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A B S T R A C T

Mitochondrial dysfunction, reactive oxygen species (ROS) and oxidative damage have been implicated to play a causative role in age-related skeletal muscle atrophy
and weakness (i.e. sarcopenia). Mice lacking the superoxide scavenger CuZnSOD (Sod1−/−) exhibit high levels of oxygen-derived radicals and oxidative damage,
associated with neuronal and muscular phenotypes consistent with sarcopenia. We used magnetic resonance imaging (MRI) technology combined with immunospin-
trapping (IST) to measure in vivo free radical levels in skeletal muscle from wildtype, Sod1−/− and SynTgSod1−/− mice, a mouse model generated using targeted
expression of the human Sod1 transgene specifically in neuronal tissues to determine the impact of motor neuron degeneration in muscle atrophy. By combining the
spin trap DMPO (5,5-dimethyl-1-pyrroline N-oxide) and molecular MRI (mMRI), we monitored the level of free radicals in mouse hindlimb muscle. The level of
membrane-bound macromolecular radicals in the quadriceps muscle was elevated by ~3-fold in Sod1−/− mice, but normalized to wildtype levels in SynTgSod1−/−

rescue mice. Skeletal muscle mass was reduced by ~25–30% in Sod1−/− mice, but fully reversed in muscle from SynTgSod1−/− mice. Using perfusion MRI we also
measured the dynamics of blood flow within mouse hindlimb. Relative muscle blood flow in Sod1−/− is decreased to ~50% of wildtype and remained low in the
SynTgSod1−/− mice. Our findings are significant in that we have shown for the first time that in vivo free radical production in skeletal muscle is directly correlated to
muscle atrophy in an experimental model of oxidative stress. Neuron-specific expression of CuZnSOD reverses the in vivo free radical production in skeletal muscle in
the Sod1−/− mouse model and prevents muscle atrophy. These results further support the feasibility of using in vivo assessments of redox status in the progression of
a pathological process such as sarcopenia. This approach can also be valuable for evaluating responses to pharmacologic interventions.

1. Introduction

Sarcopenia, the age-related loss of muscle mass and function, is the
major contributor to frailty in the elderly and predisposes the aging
population to injuries and morbidities. Although the molecular me-
chanisms underlying sarcopenia are not completely defined, excess
reactive oxygen species (ROS) from mitochondria (mtROS) and re-
sultant oxidative modifications are known to be associated with loss of
muscle mass (i.e. atrophy) and contractile function [1,2]. For example,
exercise training is an established intervention that can mitigate the
effects of sarcopenia by up-regulating endogenous antioxidant enzymes
in skeletal muscle and blood [3–6], supporting the importance of oxi-
dative stress in the pathogenesis of sarcopenia. Despite the probable
role of oxidative stress and redox imbalance in sarcopenia, isolating the
specific role of oxidative stress in vivo in sarcopenia is challenging

because of hormonal, nutritional, behavioral (i.e. inactivity), and phy-
siological (i.e. inflammation) changes that occur during aging [7–11].
Our laboratory has established a redox dependent sarcopenia model,
i.e., Sod1−/− mice lacking the cytoplasmic superoxide anion scavenger
superoxide dismutase 1 (CuZnSOD). Sod1−/− mice exhibit high levels
of oxidative stress, mitochondrial dysfunction and oxidative damage
associated with impairment of neuromuscular junction (NMJ), mi-
micking underlying causes of sarcopenia in humans [7,12–15] and
other mammals [1,16–18]. These mice show significant loss of muscle
mass beginning in early adulthood yet they do not exhibit significant
behavioral or other physiological alterations that affect skeletal muscle
health, including inactivity, decreases in food consumption, or hor-
monal changes [1,16].

We have previously addressed the significance of presynaptic oxi-
dative stress on sarcopenia using a neuronal rescue mouse model with
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selective expression of human Sod1 gene in neurons driven by a
Synapsin 1 promotor on the background of Sod1−/− mice (SynTgSod1−/

−) [18]. We have reported that these mice are fully protected against
the early onset of neurogenic atrophy that occurs in Sod1−/− [18],
demonstrating the significance of neuronal oxidative stress and deficit
on skeletal muscle atrophy. The goal of the present study was to utilize
MRI to measure free radical production in vivo in Sod1−/− mice, a
model of increased muscle mass due to increased oxidative stress
(Sod1−/− mice) and in a second model lacking Sod1 in muscle but not
in neurons that does not show atrophy. This comparison will allow us to
determine whether the MRI results are consistent with the contrasting
atrophy phenotypes we have previously established in these two
models.

