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Voluntary wheel running complements
microdystrophin gene therapy to improve
muscle function in mdx mice
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We tested the hypothesis that voluntary wheel running would
complement microdystrophin gene therapy to improve muscle
function in young mdx mice, a model of Duchenne muscular
dystrophy. mdx mice injected with a single dose of AAV9-
CK8-microdystrophin or vehicle at age 7 weeks were assigned
to three groups: mdxRGT (run, gene therapy), mdxGT (no
run, gene therapy), or mdx (no run, no gene therapy). Wild-
type (WT) mice were assigned to WTR (run) and WT (no run)
groups.WTRandmdxRGTperformed voluntarywheel running
for 21 weeks; remaining groups were cage active. Robust expres-
sion of microdystrophin occurred in heart and limb muscles of
treated mice. mdxRGT versus mdxGT mice showed increased
microdystrophin in quadriceps but decreased levels in dia-
phragm. mdx final treadmill fatigue time was depressed
compared to all groups, improved in mdxGT, and highest in
mdxRGT. Both weekly running distance (km) and final tread-
mill fatigue time for mdxRGT andWTR were similar. Remark-
ably, mdxRGT diaphragm power was only rescued to 60% of
WT, suggesting a negative impact of running. However, poten-
tial changes in fiber type distribution in mdxRGT diaphragms
could indicate an adaptation to trade power for endurance.
Post-treatment in vivo maximal plantar flexor torque relative
to baseline values was greater for mdxGT and mdxRGT versus
all other groups.Mitochondrial respiration rates fromredquad-
ricepsfibers were significantly improved inmdxGTanimals, but
the greatest bioenergetic benefit was observed in the mdxRGT
group. Additional assessments revealed partial to full functional
restoration in mdxGT and mdxRGT muscles relative to WT.
These data demonstrate that voluntarywheel running combined
with microdystrophin gene therapy in young mdx mice
improved whole-body performance, affected muscle function
differentially, mitigated energetic deficits, but also revealed
some detrimental effects of exercise. With microdystrophin
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gene therapy currently in clinical trials, these data may help
us understand the potential impact of exercise in treated
patients.
INTRODUCTION
Duchenne muscular dystrophy (DMD) is a degenerative neuromus-
cular disease affecting approximately 1:5,000 male births.1 Boys
affected by this fatal disease experience progressive muscle weakness,
respiratory stress, cardiomyopathy, and loss of ambulation.1,2 Mus-
cles in DMD are deficient in the protein dystrophin due to various
mutations in its gene that result in disrupted reading frames and
premature stop codons.3 In normal muscle fibers, dystrophin links
costameric actin to the sarcolemma via the dystrophin-glycoprotein
complex (DGC).4,5 The DGC is thought to confer both structural
and signaling functions integral to the health of the muscle fiber.6

In the absence of dystrophin, these functions are lost, and the mus-
cles are more susceptible to injury and regenerate poorly.6

Treatment options for DMD have largely focused on modulating
expression of the compensatory protein utrophin, decreasing activity
of pathways associated with dystrophic pathology, and restoring dys-
trophin expression.7 Because the gene encoding dystrophin is the
largest in the human genome at 2.2 Mb,8 over the past several decades
it has been extensively engineered to reduce its size yet still maintain
critical elements for proper function of the protein product in the
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muscle cell.8,9 These microdystrophin gene constructs (size < 4 kb)
can be effectively delivered systemically when carried by adeno-asso-
ciated virus (AAV) vectors (packaging size �5 kb) of serotype 6, 8,
and 9.8,9 This approach has been demonstrated successfully in both
mouse and dog models of DMD, yielding microdystrophin expres-
sion throughout muscles and corresponding improvements in muscle
function.8,9

In addition to pre-clinical studies, microdystrophin gene therapy is
currently being investigated in clinical trials for the treatment
of DMD (ClinicalTrials.gov: NCT03368742, NCT03769116, and
NCT03362502). With the potential clinical success of a micrody-
strophin gene therapy program on the horizon, additional ques-
tions related to real-world scenarios should be explored. For
example, what are the effects of increased physical activity, such
as voluntary exercise, on overall treatment efficacy and durability?
While animal studies have supported the use of exercise as a poten-
tial therapeutic in DMD, studies in dystrophic boys to determine
the beneficial or detrimental effects of exercise in the absence of
a treatment have been limited for fear of exacerbating their condi-
tion.10–13 Pre-clinical studies evaluating exercise combined with
microdystrophin may help inform guidelines for physical activity
for treated DMD boys.

