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CuZnSOD gene deletion targeted to skeletal muscle
leads to loss of contractile force but does not cause
muscle atrophy in adult mice
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ABSTRACT We have previously shown that deletion
of CuZnSOD in mice (Sod1�/� mice) leads to acceler-
ated loss of muscle mass and contractile force during
aging. To dissect the relative roles of skeletal muscle
and motor neurons in this process, we used a Cre-Lox
targeted approach to establish a skeletal muscle-spe-
cific Sod1-knockout (mKO) mouse to determine
whether muscle-specific CuZnSOD deletion is suffi-
cient to cause muscle atrophy. Surprisingly, mKO mice
maintain muscle masses at or above those of wild-type
control mice up to 18 mo of age. In contrast, maximum
isometric specific force measured in gastrocnemius
muscle is significantly reduced in the mKO mice. We
found no detectable increases in global measures of
oxidative stress or ROS production, no reduction in
mitochondrial ATP production, and no induction of
adaptive stress responses in muscle from mKO mice.
However, Akt-mTOR signaling is elevated and the
number of muscle fibers with centrally located nuclei is
increased in skeletal muscle from mKO mice, which
suggests elevated regenerative pathways. Our data dem-
onstrate that lack of CuZnSOD restricted to skeletal
muscle does not lead to muscle atrophy but does cause
muscle weakness in adult mice and suggest loss of
CuZnSOD may potentiate muscle regenerative path-

ways.—Zhang, Y., Davis, C., Sakellariou, G.K., Shi, Y.,
Kayani, A.C., Pulliam, D., Bhattacharya, A., Richardson,
A., Jackson, M.J., McArdle, A., Brooks, S.V., Van Rem-
men, H. CuZnSOD gene deletion targeted to skeletal
muscle leads to loss of contractile force but does not
cause muscle atrophy in adult mice. FASEB J. 27,
3536–3548 (2013). www.fasebj.org
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Age-related muscle atrophy (sarcopenia) is a major
contributor to frailty and loss of independence in the
elderly (1). The problem is universal and leads to a
significant vulnerability that opposes healthy aging. Yet,
to date, the mechanisms underlying the muscle loss
during aging remain to be defined. Oxidative stress and
damage have been suggested to be among the factors
contributing to the initiation and progression of mus-
cle atrophy that occurs during aging (2). Consistent
with a role of oxidative stress as a contributor to
sarcopenia, studies from our group have found that loss
of the superoxide scavenger copper zinc superoxide
dismutase (CuZnSOD) in mice (Sod1�/� mice) leads to
an accelerated and progressive loss of muscle during
aging that mimics the loss that occurs in wild-type (WT)
control mice past median life span and in older hu-
mans (3–7). Thus, the Sod1�/� mice are a powerful tool
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to study potential mechanisms of age-related muscle
atrophy and to uncover potential targets for interven-
tion for preventing sarcopenia in humans.

Mice lacking CuZnSOD have an increase in oxidative
stress, as measured by elevated levels of oxidative dam-
age in lipid, DNA, and protein in all tissues and in
plasma (6–8), associated with a number of physiologi-
cal declines, including an accelerated loss of skeletal
muscle, hearing loss, and increased incidence of hepa-
tocellular carcinoma (7–9). Hind-limb muscle mass in
Sod1�/� mice is significantly reduced compared to
age-matched WT control mice from as early as 3 mo of
age and continues to decrease with age (7). In addition,
many features of the muscles of Sod1�/� mice resemble
those observed in old WT control mice, notably wide-
spread degeneration of neuromuscular junctions
(NMJs), loss of innervation, and loss of contractile force
(10). Induction of contraction using direct muscle
stimulation of muscle tissue, bypassing the NMJ, par-
tially rescues the deficit in force, which indicates a loss
of functional innervation in the Sod1�/� mice (4).
These results suggest that loss of innervation is a critical
part of the muscle atrophy phenotype exhibited by the
Sod1�/� mice, but the importance of oxidative stress in
motor nerves or in muscle to initiate these changes
remains unclear.

To directly test whether changes initiated by lack of
CuZnSOD within the muscle tissue alone can lead to
muscle atrophy, we generated a tissue-specific Sod1-
knockout mouse model targeting skeletal muscle Sod1
utilizing Cre recombinase expression driven by the
human � skeletal actin promoter. If oxidative stress
within the muscle itself is a primary initiator of muscle
atrophy, we expected that loss of CuZnSOD specifically
from muscle fibers would result in loss of muscle mass.
Here, we report the effects of the muscle-specific
deletion of CuZnSOD on muscle mass, morphology,
function, and adaptive responses.

MATERIALS AND METHODS

Generation of muscle-specific Sod1-knockout (mKO) mice

The conditional Sod1-knockout (Sod1flox/flox) mice were gen-
erated using a mouse Sod1 genomic DNA that has 2 LoxP sites
in the introns flanking exons 3 and 4 of Sod1, with a neomycin
cassette for selection (see Fig. 1A), on a C57BL6 background, by
the Transgenic Animal Model Core at the University of Michigan.
The incorporation of the conditional Sod1 construct was confirmed
by Southern blot analysis. The Sod1flox/flox mice were bred with a
mouse strain that expresses muscle-specific actin �1 (Acta1)-
Cre recombinase [B6.Cg-Tg(Acta1-cre)79Jme/J; the Jackson
Laboratory, Bar Harbor, ME, USA] to generate mKO mice.

