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Abstract Mice deficient in Cu,Zn superoxide dismu-
tase (Sod1−/− mice) demonstrate elevated oxidative
stress associated with rapid age-related declines in
muscle mass and force. The decline in mass for
muscles of Sod1−/− mice is explained by a loss of
muscle fibers, but the mechanism underlying the
weakness is not clear. We hypothesized that the re-
duced maximum isometric force (Fo) normalized by
cross-sectional area (specific Fo) for whole muscles of
Sod1−/− compared with wild-type (WT) mice is due to
decreased specific Fo of individual fibers. Force gen-
eration was measured for permeabilized fibers from
muscles of Sod1−/− and WT mice at 8 and 20 months
of age. WT mice were also studied at 28 months to
determine whether any deficits observed for fibers
from Sod1−/− mice were similar to those observed in
old WT mice. No effects of genotype were observed

for Fo or specific Fo at either 8 or 20 months, and no
age-associated decrease in specific Fo was observed
for fibers from Sod1−/− mice, whereas specific Fo for
fibers of WT mice decreased by 20 % by 28 months.
Oxidative stress has also been associated with decreased
maximum velocity of shortening (Vmax), and we found a
10 % lower Vmax for fibers from Sod1−/−compared with
WT mice at 20 months. We conclude that the low
specific Fo of muscles of Sod1−/− mice is not explained
by damage to contractile proteins. Moreover, the prop-
erties of fibers of Sod1−/−mice do not recapitulate those
observed with aging in WT animals.

Keywords Contractility . Oxidative stress .

Permeabilized fiber . Skeletal muscle . Specific force

Introduction

Aging is accompanied by a decline in skeletal muscle
mass and a deficit in muscle function often referred to
as sarcopenia. The mechanisms underlying the age-
related declines in mass and function are not known,
but alterations in the production and handling of reac-
tive oxygen species (ROS) generated by the muscle
have been proposed as contributing factors (Fulle et al.
2004). Contraction-induced production of ROS has
been shown to cause oxidative stress in skeletal mus-
cle (Ji 2008) despite the presence in muscle of exten-
sive and interacting ROS buffering systems (Ji et al.
2009). Aging is associated with an increase in the
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activities of antioxidant enzymes in skeletal muscle
(Jackson 2009; Ji 2007; Muller et al. 2006), but
whether the increase is sufficient to protect against
ROS-induced muscle damage in senescent animals
is not clear (Jackson & McArdle 2011). The hy-
pothesis that ROS contribute to the age-associated
decline in muscle function proposes that either an
age-associated increase in ROS production in skel-
etal muscle or a decrease in the effectiveness of
ROS defense mechanisms (Ji 2007) leads to ROS
damage in muscle that accumulates with age and
decreases mass and force production.

The effects observed experimentally of ROS on
contractile function are highly complex and vary
greatly in both a time- and dose-dependent manner
(Reid et al. 1993). The variability reflects, at least in
part, an apparent requirement of low levels of ROS in
skeletal muscle for normal force generation (Reid
2001). Oxidative stress is chronically and dramatically
elevated in all tissues of mice deficient in Cu,Zn
superoxide dismutase (Sod1−/− mice) compared to
wild type Sod1+/+ mice (WT), including skeletal mus-
cle (Muller et al. 2006). Accompanying the high levels
of oxidative stress, muscles of Sod1−/− mice display
an accelerated age-associated loss of mass and force
(Jang et al. 2010; Larkin et al. 2011; Muller et al.
2006). The maximum isometric force (Fo) normalized
by total muscle fiber cross-sectional area (CSA) (spe-
cific Fo) for gastrocnemius (GTN) muscles of 8-
month-old Sod1−/− mice is not different from that of
20-month-old WT mice, and specific Fo is also similar
for GTN muscles of 20-month-old Sod1−/− mice and
28-month-old WT mice (Larkin et al. 2011). This
accelerated decline in muscle function for Sod1−/−

mice with properties similar to age-associated sar-
copenia suggests that the Sod1−/− mouse may rep-
resent a model for studying the role of oxidative
stress in the development of muscle weakness with
aging.