The effects of exercise have been studied in the mdx mouse model
of DMD across various modalities including voluntary wheel
running,13–15 forced treadmill running,16,17 and swimming18,19 to
better understand how dystrophic muscles respond. Whereas
forced treadmill running to exacerbate the dystrophic phenotype
in older mdx mice (6–12 months) was used to assess microdystro-
phin gene therapy,17 in the current study, voluntary wheel running
in young mdx mice was used because the mice can get on and off
the wheel as they choose and therefore may mimic the self-regu-
lated physical activity of dystrophic boys if successfully treated
with microdystrophin. Furthermore, although young mdx mice
represent a mild dystrophic model of DMD that show functional
and histopathological deficits relative to wild-type (WT) animals
but do not recapitulate the severity of DMD disease progression,20

we selected the strategy to treat young mice based on (1) the juve-
nile age of DMD diagnosis, (2) the therapeutic goal to treat DMD
boys as early as possible after diagnosis to prevent chronic accumu-
lation of muscle damage, and (3) the demonstrated effectiveness of
early treatments relative to age of diagnosis in other monogenic
muscle diseases.21,22

Herein, we report the effects of 21 weeks of voluntary wheel-running
exercise initiated in 7-week-old mdx mice after a single treatment
with AAV9-CK8-microdystrophin. Our data demonstrate that
young mdx mice treated with gene therapy combined with
running-wheel exercise improved endurance capacity, exhibited par-
tial to full restoration of muscle function across different assess-
ments, mitigated mitochondrial energetic deficits, and revealed
some potential negative effects of exercise compared to gene therapy
treatment alone.
Molecul
RESULTS
Study strategy

In this study, we wanted to know if voluntary running-wheel exercise
would complement microdystrophin gene therapy to improve dystro-
phic muscle function in mdx mice. Treated animals were separated
into gene therapy (mdxGT) and running wheel combined with gene
therapy (mdxRGT) groups. Each group was administered a single
intravenous dose of AAV9-creatine kinase 8 (CK8)-microdystrophin
at approximately 7 weeks of age and followed for 22 weeks post-treat-
ment. Control groups of mdx, WT, and WT animals undergoing
running-wheel exercise (WTR) were assessed in parallel. Equivalent
administration of gene therapywas confirmed bymeasurement of vec-
tor genome (vg) copies in blood samples collected 30min post-dosing.
Muscle vg levels, microdystrophin expression, and dystrophic histo-
pathology were evaluated at the completion of the study to determine
potential differences due to running-wheel exercise. Throughout the
study, endurance capacity and muscle contractile function were eval-
uated using in vivo assays. At the end of the study, muscle contractile
function was determined by ex vivo assays along with assessments of
metabolic function (Figure 1). Although all study groups are dis-
cussed, the comparison between mdxGT and mdxRGT groups is
highlighted.
Vector genome concentrations are similar in treated mdx mice

irrespective of voluntary wheel running

An expression construct composed of two inverted terminal repeat
(ITR) sequences, a muscle-specific CK8 promoter,23 a microdystro-
phin cDNA, and a poly(A) tail (pA) (Figure 2A) was packaged into
an AAV9 vector. The AAV9-CK8 microdystrophin vector was in-
jected via tail vein at 2e14 vg/kg intomdxmice aged 7 weeks to replace
the absent full-length dystrophin (Figure 2B) with the microdystro-
phin protein product encoded by the microdystrophin gene construct
(Figure 2C) (see Materials and methods for details). Following sys-
temic delivery, AAV9-CK8-microdystrophin vg copies in the blood
were similar between the mdxGT and mdxRGT groups 30 min after
tail-vein injection at a value of �1e9 vg/mg genomic DNA (gDNA)
and were present in the blood at 22 weeks (the end of the study) at
�1e4 and �1e3 vg/mg gDNA for the mdxGT and mdxRGT groups,
respectively (Figure 2D). Muscle vg concentrations for the mdxGT
and mdxRGT groups were between 1e5 and 1e6 vg/mg gDNA for
the heart, diaphragm, and three hindlimb skeletalmuscles at 22 weeks.
(Figure 2E).
Microdystrophin expression similarly improves dystrophic

histopathology in animals performing voluntary exercise

Microdystrophin expression was evaluated at the protein level to
assess distribution and relative content across muscles of treated
groups. Immunofluorescence analysis was performed to evaluate
both revertant fibers present in animals and microdystrophin-posi-
tive fibers following treatment. Using an antibody reactive to a
sequence not found in microdystrophin, few revertant fibers were de-
tected in any animals (Table S1). Using a separate antibody reactive to
microdystrophin, robust, widespread expression was observed in the
ar Therapy: Methods & Clinical Development Vol. 21 June 2021 145
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Figure 1. Project design