All mice were fed ad libitum a standard NIH-31 chow and
maintained under barrier conditions in microisolator cages
on a 12-h light-dark cycle. For tissue collection, animals were
euthanized by CO2 inhalation, followed by cervical disloca-
tion. The tissues were immediately excised and placed on ice.
After collection, all tissues were snap-frozen and stored at
�80°C. All procedures were approved by the Institutional
Animal Care and Use Committee at the University of Texas

Health Science Center at San Antonio and the Audie L.
Murphy Veterans Hospital (San Antonio, TX, USA).

SOD enzymatic activity assay

The activities of CuZnSOD and manganese SOD (MnSOD)
were measured using native gels, with negative staining, as
described previously (11).

Mitochondrial function assays

Mitochondrial reactive oxygen species (ROS) production was
measured indirectly as hydrogen peroxide (H2O2) release
from intact isolated mitochondria using Amplex Red (Molec-
ular Probes, Eugene, OR, USA), as described previously (12).
Horseradish peroxidase (HRP; 1 U/ml) and superoxide
dismutase (SOD; 30 U/ml; Sigma, St. Louis, MO, USA) were
added to convert all superoxide into H2O2. We monitored
Amplex Red oxidation by H2O2 every 2 s for �10 min at an
excitation of 545 nm and an emission of 590 nm using a
Fluoroskan-FL Ascent Type 374 multiwell plate reader (Lab-
systems, Helsinki, Finland). We performed all assays at 37°C,
in 125 mM KCl, 10 mM HEPES, 5 mM MgCl2, and 2 mM
K2HPO4 (pH 7.44), with 50–20 �g of mitochondrial protein
per 100 �l of reaction buffer. Mitochondrial ATP production
was measured in isolated muscle mitochondria as described
previously (13). The respiratory substrates GM (2.5 mM
glutamate and 2.5 mM malate) and SR (5 mM succinate and
0.5 �M rotenone) were added as indicated in Results.

Isolation of single mature skeletal muscle fibers

Single muscle fibers were isolated from the flexor digitorum
brevis (FDB) muscles of mice as described elsewhere (14).
Briefly, FDB muscles were incubated for 1.5 h at 37°C in 0.4%
(w/v) sterile type I collagenase in Eagle’s minimum essential
medium (MEM) containing 2 mM glutamine, 50 IU penicil-
lin, 50 �g/ml streptomycin, and 10% fetal bovine serum
(FBS; Invitrogen Ltd, Paisley, UK). Muscles were agitated
every 20 min to improve digestion of the connective tissue.
Single fibers were released by gentle trituration with a wide-
bore pipette and washed 3 times in MEM containing 10%
FBS. Fibers were plated onto precooled 35-mm cell culture
dishes precoated with Matrigel (BD Biosciences, Oxford, UK)
and allowed to attach for 45 min before adding 2 ml of MEM
containing 10% FBS. Fibers were incubated for 16 h at 37°C
in 5% CO2. Fibers prepared and cultured in this manner are
viable for up to 6 d in culture (15) but were routinely used at
16 h following isolation. Experiments were performed only
on fibers that exhibited clear striations along the sarcolemma
(e.g., see Fig. 4C).

Use of 5-(and 6)-chloromethyl-2=,7=-dichlorodihydrofluorescein
diacetate (CM-DCFH DA) to monitor changes in ROS
production in single isolated fibers

To monitor changes in ROS production, single FDB muscle
fibers were loaded by incubation with 10 �M CM-DCFH DA
(Molecular Probes, Eugene, OR, USA) in 2 ml Dulbecco’s
phosphate-buffered saline (D-PBS) for 30 min at 37°C as
described previously (15, 16). Cells were washed twice with
D-PBS and were maintained in MEM without Phenol Red
during the experimental period. Intracellular ROS, particu-
larly H2O2, convert CM-DCFH to its fluorescent derivate,
CM-DCF (see Fig. 4C).
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Fluorescent microscopy imaging

The imaging system consisted of a C1 confocal microscope
(Nikon Instruments Europe BV, Surrey, UK) equipped with a
488-nm excitation argon laser, 515/30 emission filter set for
the detection of DCF fluorescence. Using a �60 objective,
fluorescence images were captured and analyzed with the
EZC1 3.9 (12-bit) acquisition software (Nikon). All experi-
ments were performed at 25°C.

Transmission electron microscopy (TEM)

Gastrocnemius muscles were freshly dissected and fixed in
2% paraformaldehyde and 2.5% glutaraldehyde in 0.1 M
sodium cacodylate buffer and then postfixed with 1% osmium
tetroxide followed by 1% uranyl acetate. The blocks were
dehydrated through a graded series of ethanol washes and
embedded in resin. Blocks were cut in ultrathin (90 nm)
sections on a Reichert Ultracut UCT (Reichert, Vienna,
Austria), stained with uranyl acetate followed by lead citrate,
and viewed on a Jeol 1230 EX transmission electron micro-
scope (Jeol Ltd., Akishima, Japan) at 80 kV.

