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Muscle wasting is a common and clinically important

outcome of several diseases including cancer (Baracos,

2001), sepsis (Ruff & Secrist, 1984), and neuromuscular

diseases such as Duchenne muscular dystrophy (Emery,

2002). Reduced muscle loading also causes muscle wasting

in which as much as 40–60 % of muscle mass can be lost

within a 2 week period (Thomason & Booth, 1990).

Investigations of the contribution of lysosomal proteins,

calcium-dependent proteases and the ubiquitin–

proteasome system to muscle wasting that occurs in

disease, injury or muscle disuse indicate that the relative

contributions of different proteolytic systems may be

specific to the condition leading to the atrophy (Furuno et
al. 1990; Tischler et al. 1990). However, a clear assessment

of the relative roles of these proteolytic systems has been

limited by the inability to specifically perturb the activity

of any of these systems in muscle in vivo.

Calpains are a family of calcium-activated proteases that

are ubiquitously expressed and cleave a great variety of

substrates (Croall & DeMartino, 1991). Muscle expresses

at least six isoforms of calpain although only three

isoforms, calpains 1, 2 and 3, have been detected in muscle

by immunoblotting for the most conserved epitope

(Spencer et al. 1995; Sorimachi & Suzuki, 2001). Levels of

calpain expression can vary during tissue injury (Belcastro,

1993) or disease (Spencer et al. 1995; Voisin et al. 1996),

which has been typically interpreted as reflecting changes

in calpain-mediated proteolysis. Calpastatin is a specific,

endogenous inhibitor of calpain 1 and calpain 2, and

shows a similar, ubiquitous expression. Interactions between

calpain and calpastatin may be promoted by calpain

association with membrane phospholipids (Imajoh et al.
1986), so that localization of calpain in the cell may reflect

its stage of activation or inactivation. Thus, several

mechanisms are available for regulating calpain-mediated

proteolysis, which include the regulation of the expression

and relative concentrations of calpains and calpastatin,

regulation of interaction between calpains and calpastatin,

and control of cytosolic free calcium concentrations.

The results of in vitro studies have led to conflicting

conclusions concerning the role of the calpain–calpastatin

system in regulating muscle mass loss during atrophy that

is caused by muscle unloading (Furuno & Goldberg, 1966;

Rodemann et al. 1982; Zeman et al. 1985; Baracos et al.
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1986). However, the extent to which the in vitro
assessment of excised muscle mimics the proteolytic

process in unloaded muscle in vivo is unknown. In

addition, the relatively brief periods of study of muscle

response to unloading for a few hours in vitro are not

similar to the duration of chronic wasting that occurs in
vivo with long-term disease or disuse.

In vivo assessments of the role of the calpain–calpastatin

system in muscle atrophy have been equivocal, and the

resulting conclusions have been inconsistent. Generally,

three approaches to assessing calpain involvement in

muscle wasting have been employed, but none truly

addresses the contributions of calpain to muscle

proteolysis in vivo. Many investigations have assessed

changes in the concentration of calpain or its mRNA in

pathological, injured, or experimentally perturbed muscle

(e.g. Medina et al. 1995). However, the concentration of

calpain does not necessarily reflect its in vivo activity because

activity varies with cytosolic calcium concentrations, and

is further regulated by interactions with calpastatin or

phospholipids (Croall & DeMartino, 1991). An alternative

approach for assessing calpain involvement in muscle

disease or injury processes has been to partially purify

calpain from muscle samples, and then assess proteolysis

of exogenous substrates in the presence of high calcium

concentrations (Belcastro, 1993; Arthur et al. 1999; Reid &

Belcastro, 2000). Although this assay will reflect calpain

concentration in the tissue, it does not reflect in vivo
activity where calcium concentrations would be lower and

endogenous inhibitors would be present. A final approach

has employed measuring calpain autolytic fragments,

because autolysis indicates that calpain activation has

occurred (Spencer et al. 1995, 1997). Although this assay

reflects actual calpain activation in vivo, it is limited in that

calpain can be rapidly inactivated by binding calpastatin.

