of the complex of calpastatin. For example, multiple
isoforms of calpastatin exist, which are controlled at the transcriptional, translational, and
post-translational levels, and each has discrete functionality in controlling calpain activity
(Parr et al., 2004; Raynaud et al., 2005). Consequently, the observed up regulation at the
translational level was primarily to control m-calpain, but the actual inhibitory effect of
calpastatin was unaffected by genotype.

Given the numerous interactions reported between the calpain and caspases systems (Wang,
2000; Barnoy and Kosower, 2003; Neumar et al., 2003; Harwood et al., 2005), it was
imperative that activity of effector caspases 3 and 7 were assessed. Caspases 3/7 are the end
point of the apoptotic pathway, responsible for targeting and cleaving specific substrates
(Chua et al., 2000). Like m-calpain, caspase 3/7 activity was significantly greater in KO
mice, suggesting that caspases were also up regulated to compensate for the lack of μ-
calpain and that m-calpain and caspase 3/7 were working in conjunction with each other.
This difference coincided with when the largest differences in m-calpain and calpastatin
were detected. Although m-calpain and caspases were both up regulated in KO mice during
the early growth period (3 to 10 wk), patterns of expression and activity were different;
although m-calpain increased during this period before declining, caspase activity
continuously decreased. The observed decrease in caspase 3/7 activity as the animals aged is
consistent with previous observations (Ruest et al., 2002), indicating that, in skeletal muscle,
effector caspases are regulated at the post-transcriptional level. Thus, it is likely that
although these 2 proteolytic systems are working in conjunction with each other, the
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signaling pathways involved and the roles of caspases and calpains in muscle growth and
development are, in fact, very distinct.

In contrast to m-calpain and caspases 3/7, μ-calpain KO mice had lower proteasome activity
and, again, this difference in activity was most apparent at 5 wk of age. However, as the
mice aged, the genotype differences in proteasome activity disappeared, corresponding with
the ages when no differences in either m-calpain or caspase 3/7 were observed. These results
agree with calpain 3 KO mice studies, where mRNA abundance of 20S, the proteolytic unit
of the proteasome, was decreased in the KO mice in comparison with WT (Combaret et al.,
2003). In muscle-wasting conditions, proteasome-mediated degradation is often secondary
to calpain-mediated proteolysis, indicative that its pathway is downstream to that of calpains
(Briguet et al., 2008). Thus, perhaps the decrease in proteasome activity observed is a
protective mechanism ensuring that mass protein degradation and atrophy does not occur,
and is necessary to maintain a homeostasis of proteolytic activity, protein turnover, and
muscle mass.

To gain further understanding of how the genotype affected muscle growth and
development, DNA, RNA, and protein contents and concentrations were measured,
reflecting the activities of protein accumulation. The temporal abundance of total DNA and
RNA content reflected the differences observed in growth rates and muscle mass among age
groups and between genders, rather than between genotypes. However, differences in ratios
of nucleic acids and protein were detected between genotypes. At 30 wk, KO mice had
greater protein:DNA ratio, an indicator of myonuclear domain size and RNA:DNA ratio, an
indirect measure of ribosomal abundance (Fiorotto et al., 2003). This observation suggests
that at 30 wk, the μ-calpain KO mice have an increased potential for protein synthesis and
muscle hypertrophy, in comparison with their age-matched counterparts. However, this
potential was not realized in the current experiment.

Differences in growth and development between genotypes were further highlighted in body
composition analysis. In WT mice, protein content steadily decreased after 10 wk, whereas
in the KO mice, a reduction in protein content was not observed until 20 wk. Together with
the increased ratios of protein:DNA and RNA:DNA, these data suggest that KO mice have
an increased ability to maintain protein content. Furthermore, this apparent ability to
maintain protein content is accompanied by a reduction in lipid accumulation. Although
genetic variation in the gene encoding for calpain 10 has been associated with obesity and
type II diabetes in humans (Horikawa et al., 2000), there is no direct evidence to suggest a
role for μ-calpain in lipid metabolism. Nonetheless, accretion rates of lipid varied
significantly between genotypes, with KO mice having greater lipid accretion rates between
the 3- to 5-wk period than WT, which in turn is reversed between the 5- to 10-wk growth
period. Although we do not have a mechanistic explanation for this observation, it is
important to highlight that these differences coincide with when the largest variations in
protease expression and activity occurred between the genotypes.