Lipid peroxidation assay

Lipid peroxidation was measured in mouse tissues by deter-
mining the levels of F2-isoprostanes by methods we have
previously described and initially described by Morrow et al.
(17, 18). The levels of F2-isoprostanes were measured using
gas chromatography-mass spectrometry (GC-MS). The levels
of F2-isoprostanes are expressed as nanograms F2-isoprostanes
per gram tissue.

Glutathione and protein thiol measurements

The automated glutathione recycling method described by
Anderson (19) was used to assess the total glutathione con-
tent of muscle samples, using a 96-well plate reader (Power-
wave X340; BioTek Instruments Inc., Winooski, VT, USA).
The protein thiol content of samples was analyzed by the
method of Di Monte et al. (20) adapted for use on a 96-well
plate reader.

Analyses of the 3-nitrotyrosine (3-NT) content of muscle
carbonic anhydrase III

Total cellular protein was isolated, and 100 �g was separated
by SDS-PAGE, followed by Western blotting as described
below. The content of 3-NT was analyzed by using a mouse
monoclonal antibody (Cayman Chemical Co., Ann Arbor, MI,
USA), and the bands were visualized and densitometric
quantification of the carbonic anhydrase III band was under-
taken using a Chemi-Doc XRS System (Bio-Rad Laboratories
Ltd., Hemel Hempstead, UK) (3).

Western blotting of muscle proteins

For assessment of specific proteins in muscle, 50 �g of total
protein was applied to a 10–15% polyacrylamide gel with a
4% stacking gel (National Diagnostics Ltd, Atlanta, GA,
USA). The separated proteins were transferred onto nitrocel-
lulose membranes by Western blotting. Membranes were
probed using antibodies against CuZnSOD (Stressgen Inc.,
Victoria, BC, Canada); HSC70, HSP60, and HSP25, (Enzo
Life Sciences, Ltd., Exeter, UK), pAkt(Ser308), Akt,
pS6(Ser235/236), and S6 (Cell Signaling, Danvers, MA,
USA); GAPDH, and tubulin (Abcam PLC, Cambridge, UK) as

described previously (3). HRP-conjugated anti-mouse or -rab-
bit IgG (Cell Signaling) or anti-rat (Sigma) was used as
secondary antibody. Peroxidase activity was detected using an
ECL kit (Amersham International, Cardiff, UK), and band
intensities were analyzed using Quantity One software (Bio-
Rad).

Rota-rod performance

Rota-rod performance was measured as described by
Muller et al. (7). The initial speed of the rod was set to 2
rpm with a linear acceleration of 0.1 rpm/s. Falls from the
rod were detected by an infrared sensor. Each mouse
performed 4 trials/d on 3 consecutive days, with 20 min
rest between trials.

Treadmill test

Treadmill running test was conducted using a 6-lane rodent
treadmill (Exer-6; Columbus Instruments, Columbus, OH,
USA) modified from methods previously described (13).
Briefly, mice were acclimated for 3 d prior to test (0 m/min
for 10 min, followed by 5 m/min for 10 min, then 10 m/min
for 10 min). On the day of testing, mice were run at a 15°
incline initially at 12 m/min, increasing the speed in incre-
ments of 3 m/min every 5 min. Exhaustion was determined
by a failure to engage the treadmill despite the presence of a
mild shock and physical prodding. Cumulative running dis-
tance and total running time were recorded.

Muscle function

Mice were anesthetized with intraperitoneal injections of
tribromoethanol (400 mg/kg) supplemented to maintain
adequate anesthesia throughout the procedure. Gastrocne-
mius (GTN) muscle contractile properties were measured
in situ as described by Larkin et al. (4). In anesthetized
mice, the whole GTN muscle was isolated, and the distal
tendon was severed and secured to the lever arm of a
servomotor (model 305B; Aurora Scientific, Aurora, ON,
Canada). The muscle was activated by stimulation of the
tibial nerve using a bipolar platinum wire electrode. Stim-
ulation voltage and muscle length (Lo) were adjusted to
give a maximum isometric twitch. At Lo, 300-ms trains of
stimuli were applied at increasing frequency until the
maximum isometric tetanic force (Po) was achieved. In
some cases, this procedure was repeated using direct
muscle stimulation rather than nerve stimulation via a cuff
electrode around the proximal and distal ends of the
muscle. For fatigue tests, muscles were stimulated with
100-Hz trains of 0.5 s duration, once each 5 s for 15 min.
Muscles were subsequently removed, and deeply anesthe-
tized mice were euthanized by administration of a pneu-
mothorax. Muscles were blotted and weighed, and muscle
fiber length (Lf) was calculated by multiplying Lo by 0.45
(4). Total fiber cross-sectional area (CSA) was calculated by
dividing the muscle mass (mg) by the product of Lf (mm)
and density (1.06 g/cm2) for calculation of specific Po
(N/cm2).