(A) Project timeline in weeks (�3 to 22). R, mice received at 4 weeks of age; T, 0 weeks, start of treatment: mdx mice received either AAV9-CK8-microdystrophin or excipient

via tail-vein injection. Boxes indicate tests at specific time points. (B) Group identification and treatment descriptions.
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heart, quadriceps, and EDL muscles, with greater than 72% positive
fibers in the mdxGT and mdxRGT groups (Figures 3A and 3C; Table
S2). Semiquantitative western blots demonstrated similar micrody-
strophin protein content normalized to b-tubulin in heart muscles
of the two groups but showed increased microdystrophin content
in mdxRGT (mean ± SE; 0.85 ± 0.10) compared to mdxGT (0.52 ±

0.09) quadriceps muscles (p < 0.05) (Figures 3B and 3D). Interest-
ingly, microdystrophin content was lower in mdxRGT (0.84 ± 0.06)
compared tomdxGT (1.14 ± 0.13) diaphragmmuscles (p < 0.05) (Fig-
ures 3B and 3D; Table S3). H&E staining (heart and quadriceps) and
dystrophic grading (quadriceps; scale, 0 [normal] to 4 [severe];
mean ± SE) were performed to evaluate pathophysiological character-
istics associated with active dystrophic disease (Figures 4A and 4B).
mdx mice displayed the highest degree of dystrophic pathology
(3.4 ± 0.2) across all groups, whereas WT (0.0 ± 0.0) and WTR
(0.25 ± 0.1) muscles appeared relatively normal. Muscles from both
groups administered microdystrophin gene therapy, mdxGT (1.9 ±

0.2) and mdxRGT (1.6 ± 0.2), showed significant decreases in dystro-
phic pathology compared to mdx (p < 0.05). No significant differ-
ences were observed in histopathological improvements between
mdxGT andmdxRGT groups. These data suggest that overall benefits
to muscle histopathology following microdystrophin gene therapy are
retained in treated animals that also perform voluntary exercise.

Microdystrophin gene therapy improved running ability and

muscle strength

To assess endurance, a run-to-exhaustion assay was performed using
a treadmill. To assess hindlimb muscle strength and power, anesthe-
tized mice were analyzed using an in vivo contractile force measure-
ment system. Treadmill and in vivo contractile assays were conducted
before treatment (baseline) and at specific time points after treatment
146 Molecular Therapy: Methods & Clinical Development Vol. 21 June 2
(n weeks) in the same mice. Responses between groups could there-
fore be compared longitudinally.

Each mouse was subjected to a treadmill fatigue test, which started at
a low walking speed, then increased every few minutes to a slow run,
and then to a fast run speed. Speed increased until the mice could no
longer run (i.e., exhaustion) according to pre-specified criteria. The
time from start to end was recorded as the time to fatigue. At baseline
(i.e., before treatment), all groups showed shorter times to fatigue
compared to the WTR group (mean ± SE; 48.8 ± 12.7 min; p <
0.05; Figure 5A; Table S5). At 21 weeks post-treatment, mdx time
to fatigue (24.8 ± 3.6 min) in the final treadmill test was significantly
less than all other groups (p < 0.05). mdxGT animals (70.9 ± 4.0 min)
demonstrated times to fatigue �2.8 fold greater than untreated mdx
mice, reaching times similar toWT animals (67.0 ± 6.6min). Notably,
mdxRGT animals (130.0 ± 0.9 min) yielded a mean time to fatigue
�1.8-fold greater than the mdxGT (p < 0.05) and similar to that of
the WTR group (126.2 ± 2.0 min; Figure 5B; Table S5). Expressed
relative to baseline, the mdxGT group improved more than the
mdx group (434% versus 156%, p < 0.05), while the mdxRGT group
showed the greatest improvement of all groups (e.g., 898% versus
434% for mdxGT, 405% for WTR; and 204% for WT; all, p < 0.05)
(Figure 5C; Table S5). These data demonstrate that wheel running
combined with microdystrophin gene therapy improved endurance
�2-fold more than the gene therapy alone.