High oxidative stress decreases force generation in
part through direct effects of oxidative modifications
of contractile or regulatory proteins (Andrade et al.
1998; Plant et al. 2000). The 30–40 % deficit in
specific Fo observed for whole GTN muscles of 8-
and 20-month-old Sod1−/− mice (Larkin et al. 2011)
indicate that either individual fibers within these
muscles also show 30–40 % deficits in force genera-
tion or most fibers generate normal forces while many
fibers generate essentially no force and thus contribute

to CSA, but not to force. Some combination of fibers
with a wide range of contractile deficits may also
exist. In order to distinguish between these possibili-
ties, contractile properties of single permeabilized
muscle fibers from medial gastrocnemius (MGN)
muscles of 8- and 20-month-old Sod1−/− and WT
mice were compared. Fibers were also obtained from
28-month-old WT mice to determine whether any
deficits observed for fibers from Sod1−/− mice were
similar to those observed in old WT mice. In addition
to the effects of oxidative stress-induced disruption of
actin–myosin interactions to reduce active force gen-
eration (Lowe et al. 2001), treatment with ROS has
been shown to decrease velocity of shortening
(Prochniewicz et al. 2008). Thus, the hypothesis
was tested that single permeabilized fibers from
MGN muscles of Sod1−/− mice exhibit lower values
for specific Fo, lower shortening velocities, and lower
power output than fibers of WT mice at 8 and
20 months of age and that the deficits are similar to
those seen in fibers from muscles of WT mice at
28 months.

Methods

Animals and animal care

Male Sod1−/− and Sod1+/+ (WT) mice were generously
provided by Dr. Holly Van Remmen at the University
of Texas Health Science Center at San Antonio. To
allow comparisons with our previous studies of the
function of whole GTN muscles (Larkin et al. 2011),
Sod1−/− and WT mice were studied at 8 and 20 months
of age. WT mice were also studied at 28 months, an
age when muscle atrophy and weakness, defined as
reduced specific Fo, have been previously observed
for hind-limb muscles of mice (Brooks & Faulkner
1988; Larkin et al. 2011). Animals were acquired
at ~6, ~18, or ~26 months (WT mice only) of age and
maintained under barrier conditions in a temperature-
controlled environment and were fed a commercial
mouse chow (Teklad diet LM485) ad libitum until they
reached the appropriate ages for testing. All mice were
housed in specific pathogen-free facilities both prior to
and after their arrival at the University of Michigan. All
experimental procedures were approved by the Univer-
sity Committee for the Use and Care of Animals at the
University of Michigan and were in accordance with the
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Guide for Care and Use of Laboratory Animals (Public
Health Service, 19965, NIH Pub. No. 85-23).

Acquisition and storage of permeabilized muscle fibers

Mice were anesthetized with intraperitoneal injections
of 2 % avertin (tribromoethanol, 250 mg/kg). Supple-
mental doses were administered as required to maintain
a depth of anesthesia sufficient to prevent response to
tactile stimuli. The medial gastrocnemius muscle was
isolated from surrounding muscle and connective tissue.
The muscle was placed immediately into cold skinning
solution and 8–12 bundles of fibers approximately 4–
6 mm in length and 0.5 mm in diameter were dissected
from each muscle. Following dissection, bundles were
immersed for 30 min in skinning solution to which the
nonionic detergent Brij 58 had been added (0.5 %w/v).
Fiber bundles were then placed in storage solution and
maintained for 16–24 h at 4 °C followed by storage
at −20 °C for up to 2.5 months before use.

Measurement of isometric contractile properties

On the day of an experiment, fiber bundles were
removed from storage solution and placed in relaxing
solution on ice. Single fibers were pulled manually
from the bundle with fine forceps and transferred to an
experimental chamber containing relaxing solution
maintained at 15 °C. One end of the fiber was secured
to a force transducer (Aurora Scientific, Inc., Model
403A) using two ties of 10-0 monofilament nylon
suture. The other end of the fiber was attached in a
similar manner to the lever arm of a servomotor
(Aurora Scientific, Inc., Model 322 C). The length of
the fiber was adjusted to obtain a sarcomere length of
2.5–2.6 μm, determined by projecting a laser diffrac-
tion pattern produced by the fiber onto a calibrated
target screen. Fiber length (Lf) was then measured by
first aligning the innermost tie at one end of the fiber
with the crosshairs of a microscope eyepiece graticule,
then translating the entire apparatus with respect to the
microscope using a micrometer drive with digital read-
out until the innermost tie at the other end of the fiber
was aligned with the crosshairs. Fiber CSA was esti-
mated at Lf using fiber width and depth measurements
from high-magnification digital images of both top
and side views of the fiber (Panchangam et al. 2006).
Side views were obtained using a prism embedded in
the side of the bath. Five width–depth measurement