Muscle fiber counts and areas and identification of fiber
types

Muscles that had been coated in tissue-freezing medium
(Triangle Biomedical Sciences, Durham, NC, USA) and
rapidly frozen in isopentane cooled by dry ice were cryo-
sectioned at �20°C through the midbelly with a thickness
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of 12 �m, and fluorescent immunohistochemical (IHC)
staining was initiated the same day. Frozen sections were
rinsed with PBS and permeabilized in 0.2% Triton X-100 in
PBS for 5 min. Sections were incubated overnight in
blocking solution (Vector M.O.M. Mouse Ig Blocking Re-
agent; Vector Laboratories, Burlingame, CA, USA) in a
sealed chamber at 4°C and then soaked in M.O.M. Dilutent
(Vector Laboratories) for 5 min. Fibers were identified by
staining for myosin heavy chain and laminin to visualize
fiber outlines, as described previously (4), using antibodies
for type 1 myosin (mouse IgM; A4.840; Alexis Biochemi-
cals, Lausen, Switzerland), type 2 myosin (mouse IgG;
MS-1236-S; Thermo Fisher Scientific, Waltham, MA, USA),
and laminin (rabbit IgG; L9393; Sigma). Secondary Alex-
aFluor antibodies, all from Invitrogen, were goat � mouse
IgM (A-21426), goat � mouse IgG (A-21120), and goat �
rabbit IgG (A-11008). Regenerating fibers were identified
by staining muscle sections for a developmental isoform of
myosin, embryonic myosin heavy chain (eMHC; F1.652;
Developmental Studies Hybridoma Bank, Iowa City, IA,
USA), and AlexFluor 555 goat anti-mouse IgG1 (Invitro-
gen) secondary antibody. Wheat germ agglutinin (WGA)
lectin AlexaFluor 488 (Invitrogen) was used to identify
extracellular matrix. Nuclei were identified using DAPI.
Positive controls for regenerating fibers were obtained by
injecting GTN muscles of control mice with 1.2% barium
chloride to induce degeneration and regeneration. Cross
sections were analyzed in a blinded procedure using Cyte-
Seer 2.0.4 (Vala Sciences Inc., San Diego, CA, USA) for
fiber CSAs and for fiber number, including the number of
fibers expressing eMHC and the number of fibers with
central nuclei.

Measurement of dry weight of skeletal muscle

Extensor digitorum longus (EDL), GTN, soleus, tibialis ante-
rior (TA), quadriceps (Quad), and plantaris (PL) muscles
were removed from 6-mo-old mice. Wet weight was measured
for each muscle, followed by drying the tissue in an oven
overnight (24 h). Dry weight was then measured. The ratio
between dry and wet weight was calculated and compared by
Student’s t test between WT and mKO mice. In addition,
multiple muscles from 16- to 18-mo-old mKO and WT mice
were isolated, trimmed, and weighed to determine whether
the CuZnSOD deficiency similarly affected a variety of skeletal
muscles.

Statistical analysis

All data are expressed as means � sem. The difference
between WT and mKO mice was analyzed by Student’s t test
or 1-way ANOVA with post hoc test. A value of P � 0.05
(P�0.05) was considered statistically significant.

RESULTS

Generation of mKO mice

Sod1flox/flox mice were generated using a construct with
2 LoxP sites flanking exon 3 and 4, as described in
Materials and Methods and shown in Fig. 1A. The
recombination between the Sod1 construct and the WT
allele was confirmed by Southern blot analysis using
DNA probes corresponding to the 5= and 3= ends of the
construct (P1 and P2). Positive clones display a 6.8-kb

band for P1 with BamHI digestion and 5.5-kb band for P2
with AflII digestion (Fig. 1B). Crossing the Sod1flox/flox mice
with mice expressing a skeletal muscle-specific Cre recombi-
nase, Acta1-Cre, produced mice with skeletal muscle-specific
deletion of Sod1 gene (designated mKO), which resulted
in a �90% decrease of CuZnSOD protein in skeletal
muscle of mKO mice, as confirmed by Western blot
analysis, but no change in other tissues, including
brain, heart, kidney, and liver (Fig. 1C). The 85–95%
reduction, compared with WT levels, in CuZnSOD
expression was consistent for a wide variety of muscles,
including EDL, TA, Quad, PL, and GTN muscles (Fig.
1D). Skeletal muscle-specific deletion of CuZnSOD was
further confirmed by enzymatic activity assay (Fig. 1E),
which showed � 10% enzymatic activity in mKO mice
compared with that measured in WT mice in skeletal
muscle only. Moreover, despite the dramatic reduction
of CuZnSOD activity in skeletal muscle of mKO mice,
the activity of MnSOD, the mitochondrial SOD, is not
up-regulated in mKO mice (Fig. 1D). Similarly, protein
levels of catalase MnSOD and extracellular SOD are not
up-regulated in muscle from mKO mice (Supplemental
Fig. S1).