There was no difference in running-wheel performance between the
WTR and mdxRGT groups over the 21 weeks (mean ± SE; 54.0 ±

1.9 versus 50.5 ± 1.6 km/week, respectively; Figure 5D). The reason
for the decreased distance for the mdxRGT group at 9 weeks is un-
clear, but by 10 weeks, the distance run by the mdxRGT group was
021



Figure 2. Vector strategy and biodistribution

(A) An expression construct composed of two inverted

terminal repeat (ITR) sequences, a muscle-specific CK8

promoter,23 a microdystrophin cDNA, and a poly(A) tail (pA)

(A) was packaged into an AAV9 vector. (B and C) The

AAV9-CK8 microdystrophin vector was injected into 7-

week-old mice via tail vein to replace (B) absent full-length

dystrophin in mdx muscle fibers with (C) microdystrophin.

(D) AAV9-microdystrophin blood concentration in treated

mice 30 min after injection via tail vein and still present

22 weeks post-treatment. (E) AAV9-microdystrophin was

present in heart, diaphragm, quadriceps, gastrocnemius,

and EDLmuscles at the conclusion of the study. There was

no significant difference between groups. Dashed line in-

dicates the lower limit of quantification in (D) and (E).
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similar to the 8-week values, and thereafter closely tracked the WTR
run distance (Figure 5D). Expressed relative to week 1 running dis-
tance, the mdxRGT group demonstrated greater improvement than
the WTR group post-treatment (193.8% ± 4.3% versus 125.8% ±

4.6%, respectively; p < 0.05; Figure 5E).

An in vivo isometric plantarflexor torque-frequency assay, which
measures muscle strength in response to increasing electrical fre-
quencies of stimulation, was performed on all mice 1 week before
treatment (baseline) and at 2, 4, 8, 12, 16, and 20 weeks post-treat-
ment. Torque (mN � m) produced was normalized to body mass
(g) for each mouse ([mN � m]/g). Throughout the study, the mdx
group produced the weakest torque response compared to all other
groups (Figures 6A–6C; p < 0.05). At baseline, all the mdx groups
(mdx, mdxGT, mdxRGT) produced maximum torque that was
�66% of the WT and WTR groups combined (Figure 6A; p <
0.05). At two weeks post-treatment, at a stimulation frequency of
120 Hz (representative of the plateau torque), the mdxGT (mean ±

SE in [mN � m]/g, 0.34 ± 0.04) and mdxRGT (0.34 ± 0.03) torques
were comparable to the WT (0.34 ± 0.04) and WTR (0.35 ± 0.04)
values and were significantly greater than the mdx value (0.25 ±

0.02, p < 0.05; Figure 6B). At 20 weeks post-treatment, the mdxGT
(0.31 ± 0.02) and mdxRGT (0.34 ± 0.02) 120-Hz torques were similar
to WT (0.35 ± 0.02) and greater than the mdx value (0.26 ± 0.01; p <
0.05; Figure 6C). Notably, throughout the study, mdxRGT and
Molecular Therapy: Methods
mdxGT 120-Hz torque values remained similar
(Figure S1A; Table S6) post-treatment, indicating
that microdystrophin gene therapy alone
improved plantarflexion torque independent of
running. Compared to baseline 120-Hz torque
values, post-treatment torques at 120 Hz for the
mdxGT and mdxRGT groups showed significant
improvements compared to WT, WTR, and mdx
(Figure 6D; Table S6; p < 0.05).