Thus, measurement of calpain autolytic fragments provides

an index of calpain that has undergone activation in vivo,

but does not necessarily indicate the actual levels of active

calpain within the cells. In addition, each of these

approaches to assessing calpain’s possible contribution to

proteolysis uses in vivo samples at a single point in time,

which may not be sufficient to assess calpain’s role over a

prolonged period of muscle wasting.

In the present investigation, we test the role of the

calpain–calpastatin system in muscle atrophy by generating

transgenic (Tg) mice in which there is a muscle-specific

overexpression of calpastatin (CS). An important

advantage of this Tg approach is that it provides the tissue-

specific, calpain-specific inhibition of the protease for

evaluation of perturbations of calpain activity in vivo. We

use the CS Tg mice to address the question of whether

calpain-mediated proteolysis contributes to the response

of muscle to unloading in vivo. Reduction in muscle cell

size and changes in myofibrillar myosin content are

assessed as indices of muscle adaptation to unloading. Our

findings show that expression of CS transgenes in skeletal

muscle greatly reduces calpain activity in muscle, and

produces an increase in fibre number and a reduction of

fibre size in ambulatory control animals. Expression of the

CS transgene also causes significant reduction in muscle

fibre wasting during muscle unloading. Finally, we find

that there is no detectable change in the proportion of

muscle fibres expressing slow or fast type isoforms of

myosin heavy chain (MHC) during unloading of CS-

overexpressing muscles, which indicates a key role for

calpain-mediated proteolysis in fibre type transformations.

METHODS 
Production of calpastatin transgenic mice
The human skeletal muscle actin (HSA) promoter (provided by
Dr Jeffrey Chamberlain) was used to drive muscle-specific
expression of the full length, human calpastatin cDNA (kindly
donated by Dr Masatoshi Maki) (Fig. 1). This promoter was first
characterized in a Tg mouse by Dr Hardeman’s group (Brennan
& Hardeman, 1993), who showed skeletal muscle-specific
expression of the transgene, although cardiac muscle was also
found to express the transgene in some Tg mouse lines. This
promoter contains _2139 to +239 of the HSA promoter and has
been modified from Dr Hardeman’s construct by the addition of
the SV40 VP1 intron (isolated by HindIII/Xba I) between the
promoter and the cDNA (Crawford et al. 2000) to provide a splice
acceptor. This construct has been used previously to generate Tg
mice with muscle-specific expression (Crawford et al. 2000;
Wehling et al. 2001; Spencer et al. 2002). Tg mice were generated
at the University of California, Irvine Tg Mouse Facility by
microinjection of purified plasmid into zygotes from
C57Bl/6J w Balb c parents. F1 mice were crossed with C57/BL10.
All comparisons were made with age-matched littermates that
were not Tg. PCR of tail-chop DNA was used to identify Tg mice
(Spencer et al. 1997) using upstream primers in the HSA promoter
(5‚ CCC GAG CCG AGA GTA GCA GT 3‚) and downstream
primers in the vp1 intron (5‚ CCC TTC CCT GTT GGC TAC T 3‚).

Zymogram analysis of calpain activity
Zymograms were performed according to the protocol of Croall et
al. (2002). Whole muscle samples were homogenized in six to ten
volumes of Mops buffer (50 mM Mops, 10 mM ethylene glycol-bis
(b-aminoethyl ether) N,N,N‚,N‚-tetraacetic acid, 10 mM ethylene
diamine tetraacetic acid, 5 mM b-mercaptoethanol, 50 ml ml_1

phenylmethyl-sulfonyl fluoride, 75 ml ml_1 benzamidine) and
centrifuged at 12 000 g before loading to the gel. All buffers were
made immediately before use. Each lane was loaded with 250 mg