pairs were obtained at ~100-μm intervals along the
midsection of the fiber. Fiber cross-sectional areas
were calculated for each width–depth pair assuming
an elliptical cross-section, and overall CSA was esti-
mated by averaging the five individual areas.

Relaxed single fibers were activated by first immers-
ing them in a chamber containing a low-[Ca2+] preacti-
vating solution for 3 min followed by immersion in a
chamber containing a high-[Ca2+] activating solution
(pCa ~4.5) to elicit maximum isometric force (Fo).
The preactivating solution was weakly buffered for
Ca2+, resulting in very rapid activation and force devel-
opment upon introduction of the activating solution
(Moisescu & Thieleczek 1978). The solution-changing
system (Aurora Scientific, Inc., Model 802A) consisted
of six separate glass-bottom chambers machined into a
moveable, temperature-controlled stainless-steel plate.
Movement of the plate with respect to the fiber was
achieved by remote-control of two stepper motors, one
to lower and raise the chamber array, and the other to
translate the plate to a new chamber position. Specific
Fo was calculated by dividing Fo by fiber CSA.

Solutions

The skinning solution was composed of the following
(in millimolar): potassium propionate, 125; imidazole,
20; ethyleneglycol-bis (B-aminoethyl ether) tetraacetic
acid (EGTA), 5; MgCl2, 2; ATP, 2; dithiothreitol, 1; and
leupeptin, 0.1. The composition of the storage solution
was identical to that of skinning solution with the ex-
ception that glycerol was substituted for 50 % of the
water volume. The relaxing solution (pCa≈9.0) was
composed of the following (in millimolar): HEPES,
90; Mg (total), 10.3; Mg2+, 1.0; EGTA, 50; ATP, 8.0;
CrP, 10.0; NaN3, 1.0; Na (total), 36; K (total), 125.
Preactivating solution was as follows (in millimolar):
HEPES, 90; Mg (total), 8.50; Mg2+, 1.0; EGTA, 0.10;
1,6-diaminohexane-N,N,N′,N′-tetraacetic acid (HDTA),
50; ATP, 8.0; CrP, 10.0; NaN3, 1.0; Na (total), 36; K
(total), 125. The activating solution (pCa≈4.5) was as
follows (in millimolar): HEPES, 90; Mg (total), 8.12;
Mg2+, 1.0; EGTA, 50; Ca (total), 50; ATP, 8.0; CrP,
10.0; NaN3, 1.0; Na (total), 36; K (total), 125. The pH
of all solutions was adjusted to 7.1 at 15 °C. Potassium
propionate and HDTA were obtained from TCI Amer-
ica, and all other compounds are obtained from Sigma
Chemical.
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Measures of force–velocity characteristics

Force–velocity characteristics were evaluated as pre-
viously described (Claflin et al. 2011). Briefly, forces
were measured during a series of constant-velocity
ramp shortening movements initiated from a length
10 % longer than Lf and applied to maximally activat-
ed fibers. The force associated with a given shortening
speed was measured at the time that the fiber had
shortened by 10 % of Lf, and consequently, its length
was passing through Lf. Force was measured relative
to the baseline revealed by a post-ramp step and was
normalized by the maximum isometric force measured
just prior to application of the shortening movement.
This procedure resulted in 8–12 data points to which a
rectangular hyperbola was fitted. Maximum velocity
of shortening (Vmax) was determined as the point at
which the fitted hyperbola intersected the velocity axis
(force00) and was normalized by fiber length (Lf·per
second). Force-power curves were generated from the
parameters of the fitted curve, and maximum power
(Pmax) was measured as the peak of the force-power
curve. Finally, Pmax was divided by fiber volume (Lf ×
CSA) to obtain normalized Pmax (nPmax, watts·per
liter).