Power was measured at the same time points as
torque frequency. Power describes the muscle’s
ability to produce torque at some rate (i.e., po-
wer = torque� velocity). Power is based on torque-velocity measure-
ments shown in Figure S2B. Power is expressed in milliwatts (mW)
and normalized to body mass (i.e., mW/g; Figure S1B; Table S7). At
baseline, all themdx groups (mdx, mdxGT, mdxRGT) produced a po-
wer curve that was�51% of theWT andWTR groups combined (Fig-
ure 6E; p < 0.05). At 2 weeks post-treatment, peak power (determined
at 40% maximum force or 0.4 fractional load)24 for the mdxGT
(mean ± SE in mW/g, 0.9 ± 0.1) and mdxRGT (0.9 ± 0.1) groups
were similar to the WT (0.9 ± 0.1) group. At this same time point,
WTR animals produced power greater than all groups (1.2 ± 0.1
mW/g; p < 0.05), whereas mdx power output was lower than all
groups (0.6 ± 0.1 mW/g; p < 0.05; Figure 6F; Table S7). At 20 weeks
post-treatment, there was a clear hierarchy of peak power output
among the groups in the following order (from greatest to least, in
mW/g): WTR (1.4 ± 0.2), mdxRGT (1.1 ± 0.1) and WT (1.1 ± 0.1),
mdxGT (0.8 ± 0.2), and mdx (0.5 ± 0.1) (Figure 6G; Table S7).
From these values, peak power for mdx was less than all groups,
WTR was greater than all groups, and mdxGT was less than WT
(all p < 0.05). mdxRGT peak power was similar to WT and mdxGT
power was less than mdxRGT andWT (p < 0.05; Figure 6G), demon-
strating that running complemented the microdystrophin gene ther-
apy to improve power similar to WT. Relative to baseline power
values, across all time points, mdxRGTmice showed greater improve-
ments in power compared to all other groups (p < 0.05), peaking at
16 weeks post-treatment (296.3% ± 62.9%; Figure 6H; Table S7).
& Clinical Development Vol. 21 June 2021 147
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Figure 3. Microdystrophin content

(A) MANEX1011b (DSHB) to detect microdystrophin (red) in

mdx,mdxGT, andmdxRGT quadriceps (quad, 200�; scale

bar, 100 mm), heart (400�; scale bar, 100 mm), and EDL

muscles (200�, scale bar, 100 mm). (B) Western blot to

detect microdystrophin and b-tubulin protein in mdxGT and

mdxRGT quad, heart, and diaphragm (dia) muscles. (C)

Immunofluorescence quantification of microdystrophin-

positive fibers in mdxGT and mdxRGT quad, heart, and

EDL muscles. No difference between groups. (D) Western

blot quantification of microdystrophin protein, normalized

to b-tubulin in mdxGT and mdxRGT quad, heart, and dia

muscles. *mdxGT < mdxRGT; **mdxRGT < mdxGT. All

comparisons p < 0.05. Mean ± SEmdxGT, n = 8; mdxRGT,

n = 8.
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Microdystrophin gene therapy improved ex vivomuscle strength

and power differentially in diaphragm and EDL

After mice were euthanized, ex vivo muscle contractile assays were
performed on isolated diaphragm strips and EDL muscles to deter-
148 Molecular Therapy: Methods & Clinical Development Vol. 21 June 2021
mine if running complemented the microdystro-
phin gene therapy. The diaphragm was assayed
because it is considered one of the most affected
muscles in the mdx mouse.25–27 The EDL was as-
sayed because it is a muscle composed of primar-
ily fast fibers,28 andmdx fast fibers are considered
more susceptible to damage compared to slow fi-
bers.29 For both muscles, it was important to
determine if their contractile function was
improved by the running combined with the
gene therapy or if gene therapy alone was
beneficial.

An ex vivo isometric force-frequency (F-F)
assay, which measures the strength of an isolated
muscle, was assessed in all mice. Ex vivo F-F re-
lationships for diaphragm demonstrated differ-
ences between groups as shown in Figure 7A.
When compared at 150 Hz, which is representa-
tive of the plateau force the two WT groups were
not different (mean ± SE; WT, 17.0 ± 1.0; WTR,
15.6 ± 1.1 mN/mg) but produced greater forces
compared to all mdx groups (p < 0.05; Figure 7A;
Table S8). Notably, the mdxGT group produced
greater diaphragm force (in mN/mg, 12.8 ± 1.7;
p < 0.05) than both the mdxRGT (10.5 ± 1.4)
and mdx (9.4 ± 0.5) groups. (Figure 7A; Table
S8). The ex vivo stress-frequency relationships
for EDL demonstrated differences between
groups, as shown in Figure 7D. When compared
at 150 Hz, the two WT groups were not different
(mean ± SE; WT, 312.8 ± 27.4; WTR, 319.2 ±

23.0 mN/mm2) but produced greater stresses
compared to all mdx groups (p < 0.05;
Figure 7D; Table S8). Although the mdxGT (266.4 ± 23.0) and
mdxRGT (287.0 ± 17.2) EDL stresses were similar, only the
mdxRGT group produced greater stresses than the mdx group
(229.6 ± 16.9 mN/mm2; p < 0.05; Figure 7D; Table S8). Relative