J. G. Tidball and M. J. Spencer820 J. Physiol. 545.3

Figure 1. Diagram of calpastatin cDNA construct used to
generate calpastatin TG mice 
The CS cDNA is a 2.3 kb region that begins at the start codon at the
5‚ end of exon 2, and excludes the 5‚ and 3‚ untranslated region.
The construct encodes the L-domain and the four-repeat
inhibitory domains. The vp1 intron was isolated from pSVL and
contains a splice aceceptor. The SV40 polyadenylation signal was
isolated from pCMVb.
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protein of total muscle extract. A pre-run of the gel was performed
before loading. Gels were then run overnight at 7 °C, and over-run
for 1 h at 125 V to enhance separation of the calpain isoforms.
Gels were developed overnight in 5 mM CaCl2 with three changes
of buffer.

Muscle unloading
All experimental protocols and use of animals were conducted in
accordance with the National Institutes of Health Guide for the
Care and Use of Laboratory Animals and approved by the UCLA
Institutional Animal Care and Use Committee. Two lines of CS Tg
mice, designated as CS 69.1 and CS 381, were chosen for muscle
unloading because they expressed relatively high levels of the
transgene, as assessed by Western analysis. Mice from both lines
(3–4 months of age; either sex) were subjected to hindlimb
unloading for 10 days (Morey-Holton & Globus, 2002) which
causes substantial loss of soleus muscle mass and a shift in MHC
expression from slow to fast isoforms. In this procedure, the tail of
each mouse is placed in a harness, which is used to elevate the
pelvis so that the feet of the hindlimbs do not contact the cage
floor. Other animals were subjected to 10 days of hindlimb
unloading followed by reloading for 2 days by allowing the
animals to return to normal ambulation. The effect of the CS
transgene on muscle reloading was assessed because previous
work has shown that muscle reloading after unloading produced
an increase in calpain concentration and autolysis (Spencer et al.
1997). For each group, there were age-matched, ambulatory
controls. Other controls included littermates of the Tg animals
that did not express the transgene, but were subjected to identical
hindlimb unloading or hindlimb unloading followed by reloading.
Thus, the groups analysed were: ambulatory CS 69.1 Tg (10 mice),
ambulatory CS 69.1 non-Tg (13 mice), unloaded CS 69.1 Tg
(6 mice), unloaded CS 69.1 non-Tg (6 mice), reloaded CS 69.1 Tg
(6 mice), reloaded CS 69.1 non-Tg (7 mice), ambulatory CS 381
Tg (6 mice), ambulatory CS 381 non-Tg (8 mice), unloaded CS
381 Tg (8 mice), unloaded CS 381 non-Tg (9 mice), reloaded CS
381 Tg (6 mice), and reloaded CS 381 non-Tg (6 mice).

Muscle preparation and analysis
At the end of experimental treatments, soleus and tibialis anterior
muscles were dissected from each mouse and weighed. One soleus
and a tibialis anterior muscle from each animal were frozen in
isopentane cooled with liquid nitrogen and used for frozen
sectioning and then morphological and immunohistochemical
analysis. The second soleus and tibialis anterior muscles from each
animal were frozen in liquid nitrogen and then used for Western
analysis. Muscle samples that were used for Western analysis were
homogenized in a Dounce homogenizer in reducing sample
buffer (80 mM Tris, pH 6.8, containing 0.1 M dithiothreitol and
70 mM SDS), and then boiled for 1 min and centrifuged to remove
particulate matter. The protein concentration of the supernatant
fraction was measured by the method of Minamide & Bamburg
(1990) and then 30 mg of each sample was loaded on 10 %
polyacrylamide gels prepared according to Laemmli (1970). Gels
were then electrophoretically transferred to nitrocellulose (Burnette,
1981). Protein blots were incubated with a mouse monoclonal
antibody to domain 1 of muscle-type calpastatin (clone CSF1–2)
(Takara Bio. Inc., Shiga, Japan) diluted 1 : 200 in 50 mM Tris, pH
7.6, containing 150 mM NaCl, 0.1 % NaN3, 0.05 % Tween 20, and
3 % BSA. After extensive buffer washing of the blots, they were
incubated with a  second antibody conjugated to horseradish
peroxidase and the bound antibody was detected by enhanced
chemiluminescence (Amersham). Levels of calpastatin expression
in Tg muscles relative to non-Tg control muscles were compared

by densitometry of immunoreactive bands in Western blots
(Alpha Innotec, USA).