In vivo free radicals have previously been measured using electron
paramagnetic resonance (EPR) spectroscopy coupled with spin trapping
[19,20]. A limitation of this approach is that the spin adducts are short-
lived due to reductive and oxidative properties in biological systems
[21]. Here we used a molecular probe conjugated with an antibody that
detects a spin trap DMPO (5,5-dimethyl-1-pyrroline N-oxide), and ga-
dolinium (MRI contrast agent) as previously reported in other tissues
[22–24]. We combined immuno-spin trapping (IST) with magnetic re-
sonance imaging (MRI) to determine membrane-bound macromolecular
free radicals in skeletal muscle. We used established animal models of
oxidative stress using redox-disturbed (Sod1−/−) [1,25–27] and rescue
mice by neuron-specific Sod1 expression (SynTgSod1−/−) [18]. This
innovative approach allows us not only in vivo assessments of redox
status, but also time-course measurements of these parameters during a
disease progression (i.e. sarcopenia) or a pharmacological intervention.

2. Methods

2.1. Generation of SynTgSod1−/− from Sod1−/− mouse model

Sod1−/− mice were generated as previously described [28]. We
previously established that the Sod1−/− mice exhibit a redox-depen-
dent sarcopenia characterized by atrophy, contractile dysfunction, mi-
tochondrial ROS, and neuromuscular disruption [1,17,25], which are
typical phenotypes of sarcopenia in humans [12,14,29]. To evaluate the
significance of neuronal oxidative stress in a sarcopenia process, we
created mice expressing human Sod1 gene specifically in neurons using
Synapsin 1 promotor as previously described and characterized [18,30].
We have demonstrated the neuron-specific CuZnSOD expression in the
SynTg Sod1-/- mice [30].

2.2. Animals

Sod1−/−, SynTgSod1−/− and wildtype mice were housed in pa-
thogen-free conditions and provided with water and food ad libitum.
Adult (8–11 months old) male mice were used for this study. The
Institutional Animal Care and Use Committee at Oklahoma Medical
Research Foundation approved all procedures.

2.3. CuZnSOD and MnSOD activity

To confirm the genotypes of the animals, the activities of CuZnSOD
and MnSOD were determined using a method previously described
[31]. Briefly, we homogenized ~10–20mg of frozen tissue using a
buffer, containing 20mM Tris, 0.05% Triton X, and protease inhibitor.
We spun the homogenate at 14,000 rpm for 10min and removed su-
pernatant. Extracts containing a portion of tissues were separated on a
10% native gel (150 V in cold room for 2.5 h). Each gel was soaked in a
solution containing nitroblue tetrazolium (NBT), riboflavin, and
TEMED.

2.4. Creation of MRI contrast agent specific to DMPO-radical adducts

The contrast agent, biotin-BSA (bovine serum albumin)-Gd (gado-
linium)-DTPA, was prepared as previously described by our group [24],
based on the modification of the method developed by Dafni et al. [32].
Anti-DMPO Ab (rabbit anti-mouse polyclonal) (Fig. 2C) was conjugated
to the albumin moiety through a sulfo–NHS–EDC link (Fig. 2D) based
on previous publications from the Towner laboratory [22,24].

2.5. DMPO and mMRI probe administration

We administered DMPO (ALX-430-090-G001, Enzo Life Sciences)
i.p. (20 μg diluted in 200 μL of saline) 3 times daily (every 6 h) for 3
days to trap free radicals. Anti-DMPO probe was administered via tail
vein during MRI experiments (Fig. 2E).