Data acquisition and statistical analyses

Force responses and motor position were acquired at
5 k samples s−1 through a 16-bit A-D board (NI-6052-
PCI, National Instruments) and displayed and stored
on a personal computer using a custom-designed Lab-
VIEW program (National Instruments). The position
of the motor was updated at a rate of 10 ks−1 by the
LabVIEW program via a D-A channel on the acquisi-
tion board. All data are reported as means ± standard
error of the mean. Two-factor analysis of variance
(ANOVA) was used to determine the effect on fiber
properties of genotype (Sod1−/− vs. WT) and age for
the 8- and 20-month groups. Data from 28-month-old
WT mice were compared to all other groups by one
way ANOVA or Kruskal–Wallis ANOVA on ranks
in cases when the normality or equal variance test
failed. When significance was detected, Tukey's
(ANOVA) or Dunn's (ANOVA on ranks) post hoc
comparison was used to assess the individual dif-
ferences. In all cases, the level of significance was set
a priori at p00.05.

Results

Consistent with our previous report (Larkin et al.
2011) of no differences between GTN muscles of
Sod1−/− and WT mice for average single fiber CSAs
determined from histological cross sections, CSAs
of single permeabilized fibers from MGN muscles
were also not different between genotypes in the
present study (Fig. 1). Although the two-factor
ANOVA indicated a significant age effect for sin-
gle fiber CSAs, post-hoc analyses revealed that no
differences between individual groups reached sig-
nificance. Also consistent with our previous histo-
logical analyses (Larkin et al. 2011), CSA did not
decrease significantly with age for single fibers
from MGN muscles of WT mice, even at the
advanced age of 28 months.

Analysis of isometric contractile properties of
single fibers from MGN muscles indicated that
there was a significant age-associated decline in
Fo between 8 and 20 months for both genotypes
(Fig. 2a), although, similar to the findings for
CSA, no differences between individual groups
reached significance. In addition, fibers from WT
mice showed a continued progressive decline in
force generation such that by 28 months, Fo was
significantly lower than the value observed for
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Fig. 1 Cross-sectional areas are shown for permeabilized fibers
from medial gastrocnemius muscles of WT mice (black bars)
and CuZnSOD-deficient (Sod1−/−) mice (gray bars) of varying
ages. Areas are expressed in square micrometers. Data are
presented as means ± one standard error of the mean. Sample
sizes are N020, 21, and 19 for WT mice at 8, 20, and 28 months,
respectively; and N025 and 20 for 8 and 20 months Sod1−/−

mice, respectively. Two-factor ANOVA showed a significant
age effect between 8- and 20-month values, as indicated by
the bracket; but post-hoc analysis revealed no individual
differences
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fibers of 8-month-old animals. Despite previous
reports of lower force generation by whole GTN
muscles of Sod1−/− compared with WT mice at
8 and 20 months of age (Larkin et al. 2011), Fo

for single permeabilized fibers from MGN muscles
was not affected by genotype at either age. Also in
contrast to the findings of dramatic weakness for
whole GTN muscles of Sod1−/− compared with
WT mice at both 8 and 20 months (Larkin et al.
2011), specific Fo was not affected by genotype

(Fig. 2b). Although data from whole GTN muscles
also showed increasing weakness with age for both
Sod1−/− and WT mice, there was no decline in the
specific Fo of single permeabilized fibers between
8 and 20 months for either genotype. In contrast,
the value for specific Fo was significantly lower
for single fibers from MGN muscles of 28-month-
old WT mice compared with the values for every
other group of fibers studied (Fig. 2b).

Contrary to our hypothesis, Vmax was not different
between MGN fibers from Sod1−/− and WT mice at
8 months. Despite the similarity in velocity of short-
ening at 8 months, Vmax decreased between 8 and 20
months for fibers from Sod1−/− mice while fibers from
WT mice showed no change, resulting in a Vmax that
was significantly slower for MGN fibers from Sod1−/−

compared with WT mice at 20 months (Fig. 3). More-
over, a decreasing trend for WT mice between 20 and
28 months of age resulted in values of Vmax for fibers
from MGN muscles of 20-month-old Sod1−/− mice
and 28-month-old WT mice that were not different.