Muscles frozen in isopentane were cross-sectioned mid-belly and
sections were stained either with haematoxylin or with a mouse
monoclonal antibody to myosin fast type heavy chain (MHCf)
that binds both MHC IIa and MHC IIb in mammalian muscle
(clone WB-MHCf) (Novacastra Labs, Newcastle-upon-Tyne, UK).
All fibres in each haematoxylin-stained section were counted, and
the cross-sectional areas of all fibres were measured using a digital
imaging system (Bioquant, Nashville, TN, USA). Sections used for
immunohistochemistry were fixed with acetone and then
immunolabelled with anti-MHCf. Binding to endogenous mouse
IgG was blocked with an MOM kit (mouse-on-mouse; Vector).
After primary antibody staining and buffer rinses, sections were
incubated in biotin-conjugated anti-mouse IgG, followed by
avidin-conjugated, horseradish peroxidase. Colour development
was done with an AEC kit (3-amino-9-ethylcarbazole; Vector).
The total numbers of MHCf-expressing fibres in the cross-section
of each muscle were counted microscopically.

Statistical analysis
Experimental data presented in Fig. 5 were analysed by Student’s t
test to compare mean ± S.D. values between transgenic and non-
transgenic mice. Data (means ± S.D.) in Figs 6 and 9 were
compared between groups by one-way analysis of variance, using
the Bonferroni test for post hoc comparisons. The level of
statistical significance was set at P = 0.05 for each analysis.

RESULTS 
Expression of the CS transgene greatly reduces
muscle calpain activity
Western blots were used to confirm expression of the

transgene in skeletal muscles of all transgenic animals that

were analysed in this investigation. Calpastatin expression

was elevated approximately 50-fold (CS 69.1) or 30-fold

(CS 381) in CS Tg mice compared to controls (Fig. 2). CS

381 mice also showed elevated CS expression in cardiac

muscle, although the CS concentration in cardiac muscle

of CS 69.1 mice did not differ from non-transgenic

controls. Zymogram analysis of calpain activity in muscle

homogenates showed obvious calpain 1 and calpain 2

activity in extracts of muscle from non-Tg animals;

however, no detectable activity of either calpain 1 or 2 was

apparent in extracts of CS Tg animals (Fig. 3). Furthermore,

Calpastatin transgene slows muscle wastingJ. Physiol. 545.3 821

Figure 2. Western analysis for CS in muscle samples
Upper panel shows relative CS levels in muscle from line 69.1;
lower panel shows samples from line 381. Lanes A–E show samples
from non-Tg littermates; lanes F –J show samples from CS Tg mice.
CS mass in each sample was 105 kDa.
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hindlimb unloading resulted in no significant decrease in

the concentration of CS in the soleus muscles of Tg or

control animals (Fig. 4).

Features of CS Tg mice and muscle phenotype
CS Tg mice appeared healthy and no gross physiological,

morphological or behavioural defects were observed. Age-

matched Tg mice and non-Tg littermates did not differ

significantly in body mass. Comparisons of the masses of

muscles between age-matched Tg and non-Tg littermates

showed that expression of the transgene did not

significantly affect the mass of fast (tibialis anterior) or

slow (soleus) muscles. We also used fibre cross-sectional

area as an assessment of muscle size. Comparisons of

soleus fibre cross-sectional area showed that muscle fibres

in CS 381 Tg mice were 15 % smaller than in non-Tg

littermate controls (CS 381 Tg = 2258 ± 177 mm2; non-

Tg = 2637 ± 383 mm2; P < 0.05) and soleus fibre cross-

sectional areas in CS 69.1 Tg mice were 17 % smaller than

control littermates (CS 69.1 Tg = 2106 ± 341 mm2; non-

Tg = 2561 ± 323 mm2; P < 0.05). Previous investigations

have shown that the rate of reduction in fibre cross-

sectional area in rat soleus muscles is independent of the

initial cross-sectional area during muscle unloading by

hindlimb suspension (Hauschka et al. 1987) or spaceflight

(Miu et al. 1990).