2.6. Magnetic resonance imaging

Morphological imaging: Mice were anesthetized and positioned in a
stereotaxic cradle. A 30-cm horizontal bore Bruker Biospin magnet
operating at 7 T (T; Bruker BioSpin GmbH, Karlsruhe, Germany), was
used with a B-GA12SHP gradient set to perform all MRI experiments.
Mice thighs were detected using a 40mm quadrature volume coil.
Multiple-slice RARE (rapid acquisition with relaxation enhancement)
imaging (FOV=3.0× 3.0 cm2, TR=2500ms, TE=35ms, ma-
trix= 256 x 256, averages= 4, slices= 16, slice thickness= 1mm)
was used to obtain multiple thigh muscle images.

mMRI imaging: Molecular MRI was performed on mouse thigh
muscles. The anti-DMPO probe with a biotin-albumin-Gd-DTPA con-
struct bound to an anti-DMPO antibody was injected via a tail vein
catheter in mice. A variable-TR RARE sequence (rapid acquisition with
refocused echoes), with multiple TRs of 200, 400, 800, 1500, 3000 and
5500ms, TE of 8.5 ms, FOV of 7.2× 4.0 cm2, matrix size of 256×192
and a spatial resolution of 0.208mm was used to obtain T1-weighted
images before and after administration of the probe. Contrast difference
images were created from the pre- and (90min) post-contrast datasets
for the slice of interest, by computing the difference in T1 relaxation
times between the post-contrast and the pre-contrast image on a pixel
basis. From difference images ten regions of interest (ROI), of equal size
(0.05 cm2), were drawn within areas with the highest signal intensity
post-probe administration in the thigh muscle region. T1 relaxation
times and signal intensities were affected by the presence of the Gd-
containing molecular imaging probe.

Perfusion imaging: In order to assess microvascular alterations asso-
ciated with thigh muscle microvascularity, the perfusion imaging
method, arterial spin labeling, was used as previously described [33].
Perfusion maps were obtained on a single axial slice of the thigh

Fig. 1. Mice lacking CuZn Superoxide Dismutase (Sod1−/−) exhibit an
early onset of loss of muscle mass, while neuron specific expression of
human SOD1 gene fully protects against atrophy in Sod1−/−. Skeletal
muscle mass normalized by body weight (mg/g). BW, body weight. n = 5–7.
*p < 0.05. Gastroc, gastrocnemius; Quad, quadriceps; Sol, soleus.
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muscle. The imaging geometry was a 3.5× 3.5mm2 slice, of 1.5 mm in
thickness, with a single shot echo-planar encoding over a 128×128
matrix. An echo time of 79ms and a repetition time of 10 s were used.
To obtain perfusion contrast, the flow alternating inversion recovery
scheme was used, where inversion recovery images were acquired using
selective and nonselective slices. For each type of inversion, 16 images
were acquired with inversion times from 35 to 1600ms. For perfusion
data, the recovery curves obtained from each pixel for nonselective or
selective inversion images were numerically fitted to derive pixel-wise
T1 and T1* values, respectively, and longitudinal recovery rates were
then used to calculate relative tissue blood flow, rTBF (mL/
(100 g min)).

2.7. Statistical analyses

We performed 1-way ANOVA to compare means among genotypes
followed by Tukey post hoc test (GraphPad 7.0 Software, San Diego, CA,
USA). Data were means ± SEM. Statistical significance was set at
p < 0.05.

3. Results

3.1. Redox-dependent atrophy in Sod1−/− is fully protected by
neuron-specific Sod1 expression. Sod1−/− mice exhibited ~30% loss of
muscle mass in gastrocnemius, but the redox-dependent atrophy was
fully protected by neuron-specific expression of Sod1 (Fig. 1). This
striking finding is consistent with our previous report [18]. The atrophy
in gastrocnemius was also evident in another fast twitch-dominant
muscle, quadriceps, but not present in soleus, consistent with previous
observations in humans and animals [18]. We previously reported [1]
that protein expression and activity of CuZnSOD is lacking in various

tissues, including brain, liver and skeletal muscle and neuronal tissues
in Sod1−/− mice. Crossing Sod1−/− with transgenic mice expressing
hSod1 (Fig. 2A) increased protein expression and enzyme activity of
CuZnSOD in brain [18] but not in skeletal muscle, confirming the tar-
geted rescue of Sod1 gene in neurons (Fig. 2B).