The average maximum power values for each
group are shown in Fig. 4. Consistent with the lack
of an effect of genotype on either Fo or Vmax at
8 months, Pmax values were also not different for
MGN fibers of Sod1−/− and WT mice at that age.
Similarly, despite the difference in Vmax between fibers
of Sod1−/− and WT mice at 20 months, the lower
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Fig. 2 aMaximum isometric force (Fo) and b Fo normalized by
fiber cross-sectional area (specific Fo) are shown for permeabi-
lized fibers from medial gastrocnemius muscles of WT mice
(black bars) and CuZnSOD-deficient (Sod1−/−) mice (gray
bars) of varying ages. Fo is expressed in millinewtons and
specific Fo is expressed in kilopascals. Data are presented as
means ± one standard error of the mean. Sample sizes are as
indicated in Fig. 1. Two-factor ANOVA showed a significant
age effect between 8- and 20-month values for Fo, as indicated
by the bracket; but post-hoc analysis revealed no individual
differences. No significant genotype or age effects were seen
by two-factor ANOVA for specific Fo. Symbols indicate signif-
icant differences determined by one-way ANOVA. Single aster-
isk, different from WT mice at 8 months; double asterisks,
different from WT mice at 20 months; dagger, different from
Sod1−/− mice at 8 months; double daggers, different from
Sod1−/− mice at 8 months
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Fig. 3 Maximum velocity of shortening (Vmax) is shown for
permeabilized fibers from medial gastrocnemius muscles of WT
mice (black bars) and CuZnSOD-deficient (Sod1−/−) mice (gray
bars) of varying ages. Vmax is expressed in fiber lengths per
second. Data are presented as means ± one standard error of the
mean. Sample sizes are as indicated in Fig. 1. Two-factor
ANOVA showed a significant age x genotype interaction,
post-hoc analysis revealed individual differences as indicated
by the brackets
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velocity for fibers of Sod1−/− mice was not sufficient
to decrease Pmax compared with the value for WT
fibers. The age-associated declines in Fo produced
similar age-associated effects on Pmax for fibers of
Sod1−/− mice between 8 and 20 months and for WT
mice between 8 and 28 months. For fibers of Sod1−/−

mice, normalizing power by fiber volume eliminated
the age effects on nPmax, whereas fibers from MGN
muscles of 28-month-old WT mice showed a 20 %
deficit in nPmax due primarily to the decreased specific
force-generating capacity of fibers in this group. Al-
though nPmax decreased between 8 and 28 months for

fibers of WT mice, nPmax for fibers of 28-month-old
WT mice was not different from the value for Sod1−/−

mice of either other age group.

Discussion

In the present study, we hypothesized that the decrease
in specific Fo previously reported by our group for
whole muscles of Sod1−/− mice (Jang et al. 2010;
Larkin et al. 2011) would be explained by a decrease
in the specific Fo of individual muscle fibers. Contrary
to our hypothesis, no differences were observed in the
maximum force-generating capacity of single permea-
bilized fibers from Sod1−/− and WT mice at either 8 or
20 months of age. These data indicate that, when the
contractile apparatus of fibers from Sod1−/− mice is
exposed to our high-[Ca2+] activating solution, there is
no impairment in force. In order to gain a more com-
plete assessment of the effects of chronic oxidative
stress on contractile function, fibers were evaluated
not only for maximum force generation under isomet-
ric conditions (Fo) but also at two additional points on
the force–velocity relationship. Vmax provides an esti-
mate of the maximum shortening velocities of fibers
and represents a measure of function under unloaded
conditions where the rate of myosin crossbridge de-
tachment from actin dominates the response (Woledge
et al. 1985), and normalized peak power (nPmax) occurs
at intermediate loads on the force–velocity relationship
offering perhaps the most comprehensive index of over-
all contractile function (Podolin & Ford 1986). Evalua-
tion of fiber contractility across the entire range of forces
and velocities provided a full appraisal of the alterations
in intrinsic function caused by chronic oxidative stress.
The only difference between fibers from Sod1−/− com-
pared with WT mice was an ~10 % decline in Vmax at
20 months, a finding consistent with modest reductions
in shortening velocity previously reported for skeletal
muscle fibers of mice treated with physiological con-
centrations of peroxides (Andrade et al. 2001). While
the lower Vmax observed for fibers from Sod1−/− com-
pared with WTmice suggests some deleterious effect of
oxidative stress on the contractile proteins, this interpre-
tation should be viewed with caution. As pointed out by
Podolin and Ford (Podolin & Ford 1986), Vmax is an
extrapolated value that is determined at a point on the
force–velocity curve where velocity is highly sensitive
to force. Thus, even small changes in any factor that
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Fig. 1. Two-factor ANOVA showed a significant effect
between 8- and 20-month values for Pmax, as indicated by
the bracket, but post-hoc analysis revealed no individual
differences. No significant genotype or age effects were seen by
two-factor ANOVA for nPmax. Symbols indicate significant differ-
ences determined by one-way ANOVA. Asterisk, different from
WT mice at 8 months