Changes of muscle mass and morphology in mKO
mice

Because muscle loss occurs at early ages in the consti-
tutive Sod1�/� mice, we asked whether muscle-specific
loss of CuZnSOD would have the same effect. As shown
in Fig. 2A, no obvious difference is apparent in muscle
morphology between WT and mKO mice. Both the
absolute mass and mass relative to body mass ratio for
GTN muscle were greater at 6 mo of age for mKO
compared with control mice (Fig. 2B). The elevation in
muscle mass was not restricted to the GTN muscle but
was observed in a variety of muscles (Supplemental
Table S2). To probe the basis for the higher GTN
muscle masses in mKO mice, we measured the numbers
of fibers in cross sections of GTN muscles and deter-
mined the average muscle fiber CSA. Although a trend
showed an increase in the number of fibers in muscles
of mKO mice, the increase did not reach statistical
significance (Fig. 2B), and no difference was found in
the average fiber CSA between age-matched mKO mice
and WT mice (Fig. 2B).

Histological analysis of GTN muscles revealed that a
substantial number of muscle fibers in mKO mice
contained centrally located nuclei, while fibers with
centrally located nuclei were rarely detectable in WT
mice (Fig. 2C). Electron microscopy further revealed
altered structure, with muscle fibers in mKO mice
showing multiple nuclei in the cytoplasm within a
single section (Fig. 2D). In many cases, the central
nuclei are localized to small sections of individual
myofibers (Fig. 2D). Despite these abnormalities, the
overall level of central nucleation remained constant
throughout life at �26% of fibers in muscles of mKO
mice compared with only 2% of fibers in WT mice
(Supplemental Fig. S2). To explore whether the pres-
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ence of central nuclei is indicative of underlying regen-
eration in the muscles of mKO mice, GTN muscle
sections were stained for eMHC (Fig. 2E). Consistent
with the lack of central nuclei in WT control muscles,
no eMHC-positive fibers were observed in WT mice. In
muscles of mKO mice, some isolated regions displayed
fibers that both were positive for eMHC and contained
central nuclei, but numerous fibers were also present
that showed a persistence of the central nuclei without
eMHC expression. Overall, this spotty eMHC expres-
sion resulted in only 1.1 � 0.5% of the fibers in the
whole GTN cross section that were positive for eMHC
(Supplemental Fig. S2). Although more widespread,
similar staining patterns were observed in control mus-
cles 7 d following injection of BaCl2, which suggests
transient expression of eMHC in regenerating fibers
that is resolved while central nuclei remain. In total,
these histological changes are consistent with ongoing,
but focal, degeneration-regeneration in the muscle
from mKO mice.

Muscle function is reduced in mKO mice

Sod1�/� mice show significant reductions in force-
generating capacity associated with the loss of muscle
mass. Therefore, we were interested to determine
whether muscle-specific deletion of Sod1 gene would be

sufficient to alter muscle function in the mKO mice. To
test this, we measured maximum isometric force gen-
erated by GTN muscles in situ in response to nerve
stimulation. As shown in Fig. 3A, maximum isometric
specific force of GTN muscle was reduced by 20% in
mKO mice compared with WT mice. To determine
whether the weakness of muscles of mKO mice was due
to NMJ dysfunction, contractions were also elicited
using direct stimulation of the muscle tissue. Under
these circumstances, when the NMJ was bypassed, no
change in force was observed for muscles of control or
mKO mice (Fig. 3B) compared to force determined by
nerve stimulation, indicating no functional denervation
in those muscles, as previously observed (4) and con-
firmed here (Fig. 3B) for Sod1�/� mice.

To assess the potential effects of the defect in muscle
contractility on overall neuromuscular function, we
measured rota-rod performance and endurance using
treadmill running. Despite the weakness observed for
isolated whole GTN, the mKO mice showed no differ-
ence in the rota-rod test; i.e., the latency to fall (length
of time the mice remain on the rotating rod) was not
significantly different between mKO and WT mice (Fig.
3C). Moreover, no impairment was found in tread-
mill running performance in mKO compared to WT
mice (Fig. 3D). Consistent with the similarity in the
abilities of mKO and control mice to run, fatigability
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localization of myonuclei; yellow arrows mark the centrally located nuclei that are frequently seen in mKO muscles.
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of isolated GTN muscles as measured by the relative
decline in force during repeated isometric contrac-
tions was also not different between mKO and WT
control groups (Fig. 3E). These findings indicate that
the lack of CuZnSOD in the muscle contributes to
functional deficits that appear to be localized to
skeletal muscle.

Mitochondrial function and ROS generation in
skeletal muscle from mKO mice

Previous studies from our group have reported signifi-
cant alterations in mitochondrial function in skeletal
muscle from Sod1�/� mice, including increased ROS
generation and reduced ATP production (7). To deter-
mine whether muscle-specific loss of the Sod1 gene
affects mitochondrial function, we measured ROS gen-
eration and ATP production in mitochondria isolated
from skeletal muscle of mKO and WT mice. As shown
in Fig. 4A, B, we found no change in mitochondrial
ROS or ATP production in muscle from mKO mice
compared to muscle from control mice, suggesting that
mitochondrial function is not compromised in mKO
mice. In addition, the level of ROS generation in
intact muscle fibers as measured by the rate of

change in CM-DCF fluorescence is not different
between mKO mice and control mice under resting
conditions (Fig. 4C, D).