Histology analysis also identified differences in muscle growth between genotypes. In TA,
KO mice had an increase in the proportion of Type IIB fibers. At 30 wk, these fibers were
significantly larger than those in WT mice. This coincided with the increased protein:DNA
and RNA:DNA ratios, signifying an increased ability to accumulate and/or maintain protein
mass, as seen in the percentage of protein composition at 20 and 30 wk in the KO mice. This
increase in Type IIB fibers corresponds with muscle analysis in callipyge sheep, a
phenotype caused by massive up regulation of calpastatin. Muscles affected by the callipyge
phenotype undergo substantial postnatal muscle hypertrophy, characterized by an increase in
the proportion and size of Type IIB fibers (Carpenter et al., 1996), and an increase in DNA,
RNA, and protein content, and RNA:DNA ratio (Koohmaraie et al., 1995). Additionally, in
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agreement with our body composition data, callipyge sheep have increased lean muscle
mass and decreased fat content (Jackson et al., 1997), further implicating the calpain system
in lipid metabolism.

Silencing the Capn1 gene also affected soleus muscle histology. In KO mice, soleus muscle,
Type I fibers, the predominant fiber type, was smaller in both diameter and area, but more
numerous than in WT mice, thus neither the muscle mass nor the metabolic capacity differed
between genotypes. In addition, transition from Type I and IIA to Type IIB fibers in the
soleus was observed. Fiber type conversion is not uncommon, yet the extent and the
mechanisms behind these transformations vary between species and muscles, and can be
affected by external factors including nutrition and physical stimulation (Picard et al., 2002).
Thus, the decrease in Type IIB fibers observed at 5 wk was probably in response to weaning
at 3 wk and reflects this change in nutrition. Changes in fiber type also occur in atrophying
muscle, a condition in which calpains are known to be involved (Pette and Staron, 2001).
Thus, the observed fiber plasticity suggests that down-regulating calpains could protect
against muscle degeneration.

Regulation of muscle mass is influenced by numerous transcription factors, including
myogenic regulatory factors (MRF), myoD, and myogenin, which have a major role in
myogenesis (Favier et al., 2008). Myogenin protein abundance tended to be greater in the
KO mice in comparison with WT, with significantly greater abundance detected at 5 wk.
These results are consistent with those of Moyen et al. (2004), who showed overexpression
of μ-calpain decreased myogenin expression. Moreover, this difference in myogenin
expression coincided with when the major differences in protease activities were observed.
However, what impact this increase in myogenin expression has on growth and development
is unclear as no differences were observed between genotypes at 5 wk for any of the growth
parameters measured. Based on these observations, we can only speculate that this increase
in myogenin in the KO mice is a reflection of ensuring correct muscle development, rather
than enhanced growth. In contrast to myogenin, no differences in myoD protein abundance
were detected during the early growth period between the genotypes. Moreover, the KO
mice showed reduced abundance of this MRF in comparison with WT at 30 wk. This
difference in myoD protein expression between genotypes could be indicative of another
function of myoD, promoting muscle regeneration in response to muscle damage. In
myoD−/− mice, muscle regeneration is completely impaired, such that myogenic stem cells
undergo several rounds of division but return to their quiescent state, rather than engaging in
the developmental program (Sabourin and Rudnicki, 2000). Interestingly, in myoD−/−

myogenic cells, desmin, a key structural protein in the myofibrillar lattice and a known
calpain substrate (Goll et al., 2008), is not expressed (Sabourin and Rudnicki, 2000). The
decreased protein abundance of myoD at 30 wk indicates that muscle from KO mice had
been exposed to less muscle damage and was undergoing less regeneration. Less muscle
regeneration in KO mice is further substantiated by reduced NCAM abundance at 30 wk.
Neural cell adhesion molecule is a good marker for regeneration, revealing newly
regenerating myofibers, which in turn indicates damage previously experienced by the
muscle (Murphy et al., 2008).