3.2. Membrane-bound macromolecular free radicals in Sod1−/− can
be detected in vivo in skeletal muscle. Representative images of mMRI in
mouse quadriceps muscles are shown in Fig. 3A. Anti-DMPO probe
containing gadolinium demonstrates membrane-bound macro-
molecular radicals in T1-weighted (i) and contrast difference images
(ii). Quantitative levels of macromolecular free radicals are ~3 fold
elevated in Sod1−/−, but the increase was abrogated by neuron-specific
expression of Sod1 (Fig. 3B). Our correlation analysis exhibits a sig-
nificant relationship (r= 0.74, p < 0.001) between in vivo free radicals
and atrophy in skeletal muscle for the first time (Fig. 3C).

3.3. Muscle blood flow in vivo is reduced in Sod1−/− and remained
decreased in SynTgSod1−/−. One of the underlying causes of aging that
leads to sarcopenia is a reduced perfusion to skeletal muscle associated
with oxidative stress [34,35]. Using arterial spin labeling MR images,
we determined relative muscle blood flow (rMBF) in quadriceps muscle
(Fig. 4A). Interestingly, the rMBF is decreased by ~50% in Sod1−/−,
and remained reduced in SynTgSod1−/− (Fig. 4B), suggesting that
neuron-specific expression of Sod1 protects against atrophy in-
dependent of perfusion rate in muscle.

4. Discussion

Sarcopenia, the age-associated loss of skeletal muscle mass and
function, has significant implications on the quality of life and health
span in the elderly. Despite growing evidence supporting the sig-
nificance of oxidative stress in sarcopenia, previous attempts to assess in

Fig. 2. Generation of neuron specific expression of Sod1 in the Sod1−/− model (SynTgSod1−/−), and a schematic representation of immunospin trap (IST)
methodology to detect radical adducts in skeletal muscle. (A) SynTgSod1−/− mice were generated by crossing SynTG mice over expressing human Sod1 in
neurons under the synapsin promoter and Sod1−/− mice in C57Bl6 genetic background. (B) Native gels stained for CuZnSOD and MnSOD enzyme activities from
brain and gastrocnemius tissues. hCuZnSOD; human CuAnSOD. (C) A graphical representation of reaction by DMPO. A spin-trapping compound, 5,5-dimethyl-1-
pyrroline N-oxide (DMPO), traps free radicals to form radical adducts (DMPO-R adducts). (D) DMPO adducts react with anti-DMPO probe conjugated with anti-
DMPO antibody, gadolinium-DPTA, albumin, and biotin. (E) Combined immuno-spin trap (IST) and free radical-targeted mMRI approach. Initially, mice are ad-
ministered DMPO (i.p.) to trap free radicals. Any cell membrane-bound radicals, including oxidized proteins and lipids can be detected by anti-DMPO probe, which is
administered via a tail-vein catherter. Panels (C) to (E) are modified from Towner et al. [21]. i.p. intraperitoneal; mMRI, molecular magnetic resonance imaging.

Fig. 3. A combination of molecular MRI and im-
munospin trap (IST) allows a real-time assessment of
in vivo free radicals in mouse skeletal muscle. (A)
Membrane-bound macromolecular free radicals from
wildtype (WT), SOD1−/−, SynTgSod1−/− (SYN) in
mouse thigh muscles. (i) T1-w MR images. (ii) Contrast
difference images following administration of anti-DMPO
probe which detects macromolecular free radicals. (B)
Quantitative levels of macromolecular free radicals
measured as percent (%) T1 differences associated with
the presence of the anti-DMPO probe for WT, SOD1−/−,
and SYN mice. (C) A relationship between percent
atrophy against %T1 difference. n = 5–6. *p < 0.05.
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vivo free radicals were conducted by EPR coupled with spin trapping
[19,20,36]. The disadvantage of the EPR approach is that the spin ad-
ducts (spin trapping agent-free radical adducts or aminoxyls) have short
half-lives due to reductive and oxidative processes in biological systems
[37]. Here, we demonstrate the feasibility of redox assessment in vivo
by combining immunospin traping (IST) and molecular MRI (mMRI)
that can significantly enhance the half-life of the free radicals in skeletal
muscle. We used mouse skeletal hindlimb muscle and models of redox-
dependent sarcopenia and rescue mice, Sod1−/− and SynTgSod1−/−, to
test the feasibility [1,17].