Figure 4. Histopathology

(A) Representative images for hematoxylin and eosin in

heart (H) and quadriceps (Q). Heart images, 400� (scale

bar, 50 mm), and quadriceps, 200� (scale bar, 100 mm). (B)

Dystrophic grade in quadriceps. y axis, dystrophic grade 0–

5. *mdx > all groups; **mdxGT, mdxRGT > WT, WTR. All

comparisons p < 0.05. Mean ± SE. All groups n = 4.
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to WT, mdxGT and mdxRGT diaphragm forces were only 75% and
62%, respectively, while EDL stresses were 85% and 92% of WT
values, respectively. In the diaphragm, running blunted isometric
force production in the mdxRGT group, suggesting a negative effect
of running on the gene therapy, whereas in the EDL, running posi-
tively influenced the gene therapy (Tables S8 and S9).

Ex vivo power curves and peak power were assessed as described for
in vivo power. Ex vivo power curves for diaphragm demonstrated dif-
ferences between groups, as shown in Figure 7B. Overall, the ex vivo
diaphragm power curve was lowest for the mdx group compared to all
other groups (p < 0.05; Figure 7B). Peak power for mdx (mean ± SE,
in mW/mg; 0.07 ± 0.01) and mdxRGT (0.10 ± 0.02) were less than
both WT groups (WT, 0.17 ± 0.02; WTR, 0.18 ± 0.02 mW/mg; p <
0.05; Figure 7B; Table S8). Peak power for the mdxRGT group was
less than for mdxGT (0.13 ± 0.02 mW/mg; p < 0.05; Figure 7B).
Gene therapy alone increased diaphragm peak power to �193% of
the mdx value, but it was reduced to �151% when combined with
running (p < 0.05). However, the mdxGT and mdxRGT groups
only achieved �77% and �60% of WT peak power, respectively,
demonstrating only partial rescue. These data suggest running nega-
tively influenced diaphragm function when combined with the gene
therapy, which seems incongruent with the mdxRGT mice, demon-
strating a final treadmill-running time similar to WTR and �5 times
greater than mdx mice.

Ex vivo power curves for EDL demonstrated differences between
groups as shown in Figure 7E. Peak power was least for the mdx group
compared to all other groups (mean ± SE; 1.46 ± 0.14 mW/mm2; p <
0.05; Figure 7E). Power for the mdxGT (1.69 ± 0.18) and mdxRGT
(1.72 ± 0.11) groups were similar, and both produced less power
compared to the WT groups (WT, 1.90 ± 0.18 mW/mg; WTR,
1.82 ± 0.16 mW/mm2; p < 0.05; Figure 7E; Table S8). Peak power
for the two WT groups was not different. As an indication of func-
tional restoration, EDL mdxGT and mdxRGT peak power values
were �89% and �91% of WT peak power, respectively. Considered
together, these data suggest that overall power curves and peak power
for the diaphragm and EDL were differentially affected when running
was combined with the microdystrophin gene therapy. Tables S8 and
S9 summarize the mean relative levels of performance for all groups
compared to WT or changes post-treatment relative to baseline for
many of the variables discussed above.
Molecul
An ex vivo eccentric or stretch-injury protocol can be used to discrim-
inate dystrophic from normal muscles, because absence of dystrophin
is thought to make the muscles more susceptible to stretch injury.30

To assess injury, force loss as a percent of initial isometric force
output was measured between initial and subsequent stretches.30

The diaphragm eccentric-injury protocol31 revealed the two WT
groups were similar, with no force loss over the 5 stretches (Figure 7C;
p < 0.05). The mdx group demonstrated the greatest loss of initial iso-
metric force to (mean ± SE) 87.1% ± 1.0% compared to all other
groups at the fifth stretch (Figure 7C; p < 0.05). The mdxGT
(93.0% ± 2.1%) and mdxRGT (95.1% ± 2.5%) groups were similar
and demonstrated an intermediate but greater force loss compared
to the two WT groups (Figure 7C; p < 0.05). These data suggest the
running (mdxRGT) did not complement the gene therapy alone
(mdxGT) because the force losses for both groups were similar. For
the EDL, the isometric plateau stress over successive eccentric con-
tractions was compared to the initial stress. Force loss was minimal
and similar in all groups (gain/loss of force ± 2%–3%; Figure 7F).