Loss of CuZnSOD in mKO mice does not affect the
redox status in skeletal muscle

CuZnSOD is the primary scavenger of superoxide
anion in the cytosolic compartment of the cell. Thus,
loss of CuZnSOD would be predicted to have signif-
icant effects on oxidative stress and redox balance.
Indeed, we and others found significant increases in
oxidative damage (lipid, protein, and DNA oxida-
tion) and altered redox markers (reduced glutathi-
one peroxidase activity and increased NF
B activity)
in the constitutive Sod1�/� mice (5, 7, 8). To deter-
mine the effect of reduced superoxide scavenging
potential in response to CuZnSOD gene deletion in
the mKO mice, we measured markers of antioxidant
status in GTN muscles. The levels of total/oxidized
glutathione and protein thiols, indicators of global anti-
oxidant status, were measured. As shown in Fig. 5A,
the levels of total glutathione, oxidized glutathione,
and total protein thiols were similar in muscles of mKO
and WT mice, indicating no change in the overall

Figure 3. Muscle function in mKO
mice. A) Maximum isometric specific
force (N/cm2), normalized by total
fiber CSA, for GTN muscles from
control mice (solid bars) and mKO
mice (shaded bars) at 6–8 mo of age
(n	5). *P � 0.05 vs. WT control. B)
Force generated during direct mus-
cle stimulation and nerve stimulation
for GTN muscles of control (solid
black), mKO (shaded bars), and
Sod1�/� (open bars) mice. C) Rota-
rod performance in control mice
and mKO mice at 6–8 mo of age was
measured for 3 consecutive days,
with 4 trials/d. Data represent aver-
age � se time (s) that mice remain

on the rotating rod before falling off. D) Treadmill performance test. Data from the treadmill performance test show no
difference in the duration of time that control (WT, n	6) and mKO (n	5) mice were able to run. E) Force production
during a series of repeated isometric contractions, expressed as a percentage of the initial force. Lines represent the average
response of 4 muscles form 6- to 8-mo-old mice. Although mKO mice showed a tendency to lose force faster, the data are
not significantly different between WT and mKO mice.
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redox status in mKO mice. Protein nitration, measured
by the level of 3-NT in carbonic anhydrase III, was also
similar in skeletal muscle from mKO mice and WT
mice (Fig. 5B). Similarly, we measured the level of
F2-isoprostanes, an indicator of lipid oxidation, and
found no difference between mKO mice and WT
mice (Fig. 5C).

Cell signaling and stress responses in skeletal muscle
of mKO mice

The changes in muscle fiber morphology and muscle
function in the mKO mice implicate potential altera-
tions in some important cellular processes in response
to the loss of Sod1 gene. Because the histological
analysis suggested a potential increase in newly regen-
erated fibers, we hypothesized that Akt–mammalian
target of rapamycin (mTOR) signaling, a central regu-
latory pathway for cell growth and proliferation, would
be affected by the loss of Sod1 in mKO mice (21). As

shown in Fig. 6A, the Akt-mTOR activity was elevated in
skeletal muscle of mKO mice, as measured by the
phosphorylation of Akt (Ser308) and ribosome subunit
S6 (a downstream target of mTOR signaling). Akt-
mTOR signaling was not affected in mKO mice in
tissues other than skeletal muscle (data not shown].

We had previously shown an elevated response in
heat-shock and NF
B signaling pathways in Sod1�/�

mice (5). We hypothesized that the expression of genes
involved in the adaptive response to stress in skeletal
muscle may be altered in the mKO mice. As shown in
Fig. 6C, the amount of nuclear p65 in skeletal muscle is
similar between mKO mice and WT mice, suggesting
no up-regulation of NF
B signaling in muscles of mKO
mice. Similarly, the protein expression of Hsc70,
Hsp60, and Hsp25 remains the same in the muscle of
mKO mice as WT mice, indicating the loss of Sod1 gene
in skeletal muscle did not activate the heat-shock
response (Fig. 6B).
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Figure 4. ROS generation in isolated mitochon-
dria and muscle fibers from mKO mice. A, B)
H2O2 (A) and ATP production (B) from isolated
skeletal muscle mitochondria (n	5/genotype).
C) Confocal images of a single isolated fiber from
the FDB muscle after 16 h in culture under bright
field (i), fluorescent image following loading with
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(iii); original view, �60. Scale bar 	 30 �m). B)
Rate of change in DCF fluorescence from resting
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mice; shaded bars, mKO mice.
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Maintenance of greater muscle mass into late life in
mKO mice

Lastly, we tested whether overall muscle structure and
function changed dramatically with aging in mKO
mice. GTN muscle mass and isometric force generation
was measured in very young (3–4 mo), adult (6–8 mo),
and middle-aged (16–17 mo) mKO and control mice.
We found no loss of muscle mass in the mKO mice
throughout the period studied (Fig. 7A). In fact, the
mass of the GTN muscles increases with age for mKO
mice and remains elevated compared with muscles of
control mice out to at least 16–17 mo of age, the oldest
age studied thus far. In addition, one might hypothe-
size that ongoing degeneration and regeneration in the
muscles of mKO mice would lead to deterioration of
force-generating capability. Although muscles of mKO
mice were weaker than those of control mice at all ages
studied, force did not decline for either group for the
duration of the present study (Fig. 7B).