Both lines showed a significant increase in the number of

soleus muscle fibres in a mid-belly cross-section (Fig. 5).

Expression of the CS Tg in CS 381 was associated with an

J. G. Tidball and M. J. Spencer822 J. Physiol. 545.3

Figure 3. Zymogram analysis for calpain activity in
muscle extracts
Lane A, extract from non-Tg mouse muscle . Lanes B–E, extracts
from two Tg mice from line 69.1 (B and C) and from line 381(D
and E). Upper band in lane A shows casein proteolysis by calpain 1;
lower band shows casein proteolysis by calpain 2. No substrate
proteolysis was detectable in muscle extracts from CS Tg mice.

Figure 4. Western analysis for CS in soleus muscle
samples
Upper panel shows relative CS levels in muscle from line 69.1 Tg
mice; lower panel shows samples from line 381 Tg mice. Lanes A–E
show extracts from ambulatory Tg mice; lanes F– J show extracts
from Tg mice that had experienced hindlimb unloading for
10 days. CS mass in each sample was 105 kDa.

Figure 5. Total number of fibres in a mid-belly cross-
section of soleus muscles
Muscles were collected from Tg mice and non-Tg littermates from
the 69.1 and 381 lines. * Values differ significantly from non-Tg
animals (P < 0.05).

Figure 6. Muscle fibre atrophy as indicated by
percentage change in mean cross-sectional area of
muscle fibres, relative to ambulatory controls
Mid-belly cross-sections of soleus muscle were analysed. Atrophy
was assessed in muscles from mice experiencing 10 days of muscle
unloading (UNL) or 10 days unloading followed by 2 days of
reloading (REL). In every case, atrophy in CS Tg mice was
significantly less (* P < 0.05) than in non-Tg littermates.
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8.4 % increase in fibre number (CS 381 Tg = 798 ± 83.3;

CS 381 non-Tg = 736 ± 89.6; P < 0.05), and a 13 %

increase in fibre number in the soleus muscles of CS 69.1

(CS 69.1 Tg = 768 ± 104.3; CS 69.1 non-Tg = 680 ± 119.8;

P < 0.05).

Expression of the CS transgene slows muscle
atrophy during muscle unloading
Soleus muscle atrophy during hindlimb unloading was

assessed by reduction in muscle fibre cross-sectional area

in mid-belly cross-sections. Reduction in cross-sectional

area was used rather than change in muscle mass, because

differences in dissection technique could overwhelm

treatment effects in the small soleus muscles, which are less

than 8 mg in mass. Data were expressed as the percentage

difference between the mean cross-sectional area of the

muscle fibres at the end of the experimental treatment

relative to the cross-sectional area of fibres in ambulatory

control littermates.

Tg mice showed less muscle atrophy during muscle

unloading, than non-Tg littermates (Figs 6–8). CS 381 Tg

soleus muscles showed 30 % less loss of muscle cross-

sectional area than non-Tg controls. Similarly, CS 69.1 Tg

muscles showed 33 % less atrophy than non-Tg controls.

Although the expression of the transgene had nearly

identical effects on the extent of atrophy during unloading

in both mouse lines, the increase in fibre diameter that

occurred during 2 days of reloading differed distinctly

between the two lines. CS 69.1 Tg mice showed no increase

in fibre diameter during this reloading period, while fibre

cross-sections of CS 381 Tg mice returned nearly to

ambulatory control values after 2 days of reloading.