Microdystrophin gene therapy and voluntary wheel running

mitigated some energetic deficits

Quadriceps were separated into redmuscle and white muscle portions
to assessmitochondrial respiration. In red fibers fromquadriceps, suc-
cinate-stimulated respiration was approximately 30%–40% lower in
mdx than WTR (Figure 8A; p < 0.05). This respiration decrement
was significantly improved with gene therapy in the mdxGT samples,
but themdxRGT complemented the gene therapy to provide the great-
est bioenergetic benefit. Mitochondrial respiration in white versus red
fibers was lower, with mdx, WTR, and WT demonstrating similar
mitochondrial respiration across conditions. Surprisingly, succinate-
stimulated mitochondrial respiration in white fibers was depressed
in mdxGT versus mdx (p < 0.5; Figure 8B), indicating a negative effect
of gene therapy alone, but the decrement was rescued in mdxRGT
(Figure 8B). These data indicate that mitochondria in red and white
quadriceps fibers demonstrated a greater increase in mitochondrial
respiration compared to mdx when the gene therapy and running
were combined.

Metabolic enzyme activities were greater in red muscle (soleus com-
bined the red portion of gastrocnemius) versus white quadriceps mus-
cle (p < 0.05; Figure S3). In red muscle, mdxRGTmice had greater cit-
rate synthase activity versus WT and greater cytochrome c oxidase
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Figure 5. Running capacity

(A and B) Treadmill running time at (A) 2 weeks pre- and (B) 21 weeks post-treatment. (A) *WTR > mdx groups. (B) *WTR and mdxRGT > all other groups; **mdx < all other

groups. (C) Treadmill data expressed as percent change from baseline. *mdxGT >mdx; **mdxRGT > all groups. (D) Wheel-running distance per week. No difference between

groups. (E) Running-wheel activity expressed as percent change from first week of running. *mdxRGT >WTR. All comparisons p < 0.05. Mean ± SE. WTR, n = 7; WT, n = 8;

mdx, n = 7; mdxGT, n = 8; mdxRGT, n = 8.
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activity versusWT andmdxmice. b-hydroxyacyl-CoA dehydrogenase
(bHAD)was the only enzyme in themdx group that demonstrated less
activity versus WTR (p < 0.05; Figure S3). In white muscle, there were
no differences in enzyme activities between any of the groups. These
data suggest changes in enzyme activities were not influenced by
gene therapy or running combined with gene therapy, with the excep-
tion of citrate synthase and cytochrome c oxidase.

DISCUSSION
The purpose of this study was to determine if voluntary running-wheel
exercise for 21weeks would complement a single systemic treatment of
AAV9-CK8-microdystrophin to improve dystrophic muscle function
in 7-week-old mdx mice. A single dose of 2e14 vg/kg was used to treat
all animals in mdxGT and mdxRGT groups to evaluate the relative ef-
fect of voluntary exercise on the level of microdystrophin expression
and to assess the overall outcomes in the mdxGT animals. vg copies
measured in blood samples 30 min post-administration were similar
in mdxGT and mdxRGT animals and remained similar between
groups in blood andmuscle samples collected 22weeks post-treatment,
confirming that both groups received similar treatments. In both the
mdxGT and mdxRGT groups, fibrosis and immune infiltration were
reduced compared to untreated mdx mice. Importantly, mdxRGT an-
imals showed similar improvements in dystrophic grade compared to
those in the mdxGT group, indicating that voluntary exercise did not
have a detrimental effect on muscle health. In addition, the hearts,
quadriceps, and EDLs of both groups demonstrated similar robust dis-
tribution of microdystrophin. Microdystrophin content was modestly
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increased in the quadriceps but was decreased in diaphragm of
mdxRGT compared to mdxGTmice, suggesting that running affected
the gene therapy differentially depending on themuscle. The decreased
mdxRGT diaphragm microdystrophin content could account for the
significantly lower diaphragm power compared to mdxGT. Plantar-
flexor power and mitochondrial energetics from the red portion of
quadriceps were improved in the mdxRGT compared to the mdxGT
mice. Surprisingly, the mitochondrial respiration of white muscle
was significantly depressed by the gene therapy alone but was rescued
when combined with running. Functional restoration in mdxGT mice
expressed relative toWT values was 75%–101%, indicating only partial
restoration for many assessments. However, in mdxRGT mice, func-
tional restoration was greater than 91% for all assessments with the
exception of diaphragm normalized force and power. Despite the
depressed mdxRGT diaphragm power, treadmill-running endurance
was greatly improved for mdxRGT mice. Nevertheless, the partial
rescue of diaphragm function with microdystrophin with and without
running warrants additional investigation. However, the overall out-
comes support the conclusion that voluntary exercise performed in
dystrophic animals treated with microdystrophin gene therapy can
provide an additive benefit to whole body and muscle function while
importantly maintaining improvements in dystrophic histopathology.