1178 AGE (2013) 35:1173–1181



affects fiber response can be amplified to cause larger
apparent changes in Vmax.

Although our findings indicate that the contractile
proteins within muscle fibers of Sod1−/− mice do not
suffer irreversible damage as a result of chronic expo-
sure to high oxidative stress, direct effects of oxidants
on the myofibrillar apparatus that influence force gen-
eration have been reported (Andrade et al. 1998; Plant et
al. 2001). Oxidative modifications of contractile pro-
teins may disrupt actin − myosin interactions such that
the number of myosin crossbridges strongly bound to
actin is reduced, thereby reducing force-generating ca-
pacity of individual muscle fibers (Lowe et al. 2001),
but the actual effects of ROS on contractile function are
complex and dependent on the specific oxidizing agent
as well as the levels and duration of treatment. For
example, in isolated intact single fiber preparations,
acute administration of H2O2 was reported to increase
force production, whereas prolonged exposure to H2O2

decreased force-generating capacity (Andrade et al.
1998; Plant et al. 2001). Studies of skinned single fibers
report effects of exposure to ROS that range from force
enhancement (Darnley et al. 2001), to reductions in
force (Callahan et al. 2001; Darnley et al. 2001), to no
effect (Callahan et al. 2001; Lamb & Posterino 2003).
This variability in response may reflect at least in part
the requirement in skeletal muscle of low levels of ROS
for normal force production (Reid 2001; Supinski &
Callahan 2007). Indeed, antioxidant-mediated depletion
of ROS from nonfatigued skeletal muscle results in a
depression of muscle force production (Coombes
et al. 2001; Reid et al. 1993). The positive impact
of ROS on muscle force production is reversed at
higher ROS concentrations as force production
decreases in both a time- and dose-dependent manner
(Reid et al. 1993).

Although we found little evidence in the present
study for oxidative stress-induced deficits in function
at the level of the contractile apparatus, the permeabi-
lized fiber approach involves removing the fibers from
the native in vivo environment. Fibers are stored and
tested in solutions of standard composition with re-
spect to calcium, ATP, and presumably ROS levels,
and oxidative modifications that may have existed in
vivo may be reversed by prolonged exposure to these
standard solutions (Andrade et al. 1998). For example,
contractile deficits observed in vitro, for muscles that
demonstrated elevated oxidative stress due to high
levels of circulating tumor necrosis factor-alpha in

vivo, were partially reversed by acute antioxidant
treatment of the muscle (Li et al. 2000). Thus, muscle
fibers of Sod1−/− mice may have possessed contractile
deficits in vivo that were not observed when the fibers
were ultimately tested in our system.