Protein tyrosine phosphatase 1B (PTP1B) has been identified as a physiological target of μ-
calpain in mouse platelets (Kuchay et al., 2007). Similarly, in the current study, PTP1B
protein expression in skeletal muscle was lower in WT mice than KO mice at 3 wk of age.
The PTP1B can act as a negative regulator of insulin and IGF-I signaling, dephosphorylating
the phosphotyrosine residues of the type 1 IGF receptor and insulin receptor subtrate-1
(Klaman et al., 2000). Insulin-like growth factor-I is a known anabolic agent of skeletal
muscle activating the Akt/TSC2/mTOR pathway; which are crucial regulators of skeletal
muscle hypertrophy and promote protein synthesis (Favier et al., 2008). Like PTP1B, IGF
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abundance in skeletal muscle is high at birth and decreases as muscles mature. Therefore,
the increased PTP1B abundance detected at 3 to 5 wk could indicate that increased
expression is required to control insulin and IGF-I during this rapid growth phase.
Furthermore, Trümpler et al. (2009) demonstrated that insulin signaling was diminished in
μ-calpain−/− cells and this may explain the differences in lipid deposition observed between
genotypes. These observations suggest a potential role for calpains in mediating insulin and
IGF-I signaling through its actions on PTP1B.

In conclusion, silencing the μ-calpain gene induces up regulation of m-calpain and caspases
3/7 in a compensatory manner. Because no differences in muscle mass were observed
between genotypes, it is likely that this compensation is predominantly to maintain muscle
protein homeostasis and ensure normal growth and development, particularly during the
early growth phase. This is further substantiated with the lower proteasome activity
observed in the KO mice and indicates that these protease systems are functionally
associated within skeletal muscle. Furthermore, we demonstrated that μ-calpain KO mice
exhibit greater protein:DNA and RNA:DNA ratios, larger and more numerous Type IIB
fibers, and increased protein body composition, suggesting an increased capacity to accrue
and maintain muscle protein content. Moreover, the decreased expression of muscle
regeneration factors myoD and NCAM indicates less muscle degeneration and lower levels
of fiber type plasticity, which are indicative of muscle atrophy. The potential changes in
protein synthesis and degradation and/or atrophy likely limited changes in muscle mass in
the current study. Collectively, these data suggest that there are opportunities to target the
calpain system to promote the growth and/or restoration of skeletal muscle mass.
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Figure 1.
Total RNA, DNA, and protein content, concentrations (Conc), and ratios of skeletal muscle
from wild-type (WT) and μ-calpain knockout (KO) mice at 3, 5, 10, 20, and 30 wk of age.
The top panel shows mean content of protein, DNA, and RNA ± SEM. Values were not
affected by genotype; males were greater than females (P < 0.05). Age significantly affected
protein and DNA content (P < 0.0001). The middle panel represents protein, DNA, and
RNA concentrations. For all parameters, age was a significant source of variation (P < 0.05);
there was no effect of sex or genotype. The bottom panel shows the protein:DNA,
RNA:DNA, and RNA:protein ratios. Age had a significant effect on protein:DNA and
RNA:protein (P < 0.001), but not RNA:DNA. Genotype effects were present at 30 wk, with
KO mice having greater protein:DNA and RNA:DNA ratios (P < 0.05 and P < 0.01,
respectively).
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Figure 2.
Muscle histology. A) Representative cross-sectional fibers of tibialis anterior muscle from
wild-type (WT) and knockout (KO) mice at 5 and 30 wk, simultaneously stained for NADH
and myofibrillar ATPase activities. Clockwise from top left: 5 wk WT, 5 wk KO, 30 wk
WT, 30 wk KO. B) Representative cross-sectional fibers of soleus muscle from WT and KO
mice at 10 wk simultaneously stained for NADH and myofibrillar ATPase activities. Left to
right: 10 wk WT, 10 wk KO. C) Changes in percentage fiber type distribution in soleus
muscle in KO and WT mice, with age. Age and sex were significant sources of variation in
fiber size (P < 0.001) and genotype had significant effect on fiber type distribution in tibialis
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anterior (P < 0.05), and a trend effect in the soleus (P < 0.1). Bar equals 50 μm for all
panels.
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Figure 3.
Protein abundance of: A) myogenin, B) MyoD, C) protein tyrosine phosphatase 1B
(PTP1B), and D) neural cell adhesion molecule (NCAM) in skeletal muscle of wild-type
(WT) and μ-calpain knockout mice (KO), at 3, 5, 10, 20, and 30 wk of age. Protein
abundance is expressed as mean arbitrary units of densitometry ± SEM (n = 6 per genotype).
The effect of age was significant for myogenin, MyoD, and PTP1B (P < 0.001). A genotype
effect on protein expression was present for myogenin at 5 wk (genotype × age; *P ≤ 0.05),
MyoD at 30 wk (genotype × age, **P ≤ 0.01), PTP1B at 3 wk (genotype × age; *P ≤ 0.05),
and NCAM at 30 wk (genotype × age; *P ≤ 0.05).