Spin trapping involves an addition of a diamagnetic molecule,
usually a nitrone or nitroso compound, which reacts with free radicals
(i.e. superoxide and hydroxyl free radicals) to give a stable para-
magnetic spin adduct that accumulates and becomes observable by
EPR. The limitation of the EPR spin trapping is that the spin adducts are
short-lived. IST was developed using an antibody that recognizes
macromolecular DMPO spin adducts, regardless of the redox status of
the trapped radical adducts. The molecular probe (Fig. 2D) containing
anti-DMPO antibody is conjugated with a gadolinium-based MRI con-
trast agent, which modifies relaxation times of nuclei. This approach
has previously been used to assess redox status in several tissues other
than skeletal muscle insulted by multiple pathologies, including glio-
blastoma, amyotrophic lateral sclerosis, and diabetes [22–24,38]. The
construct also contains albumin for its wide distribution through cir-
culation, as well as biotin for ex vivo histological confirmation.

We tested whether redox imbalance in skeletal muscle can be as-
sessed in vivo using an established model of excess cytoplasmic super-
oxide that causes neurogenic atrophy (Sod1−/−). We previously de-
monstrated that markers of oxidative stress are elevated in skeletal
muscle, including lipid peroxidation, protein carbonylation, DNA da-
mages, and oxidation of reducing agents (i.e. NAD/NADH) [18]. Con-
sistent with our previous reports, we demonstrate here that the level of
free radical production in vivo is increased by 3-fold in Sod1−/− mice
using an IST-mMRI approach. The signals from mMRI are most likely
membrane-bound macromolecular radicals. Since soluble DMPO ad-
ducts are likely to be metabolized and excreted through circulation,
radicals bound to proteins and lipids residing in the membrane are
primarily trapped by DMPO and detected by mMRI in tissues.

NMJ impairment has been reported in aged skeletal muscle from
humans and rodents and is thought to be a causal factor in sarcopenia.

In a previous study to test the causality of neuronal oxidative stress on
sarcopenia, we replaced CuZnSOD in the neurons of the Sod1−/− mice
using a neuron specific human Sod1 transgene to protect neurons from
oxidative stress. Surprisingly this intervention completely reversed the
sarcopenia phenotype in the Sod1−/− mice. The atrophy that occurs in
gastrocnemius and quadriceps of Sod1−/− mice was absent in the
rescue transgenic mice (Fig. 1), consistent with our previous report
[18]. Interestingly, the atrophy was only apparent in gastrocnemius and
quadriceps muscles but not in soleus, consistent with our previous re-
port [18]. Soleus is a slow-twitch dominant and anti-gravity muscle
continuously recruited for locomotor activities. Increased activity level
or the mitochondrial contents might provide protections against
atrophy. We demonstrate that the increases in membrane bound radi-
cals are restored by neuronal expression of Sod1. Further, the in vivo
free radical levels are moderately correlated (r= 0.74) with atrophy,
consistent with previous findings [18].

One of the consequences with aging is a decline in muscle blood
flow, which might contribute to oxygen deficit and reduced mi-
tochondrial bioenergetics of aged skeletal muscle. The potential role of
oxidative stress in this process has been demonstrated by antioxidant
intervention studies that significantly improved skeletal muscle perfu-
sion rate in young and old individuals [34]. Consistent with existing
literature in humans, Sod1−/− and the rescue transgenic mice both
exhibited a diminished muscle blood flow, potentially due to impaired
nitric oxide-dependent vasodilation in vasculature. Our data suggest
that the improved skeletal muscle mass (Fig. 1) and contractile function
[18] in SynTgSod1−/− was independent of reduced perfusion. It is
noteworthy that end-exercise perfusion rate is decreased in aged calf
muscles, but the hypo-perfusion did not reduce muscle oxidative ca-
pacity compared with young subjects [39].

In summary, we have shown that free radical levels can be assessed
by MRI technology coupled with IST in skeletal muscle in a mouse
model of neurogenic atrophy. We showed an inverse relationship be-
tween muscle mass and in vivo free radicals in skeletal muscle for the
first time. This innovative approach allows us not only in vivo assess-
ments of redox status, but also time-course assessments of these para-
meters during a disease progression (i.e. sarcopenia) or a pharmacolo-
gical intervention.
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