Although previous investigations have suggested that

Calpastatin transgene slows muscle wastingJ. Physiol. 545.3 823

Figure 7. Cross-sections of soleus muscles
from Tg and non-Tg littermates from line
69.1
All sections were immunolabelled for fast myosin
(red reaction product). A, muscle from
ambulatory non-Tg mouse. B, muscle from
ambulatory Tg mouse. C, muscle from non-Tg
mouse subjected to 10 days of muscle unloading.
Arrows indicate fibres that appear to be in the
process of switching to MHCf expression, which is
suggested by the clusters of MHCf-containing
myofibrils that occupy a portion of the total cross-
section of the individual fibres. D, muscle from a
Tg mouse subjected to 10 days of muscle
unloading. In A, B and D, scale bar = 240 mm. In
C, scale bar = 50 mm.

Figure 8. Cross-sections of soleus muscles
from Tg and non-Tg littermates from
line 381
Sections were immunolabelled for MHCf (red
reaction product). A, muscle from ambulatory
non-Tg mouse. B, muscle from ambulatory Tg
mouse. C, muscle from non-Tg mouse subjected
to 10 days of muscle unloading. D, muscle from a
Tg mouse subjected to 10 days of muscle
unloading. Bars = 100 mm.
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calpain-mediated proteolysis could play a role in muscle

adaptation to reloading following unloading (Spencer et
al. 1997), the current findings do not provide further

insights into that possibility.

Expression of the CS transgene obviates changes in
myosin isoform expression during muscle
unloading
Unloading of skeletal muscle that expresses slow isoforms

of MHC produces a frequently described replacement of

slow type isoforms of MHC by fast isoforms (reviewed by

Talmadge, 2000). Although the switch in myofibrillar

myosin content is a prominent feature of the response of

muscle to reduced neuromuscular activity, the process by

which myosin turnover occurs is unknown. We measured

the percentage of total muscle fibres expressing MHCf in

entire mid-belly cross-sections of soleus muscles from

ambulatory controls and unloaded muscles of CS 69.1 and

CS 381 Tg mice and non-Tg littermates, to test whether the

change in myosin isoform expression was influenced by

levels of calpastatin. Expression of the transgene did not

affect the proportion of fast fibres present in the soleus

muscles of mice in either line (CS 381 Tg 51.4 ± 8.5 % fast

fibres; CS 381 non-Tg 53.5 ± 9.6 %; CS 69.1 Tg 57.5 ± 9.1 %;

CS 69.1 non-Tg 59.7 ± 7.5 %). However, 10 days of muscle

unloading produced no increase in the proportion of fast

fibres in the soleus muscles of Tg mice in either line (CS

381 = 49.4 ± 8.2 % fast fibres; CS 69.1 = 52.2 ± 6.7 %),

although non-Tg littermates showed significant increases

in fast fibres (CS 381 non-Tg = 63.5 ± 8.3 % fast fibres;

CS 69.1 non-Tg = 68.2 ± 2.3 %; Fig. 9). Previous

investigations have shown that approximately 30 %

(Carlson et al. 1999) or 42 % (Burkholder et al. 1994) of

muscle fibres in soleus muscle of adult, ambulatory mice

express MHCf, with the differences in the proportion of

MHCf fibres being attributable to differences in the mouse

strain that was studied.

Immunohistochemical observations indicate that the lack

of increase in the proportion of fast fibres in the soleus

muscles of Tg mice resulted from the lack of myosin

isoform conversion, rather than the occurrence of a

compensatory switch from fast to slow isoforms of MHC

expression to yield an unchanged ratio. Antibody staining

for MHCf showed fibres that were apparently undergoing

a switch to MHCf expression in some non-Tg animals, but

no similar transitional fibres were observed in muscles

from Tg animals (Fig. 7).