In addition to the profound weakness of skeletal
muscle associated with high oxidative stress in
Sod1−/− mice, the observation of deficits in specific
force for GTNmuscles ofWTmice at 20 months of age
(Larkin et al. 2011) along with reports of elevated
protein oxidation in the muscles of WT mice of the
same age (Muller et al. 2006) supports the possibility
of a direct effect of increased oxidative stress and dam-
age with aging on force generation. Despite a 25 %
deficit in specific force for whole GTN muscles of 20-
month-old compared with 8-month-old WT mice
(Larkin et al. 2011), specific Fo was not different for
single fibers from MGN muscles of 8- and 20-month-
old WT mice. Thus, the weakness observed in 20-
month-old WT mice at the whole muscle level is not
due to the inability of the contractile proteins to generate
force and may have the same mechanistic basis as the
weakness of Sod1−/− mice. In contrast to the lack of an
effect of the CuZnSOD deficiency on single fiber force
and power observed in the present study, fibers from 28-
month-old WTmice displayed 20% declines in specific
Fo and nPmax compared with the values for youngerWT
mice as well as a trend for a decrease in Vmax. Age-
related deficits in force generation have been reported
previously for individual fibers from flexor digitorum
brevis, extensor digitorum longus, and soleus muscles
of mice (Gonzalez et al. 2000; Jimenez-Moreno et al.
2008; Lowe et al. 2001), but the mechanism is not
completely clear. In addition, deficits with aging in Vmax

and nPmax have been reported previously for both slow
type 1 and fast type 2 fibers of humans (Claflin et al.
2011; Larsson et al. 1997) and rats (Degens et al. 1998;
Li & Larsson 1996), but again the mechanisms have not
been established. Damage to myofibrillar proteins by
increased levels of reactive oxygen and/or nitrogen spe-
cies has previously been proposed to play a role in the
age-related decline in skeletal muscle force generation
(reviewed in (Thompson 2009)). While our finding in
the present study that single fibers from muscles of old
WT mice displayed specific force deficits indicate that
the age-associated weakness observed at the whole
muscle level for gastrocnemius muscles of 28-month-
old WT mice (Larkin et al. 2011) is explained by de-
creased function at the level of the contractile apparatus,
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this deficit explained only about half of the 40 %
deficit observed at the whole muscle level (Larkin
et al. 2011).

An inherent weakness of the single permeabi-
lized fiber preparation for use in studies such as
this that attempt to correlate single fiber to whole
muscle function is the issue of sampling. The
gastrocnemius muscles of mice contain on the
order of 10,000 fibers (Burkholder et al. 1994).
Thus, whether our experimental groups of ~20
fibers each can be considered representative may be
questioned.Despite thisweakness in approach, we can
conclude that, at the very least, numerous fibers
exist in the muscles of Sod1−/− mice that show no
decrement in the force-generating capacity of the
contractile proteins as a result of chronic exposure
to an environment of high oxidative stress (Muller
et al. 2006).

In summary, this study indicates that the deficits
in specific force generation observed for whole
GTN muscles of 8- and 20-month-old Sod1−/−

mice and 20-month-old WT mice is not explained
by irreversible oxidative damage to contractile pro-
teins. We cannot, however, rule out the possibility
that oxidative modifications of the myofibrillar
apparatus may influence muscle fiber function in
vivo, whereas storage and testing in our standard-
ized solutions abrogate the effects. The decreased
ability of CuZnSOD-deficient muscles of Sod1−/−

mice to dismutate superoxide anion is expected to
increase the availability of superoxide (Vasilaki et
al. 2010). Superoxide can react with nitric oxide-
producing peroxynitrite, thereby increasing 3-
nitrotyrosine levels (Sakellariou et al. 2011), and
an effect of protein tyrosine nitration to impair
skeletal muscle contractility has been demonstrated
(Supinski et al. 1999), although the effect may be
greater in slow than in fast muscle fibers (Dutka et
al. 2011), such as were studied in the present
experiments. Additional as yet unidentified mech-
anisms underlying the weakness of muscles of
Sod1−/− mice may also be at play in 20-month-
old WT mice, in which whole muscle weakness
was not accompanied by deficits in single fiber
function. Finally, the Sod1−/− mice do not appear
to represent a good model of accelerated aging
with respect to single fiber function. That is, the
Fo of single permeabilized fibers showed age-
associated declines that were remarkably similar

for fibers from muscles of both Sod1−/− and WT
mice, and the decline for both genotypes was due
primarily to declining CSA. The decline in Fo

observed for the truly old 28-month-old WT mice
was due to reduced specific Fo with no further
decline in CSA. Thus, the properties of single
fibers of Sod1−/− mice do not appear to recapitu-
late those observed with aging in WT animals.
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