Kemp et al. Page 16

J Anim Sci. Author manuscript; available in PMC 2014 March 23.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Kemp et al. Page 17

Ta
bl

e 
1

L
ea

st
 s

qu
ar

es
 m

ea
ns

 f
or

 a
ni

m
al

 o
rg

an
 a

nd
 m

us
cl

e 
w

ei
gh

ts
 f

ro
m

 w
ild

 ty
pe

 (
W

T
) 

an
d 
μ

-c
al

pa
in

 k
no

ck
ou

t (
K

O
) 

m
ic

e

M
ai

n 
E

ff
ec

t
B

W
, g

L
iv

er
, m

g
H

ea
rt

, m
g

Sp
le

en
, m

g
Q

ua
ds

,1
 m

g
G

as
tr

o,
1  

m
g

T
A

,1
 m

g
So

le
us

, m
g

E
D

L
,1

 m
g

G
en

ot
yp

e

 
W

T
 (

n 
=

 3
0)

19
.9

5
1,

08
2.

98
10

7.
87

77
.4

2
97

.0
6

78
.6

3
29

.1
8

6.
12

6.
06

 
K

O
 (

n 
=

 3
0)

19
.5

4
1,

02
1.

43
10

4.
40

74
.7

8
96

.7
3

79
.4

8
28

.1
5

5.
73

5.
83

 
SE

M
0.

18
21

.0
2

1.
71

2.
32

2.
03

1.
44

0.
62

0.
17

0.
20

 
P

-v
al

ue
0.

10
6

0.
04

2
0.

15
5

0.
42

5
0.

90
7

0.
67

9
0.

24
4

0.
12

2
0.

41
7

G
en

de
r

 
M

al
e 

(n
 =

 3
0)

21
.2

8
1,

12
9.

55
11

3.
42

75
.0

2
10

5.
85

86
.4

7
31

.4
5

6.
35

6.
43

 
Fe

m
al

e 
(n

 =
 3

0)
18

.2
1

97
4.

87
98

.8
5

77
.1

8
87

.9
3

71
.6

3
25

.8
8

5.
50

5.
47

 
SE

M
0.

14
26

.2
6

2.
73

2.
90

2.
87

2.
05

0.
87

0.
24

0.
28

 
P

-v
al

ue
<

0.
00

01
<

0.
00

01
<

0.
00

01
0.

51
1

<
0.

00
01

<
0.

00
01

<
0.

00
01

<
0.

00
1

<
0.

00
1

A
ge

 
3 

w
k 

(n
 =

 1
2)

9.
85

44
4.

96
68

.7
1

58
.0

8
39

.7
1

34
.3

1
13

.2
1

2.
92

3.
06

 
5 

w
k 

(n
 =

 1
2)

16
.0

8
84

8.
75

88
.5

4
73

.8
3

63
.7

9
50

.5
6

21
.4

6
4.

21
4.

54

 
10

 w
k 

(n
 =

 1
2)

21
.1

0
1,

23
1.

25
11

8.
08

71
.1

7
10

5.
38

86
.0

4
28

.6
7

6.
33

5.
83

 
20

 w
k 

(n
 =

 1
2)

25
.0

2
1,

30
2.

75
12

6.
08

79
.6

7
13

1.
58

11
2.

71
40

.1
7

7.
67

8.
04

 
30

 w
k 

(n
 =

 1
2)

26
.6

7
1,

43
3.

33
12

9.
25

97
.7

5
14

4.
00

11
1.

63
39

.8
3

8.
50

8.
25

 
SE

M
0.

21
43

.8
7

2.
96

2.
05

4.
64

3.
69

1.
25

0.
26

0.
26

 
P

-v
al

ue
<

0.
00

01
<

0.
00

01
<

0.
00

01
<

0.
00

01
<

0.
00

01
<

0.
00

01
<

0.
00

01
<

0.
00

01
<

0.
00

01

 
In

te
ra

ct
io

n2
, G

 ×
 A

 a
t 3

0 
w

k
0.

04
62

0.
47

2
0.

33
7

0.
08

9
0.

44
5

0.
93

5
0.

36
6

0.
27

9
0.

90
4

1 Q
ua

ds
 =

 q
ua

dr
ic

ep
s;

 G
as

tr
o 

=
 g

as
tr

oc
ne

m
iu

s;
 T

A
 =

 ti
bi

al
is

 a
nt

er
io

r;
 E

D
L

 =
 e

xt
en

so
r 

di
gi

to
ru

m
 lo

ng
us

.