DISCUSSION
Previous investigations have suggested that inhibition of

calpain activity could have therapeutic value in slowing

muscle wasting (Spencer et al. 1995; Huang & Forsberg,

1998). However, this possibility has been difficult to

address because of an inability to specifically perturb

calpain activity in vivo so that its role could be assessed in

a physiological context. The findings of the present

investigation show that the calpain–calpastatin system

plays a significant role in regulating the loss of muscle mass

that occurs during reduced muscle use. Our data show that

at least 30 % of the atrophy that occurs during the first

10 days of soleus muscle unloading results from calpain-

mediated processes. It is likely that we did not achieve

complete inhibition of muscle calpains, so that the actual

contribution of the calpain–calpastatin system to atrophy

could be greater than 30 %.

Although our data show a significant role of the

calpain–calpastatin system in muscle atrophy during

unloading, current knowledge of the proteolytic function

of calpain indicates that calpains provide just one of the

proteolytic systems that may function in series to degrade

muscle proteins during atrophy. Calpains typically cleave

proteins at only one or a few specific proteolytic sites,

which is generally interpreted as indicating a regulatory

function, rather than a degradative role for calpains (Croall

& DeMartino, 1991). However, the limited proteolytic

modification of select substrates by calpains could target

substrates for further degradation by other proteolytic

systems, especially the ubiquitin–proteasome system.

Experimental observations have indicated that proteolysis

of skeletal muscle proteins by the ubiquitin–proteasome

system can be catalysed by modifications in the amino

termini of the substrates (Solomon et al. 1998a,b), and it is

feasible that limited proteolytic cleavage of substrate by

calpains could provide this modification in the amino

termini. Previous investigators have shown that there is an

increase in expression of several components of the

ubiquitin–proteasome system during muscle unloading,

which may reflect an increase in proteolysis through that

J. G. Tidball and M. J. Spencer824 J. Physiol. 545.3

Figure 9. Proportion of total fibres in cross-section of
soleus muscle that contain myofibrillar MHCf
Data from ambulatory control mice (AMB) and from mice
experiencing 10 days of muscle unloading (UNL) in lines 69.1 and
381 are shown. * Groups that differ significantly from ambulatory
animals in the same line (P < 0.05).
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system (Riley et al. 1992; Taillandier et al. 1996; Bodine et
al. 2001). In addition, muscle atrophy during unloading is

associated with increases in protein ubiquination and

increases in cathepsin L expression (Ikemoto et al. 2001),

suggesting that both of these systems may further

contribute to proteolysis during muscle unloading.

Our findings also support the expectation that the

calpain–calpastatin system plays a significant role in

muscle development. We observed that muscle fibres in

CS Tg mice were smaller, but more numerous, so that

muscle mass remained unchanged. The presence of more

numerous, smaller fibres may reflect impaired muscle cell

fusion into multinucleated fibres during development,

which is consistent with in vitro observations concerning

the role of calpains in muscle cell fusion. Previous

investigators have shown that the fusion of myocytes to

form multinucleated myotubes in vitro can be increased by

calcium ionophore and is associated with relocation of

calpain to the muscle cell membrane, where the calpains

are expected to promote membrane fusion (Schollmeyer,

1986). Experimental findings have shown that the

microinjection of CS into myoblasts in vitro reduces fusion

to form myotubes in vitro, which further implicates the

calpain–calpastatin system in this process (Temm-Grove

et al. 1999). Endogenous regulation of calpain and CS in

myocyte fusion apparently occurs by the regulation of CS

expression. CS expression declines at the time of myocyte

fusion which leads to an increase in the relative

concentration of calpain : calpastatin, thereby promoting

fusion (Barnoy et al. 1996, 2000).