DISCUSSION

Oxidative stress has long been implicated as a signifi-
cant contributing factor to age-related loss of muscle
mass. A causal connection is supported by our previous
work showing elevated levels of oxidative stress and
accelerated muscle atrophy in mice lacking the super-
oxide scavenging enzyme CuZnSOD (Sod1�/� mice).
The characteristics of the muscle loss in Sod1�/� mice
closely mimics the changes that occur in human sar-
copenia (22, 23), as evidenced by the observations in
these mice of degeneration of neuromuscular junc-

tions, loss of innervation, and fiber degeneration in the
muscle itself (5, 6). Although these findings indicate
that changes in both motor neurons and skeletal mus-
cle are associated with the pathophysiology of sarcope-
nia, the relative role of each of these tissues or the
different cell types involved in the initiation or progres-
sion of sarcopenia has not been clearly defined. Our
aim was to address the question of whether the process
of age-associated muscle atrophy is due to autonomous
effects in the muscle itself, as opposed to events in the
motor neuron that influence the skeletal muscle to
degenerate. Specifically, we asked whether the loss of
CuZnSOD restricted to muscle fibers would have an
effect on atrophy similar to that seen in the constitutive
whole-body knockout mouse, in which muscles and
neurons as well as other tissues and cell types are
affected. Our approach was to generate a mouse model
in which the Sod1 gene was deleted specifically in
skeletal muscle using a muscle specific Cre-lox con-
struct to address the tissue specific effect of ROS on the
development of muscle atrophy (24). Using this model,
we investigated the effect of a muscle specific Sod1 gene
deletion (mKO) on muscle structure and function. The
major findings of this study are the following. First, in
contrast to the muscle atrophy observed in Sod1�/�

mice as early as 3 mo of age, mKO mice displayed
maintenance or even slightly elevated muscle mass out
to 17 mo of age. Second, similar to our previous
findings in Sod1�/� mice, muscles from mKO mice
showed functional deficits measured as reduced isomet-
ric specific force of isolated GTN muscles, although
these reductions in muscle function were not as severe
as those observed for Sod1�/� mice. Finally, a novel and
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Figure 5. Oxidative
damage is not elevated
in skeletal muscle of
mKO mice. A) Gluta-
thione oxidation and
total protein thiol con-
tents in skeletal muscle.
B) Nitration of carbonic
anhydrase III in skeletal
muscle. C) Lipid peroxi-
dation, measured as F2-
isoprostanes in skeletal
muscle.
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unexpected result was that the muscle-specific defi-
ciency of CuZnSOD resulted in the appearance of a
degenerative-regenerative phenotype, with many fibers
in the muscles of mKO mice exhibiting centrally lo-
cated nuclei, as well as evidence for fibers expressing
eMHC through the life span of the mice.

Our observation that muscle atrophy was not ob-
served in mKO mice supports the conclusion that
compromised detoxification of superoxide anion
within muscle fibers per se does not represent a primary

factor initiating age-associated sarcopenia. The lack of
CuZnSOD would be predicted to lead to an increase in
superoxide anion and/or peroxynitrite, oxidative dam-
age, and altered redox status, as we found in tissues
from the Sod1�/� mice. Surprisingly, we found no
evidence of increased oxidative damage to lipid or
protein in the mKO mice. Moreover, GSH/GSSG ratios
in muscle were unchanged in response to CuZnSOD
deficiency and skeletal muscle mitochondrial ROS gen-
eration, and ROS levels were not elevated in isolated
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muscle fibers of the mKO mice. The seemingly minimal
effect of the lack of CuZnSOD on oxidative damage in
skeletal muscle fibers is surprising due to the observa-
tions that oxidative damage is dramatically elevated in
many tissues, including muscle, in Sod1�/� mice even
at very young ages (7). It is possible that the lack of
CuZnSOD in skeletal muscle is not critical except
under conditions of stress. In future studies, we will
measure oxidative damage post exercise in vivo or after
induced contraction in situ. Furthermore, although we
find no overt oxidative damage in muscles of mKO
compared with WT mice, oxidative modification of
specific proteins or small localized transient changes in
redox homeostasis may occur (25). In addition, subtle
changes of ROS due to the loss of the Sod1 gene could
result in the changes observed in molecular signaling
and physical function (26).

The finding that a reduction in antioxidant scaveng-
ing potential in muscle was not sufficient to drive
muscle atrophy is consistent with previous findings
from our group showing that deletion of mitochondrial
SOD, MnSOD, specifically in type IIB muscle fibers,
increased oxidative stress but did not reduce muscle
mass (13). Despite the lack of major alterations in
oxidative stress in muscles of mKO mice, our findings
indicate that the muscle atrophy observed during aging
of Sod1�/� mice is not due primarily to deficiency of
CuZnSOD in skeletal muscle, suggesting that a failure
in redox homeostasis in motor neurons may be the
primary initiating factor.