2 G
 ×

 A
 =

 g
en

ot
yp

e 
×

 a
ge

 in
te

ra
ct

io
n.

J Anim Sci. Author manuscript; available in PMC 2014 March 23.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Kemp et al. Page 18

Table 2

Protein, lipid, ash, and water body composition percentage in wild type (WT) and μ-calpain knockout (KO)
mice at 3, 5, 10, 20, and 30 wk of age1

Item Protein, % Lipid, % Ash, % Water, %

WT

 NB2 12.4 ± 0.1 2.1 ± 0.1 2.1 ± 0.1 83.4 ± 0.3

 3 wk 17.3 ± 0.2 9.8 ± 0.6 4.6 ± 0.1 68.6 ± 1.3

 5 wk 19.5 ± 0.2 6.9 ± 0.5 4.8 ± 0.1 68.8 ± 1.4

 10 wk 20.2 ± 0.4 8.1 ± 0.5 5.2 ± 0.1 66.6 ± 1.2

 20 wk 19.9 ± 0.3* 8.9 ± 0.4 5.3 ± 0.2 65.1 ± 1.3

 30 wk 18.7 ± 0.5* 14.8 ± 1.7* 5.7 ± 0.3 61.0 ± 1.5

KO

 NB 12.8 ± 0.1 1.9 ± 0.1 2.1 ± 0.1 83.2 ± 0.1

 3 wk 17.4 ± 0.3 9.6 ± 0.3 4.7 ± 0.1 68.6 ± 0.3

 5 wk 19.2 ± 0.3 8.4 ± 0.4 4.8 ± 0.2 68.1 ± 0.4

 10 wk 20.0 ± 0.2 7.5 ± 0.9 4.9 ± 0.2 67.7 ± 0.9

 20 wk 21.3 ± 0.6* 8.3 ± 1.1 5.5 ± 0.3 65.1 ± 1.2

 30 wk 20.3 ± 0.8* 11.9 ± 1.4* 5.8 ± 0.3 62.7 ± 1.4

1
Values are least squares means ± SEM; n = 6. Means within age group between genotypes are significantly different (*P ≤ 0.05).

2
NB = newborn.

J Anim Sci. Author manuscript; available in PMC 2014 March 23.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Kemp et al. Page 19

Table 3

Whole body protein, lipid, ash, and water accretion rates in wild type (WT) and μ-calpain knockout (KO) mice
at 3, 5, 10, 20, and 30 wk of age1

Item Protein, mg/d Lipid, mg/d Ash, mg/d Water, mg/d

WT

 NB2 to 3wk 75.3 ± 2.7 46.8 ± 5.0 21.0 ± 1.2 280.0 ± 12.3

 3 to 5 wk 90.8 ± 12.2 3.3 ± 8.4** 18.9 ± 1.5 263.1 ± 34.3

 5 to 10 wk 34.3 ± 8.4 18.2 ± 4.2* 9.5 ± 1.2† 92.1 ± 20.1

 10 to 20 wk 10.6 ± 1.8 7.7 ± 2.8 3.5 ± 0.6 32.7 ± 4.7

 20 to 30 wk 2.0 ± 3.3 26.8 ± 9.5 3.6 ± 1.8 7.1 ± 8.8

 NB to 30 wk 23.5 ± 0.7 19.4 ± 2.9 7.4 ± 0.5 74. 2 ± 2.1

KO

 NB to 3 wk 75.5 ± 1.7 44.7 ± 1.9 21.2 ± 0.4 276.61 ± 5. 2

 3 to 5 wk 98.4 ± 7.7 27.8 ± 5.7** 21.7 ± 1.5 297.4 ± 16.4

 5 to 10 wk 27.6 ± 2.4 5.1 ± 5.1* 6.4 ± 0.8† 80.5 ± 8.1

 10 to 20 wk 17.5 ± 3.6 7.9 ± 6.0 5.2 ± 1.4 33.6 ± 8.9

 20 to 30 wk −0.1 ± 5.3 14.9 ± 7.3 2.2 ± 1.4 1.0 ± 7.3

 NB to 30 wk 24.5 ± 2.0 14.9 ± 7.3 7.1 ± 0.4 72.44 ± 3.0

1
Values are least squares means ± SEM; n = 6. Means within age group between genotypes are significantly different (†P ≤ 0.1, *P ≤ 0.05, **P ≤

0.01).

2
NB = newborn.
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