The role of the calpain–calpastatin system in myofibrillar

myosin isoform shifting was an unexpected finding. Many

investigations have shown that reductions in neuro-

muscular activity are associated with a shift of myofibrillar

myosin from slow to fast isoforms of MHC, although little

is known of the mechanisms that regulate this shift. Spinal

cord injuries (Dupont-Versteegden et al. 1998), limb

immobilization (Jankala et al. 1998), prolonged bedrest

(Widrick et al. 1997), spaceflight (Caiozzo et al. 1995) and

reductions in neuromuscular activity by tetrodotoxin

(Michel et al. 1996) can each produce shifts in myofibrillar

MHC from slow to fast isoforms (e.g. review by Talmadge,

2000), which suggests that there may be common,

underlying regulatory mechanisms that influence the

response to these perturbations. Recent, important

findings have shown that fibre type determination in

skeletal muscle can be regulated by the transcriptional co-

activator PGC-1a (Lin et al. 2002) and members of the

MEF2 family of transcription factors (reviewed by Olson &

Williams, 2000), which may be components of a common

regulatory mechanism. The calpain–calpastatin system

could feasibly contribute to the shift in myofibrillar

myosin content through any of three general processes.

First, it is possible that calpain could directly or indirectly

modify the activity of factors that regulate the expression

of specific isoforms of myosin. For example, if calpain-

mediated cleavage were required for activation of a

transcription factor that promotes MHCf expression or

inhibits slow MHC expression, CS overexpression could

prevent the shift to MHCf in atrophying muscles in Tg

mice. Previous studies have shown that calpains cleave and

modify the activity of transcription factors (Pariat et al.
2000; Oda et al. 2002). However, findings in the present

investigation suggest that CS overexpression does not

affect transcription of specific myosin isoforms because no

difference was observed in the relative proportions of

fibres that expressed MHCf in the soleus muscles of

ambulatory CS Tg mice and non-Tg mice. A second

possibility is that CS overexpression inhibits calpain-

mediated cleavage of MHC, and thereby inhibits turnover.

Several investigations have shown that skeletal muscle

MHC is a substrate of calpains (Ishiura et al. 1979; Hara

et al. 1983; Pemrick & Grebenau, 1984). However,

incubation of myofibrils with calpain does not produce a

reduction of MHC concentration or mass that is detectable

by SDS-PAGE, which indicates that calpain-mediated

cleavage of MHC is not extensive (Goll et al. 1991).

A final possible way in which overexpression of CS can

prevent the shift of myofibrillar MHC content from slow

to fast isoforms during muscle atrophy is that CS may

inhibit the calpain-mediated release of myosin thick

filaments from myofibrils, which are subsequently

proteolysed through the ubiquitin–proteasome system.

Strong evidence has shown that the ubiquitin–proteasome

system plays a significant role in proteolysis during muscle

unloading (Bodine et al. 2001) and in other models of

muscle wasting (Solomon et al. 1998b; Mitch et al. 1999;

Bailey & Mitch, 2000). In addition, MHC can be degraded

by the ubiquitin–proteasome system, although myosin

thick filaments are not ubiquinated and proteolysed when

they are associated with thin filaments (Solomon &

Goldberg, 1996). Thus, myosin thick filaments must be

released from sarcomeres before degradation by the

ubiquitin–proteasome system can occur. Several proteins

in addition to myosin are calpain substrates that are

important in maintaining the architecture of the

sarcomere. In particular, titin plays a central role in

structuring the sarcomere, it binds myosin and it is readily

cleaved by calpain (Kim et al. 1995; Suzuki et al. 1996;

Galvagni et al. 1998). Collectively, these observations

suggest that the role of calpains in regulating the shift in

myofibrillar myosin content may be to release thick

filaments from the sarcomere, after which they are degraded

by the ubiquitin–proteasome system, and replaced by

other myosin thick filaments.

The results of the present investigation provide the first

information concerning how perturbation of a specific

proteolytic system affects muscle wasting in vivo. The
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significant reduction of muscle atrophy that occurs in

CS overexpressing muscle during muscle unloading

indicates that therapeutic approaches that target the

calpain–calpastatin system may be useful in slowing

muscle atrophy. Continuing studies are directed toward

testing whether the calpain–calpastatin system contributes

similarly to muscle wasting in other models of disease and

injury.
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