While muscle-specific deficiency of CuZnSOD does
not recapitulate the accelerated muscle atrophy ob-
served in Sod1�/� mice, muscles of both Sod1�/� (4)
and mKO (present study) mice demonstrate muscle
weakness, as measured by deficits in maximum specific
isometric force. The observation that direct stimulation
of the muscles of Sod1�/� mice consistently increased
force production over that generated using nerve stim-
ulation (4) indicates that the muscles of Sod1�/� mice
contain a population of fibers that can produce force
but that fails to contract in response to nerve stimula-
tion, possibly due to faulty transmission at the neuro-
muscular junction. In contrast, direct muscle stimula-
tion failed to rescue any of the weakness of GTN
muscles in mKO mice, indicating that the weakness of
these muscles is intrinsic to the muscle fibers. Direct
effects of oxidants on the myofibrillar apparatus that
influence force generation have been reported (27,
28). Oxidative modifications of specific contractile pro-
teins may disrupt actin-myosin interactions such that
the number of myosin cross-bridges strongly bound to
actin is reduced, thereby reducing force-generating
capacity of individual muscle fibers (29). The likeli-
hood that the reduced specific force of muscles in mKO
mice is due to oxidation of specific myofibrillar pro-
teins appears low, however, based on the observations
that the contractile proteins within muscle fibers of
Sod1�/� mice do not suffer irreversible damage as a
result of chronic exposure to high oxidative stress (30).

The presence of a population of regenerating fibers

with reduced force-generating capability could also
account for the weakness observed for the muscles of
mKO mice. Force production by developmental iso-
forms of myosin is lower than that of adult isoforms (31,
32). Thus, the presence of fibers expressing eMHC is
expected to contribute to weakness at the whole-muscle
level. While fibers expressing eMHC produce less force
than mature fibers, the small percentage of fibers
expressing eMHC at any given time is insufficient to
explain any significant portion of the whole muscle
weakness. In WT mice, nuclei are typically restricted to
the periphery of mature healthy fibers. Centrally lo-
cated nuclei are associated with development and in
rodent muscles represent a hallmark of muscle degen-
eration-regeneration (33), and the persistence of a
sizeable number of fibers with central nuclei in muscles
of mKO mice suggests that incomplete maturation of
fibers cannot be ruled out as a contributor to the
weakness. The presence of fibers with central nuclei in
the mKO mice is also consistent with the possibility that
Sod1 deficiency may result in increased vulnerability of
muscle fibers to damage such that fibers are injured
during normal activities that rarely damage WT mus-
cles. Finally, additional histological abnormalities were
observed in the muscles of mKO mice, such as cellular
infiltrate and increased extracellular matrix and the
presence of noncontractile material could also reduce
specific force, but the extent of the changes were minor
and not likely important contributors to whole-muscle
weakness.

The greater muscle mass observed for mKO com-
pared with control WT mice indicates increased fiber
number, greater individual fiber sizes, the accumula-
tion of nonmuscle cells or extracellular tissue, or some
combination of these possibilities. Although the size
and complex architecture of the GTN muscle preclude
definitive conclusions regarding fiber numbers and
CSAs based on histological analysis, our findings pro-
vide no support for increased fiber areas, i.e., hypertro-
phy. The lack of evidence for fiber hypertrophy is
somewhat surprising in light of our observation of
increased levels in muscles of mKO mice of phosphor-
ylated Akt and S6 (34), but Akt-mTOR signaling affects
numerous cellular functions (21). Among the processes
regulated by Akt is cell proliferation. Therefore, based
on the appearance of fibers with central nuclei, we
speculate an increased satellite cell activation and pro-
liferation in muscles of mKO may be underlying the
signaling changes detected here. Note that the previous
studies suggest that Acta-Cre is likely not expressed in
satellite cells (35, 36), so we expect no direct impact on
oxidative stress in this cell population and no direct
impact on regenerative capacity. We might further spec-
ulate that the persistence of central nuclei reflects a defect
in late-stage regeneration or muscle fiber maturation,
such as the migration of nuclei to the periphery of the
myofibers. Our finding of a trend toward an increase in
mKO mice of the number of fibers in GTN muscles
warrants further study to determine whether muscle-
specific deficiency of Sod1 affects muscle development or
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may result in postnatal hyperplasia; i.e., de novo generation
of new muscle fibers. An increase in the number of fibers
appearing in a cross section could also be a result of fiber
branching that would also contribute to the reduction in
specific force (37).

In summary, our results clearly show that the loss of
CuZnSOD in the muscle alone is not sufficient to
initiate muscle atrophy. These findings indicate that
the premature age-associated NMJ degeneration and
muscle fiber loss observed in CuZnSOD-deficient mice
are likely to be initiated by alterations in redox homeo-
stasis in the motor neurons or, perhaps, other cell
types. While muscles of mKO mice do not display
muscle atrophy, the lack of CuZnSOD specifically in
muscle resulted in reduced force-generating capacity,
as previously reported for muscles of CuZnSOD-defi-
cient mice. A novel and unexpected result of the
muscle-specific deletion of Sod1 is the presence of
extensive central nucleation that may result from in-
creased regenerative activity in the muscles of mKO
mice. Alternatively, Sod1 may play a role in signaling for
the migration of nuclei to the periphery of muscle
fibers, a process for which the mechanisms are essen-
tially unknown.
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