Literature reports reveal a broad range of mdx mouse ages at initia-
tion of voluntary running-wheel exercise (e.g., 3–4 weeks;13–15

6 months;32 15.5 months33) and training durations (3–52 weeks).4,14

One consistent outcome was mdx mice that started running at any
021



Figure 6. In vivo contractile properties

(A–C) Torque-frequency curves (A) 1 week pre-treatment,* mdx < WT; (B) 2 weeks post, *mdx < all groups; and (C) 20 weeks post-treatment, *mdx < all groups; **mdxGT <

mdxRGT, WTR, WT; yWT, mdxRGT < WTR. (D) Torque at 120 Hz as percent of baseline over time, *mdxGT, mdxRGT > all groups. (E) Power curves 1 week pre-treatment,

*mdx <WT. (F) Power 2 weeks post treatment, *mdx < all groups; **WTR > all groups. (G) Power 20 weeks post-treatment, *mdx < all groups; **WTR > all groups; ymdxGT <

WT, mdxRGT. (H) Peak power as percent of baseline over time, *mdxRGT > all groups. All comparisons (p < 0.05). Mean ± SE.WTR, n = 7;WT, n = 8; mdx, n = 7; mdxGT, n =

8; mdxRGT, n = 8.
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age demonstrated impaired running performance compared to simi-
larly aged wild-type controls.14,32–35 We anticipated, therefore, that
running distance on the wheel per week would improve in 7-week-
old mdx mice when combined with the gene therapy. The closely
matched run distances in km/week for the mdxRGT and WTR
mice over the training period suggested that running plus the micro-
dystrophin gene therapy were complementary. Expressed relative to
week 1 running distance, mdxRGT running-wheel activity was
greater than WTR at 2 weeks and remained elevated throughout
the study, with a mean increase of �194% versus 126%, respectively.
Furthermore, WTR and mdxRGT final treadmill run times in mi-
nutes were similar and greater than all other groups. When expressed
relative to baseline run times, the mdxRGT group showed a greater
percent improvement (�898%) than all other groups and was �2-
fold greater than mdxGT (434%). Increased microdystrophin content
in the quadriceps and comparable content in the EDL may have
contributed to the greater endurance in the mdxRGT versus the
mdxGT mice, though decreased diaphragm content may have been
a negative influence. These differential muscle effects suggest that
the relationship between exercise and microdystrophin content may
not be uniformly beneficial. Themechanisms behind these differences
are unclear but may include differences in biodistribution of the virus,
differences related to fiber type composition, or differences in blood
flow, physical stress, or damage to the affected areas during exercise.

Mitochondria are dysregulated in DMD and in the dystrophic mdx
and D2.mdx mouse models;36,37 therefore, correction of dystrophic
mitochondrial function would be advantageous. We predicted micro-
Molecul
dystrophin gene therapy alone (mdxGT) would increase mitochon-
drial capacity and metabolic enzyme activities of both red and white
muscle, but the gene therapy combined with running (mdxRGT)
would provide a greater increase in both. The improvement in tread-
mill performance in the mdxRGT mice suggests the running plus
gene therapy induced positive mitochondrial adaptations in both
red and white muscle to meet the increased ATP demand consistent
with regular endurance activity.38,39 Congruent with the improved
endurance for the mdxRGT compared to the mdxGT mice, mito-
chondrial respiration (oxygen consumption) was improved in red fi-
bers of mdxRGT quadriceps. This improvement suggests that defects
evident in the red fibers of mdx quadriceps were mitigated by the gene
therapy alone, with additional benefits when combined with running.
Succinate-stimulated mitochondrial respiration was 2.5–3 times
higher in mdxRGT red fibers than in white fibers, consistent with
red muscle fibers having a greater mitochondrial volume density
than white muscle fibers.40 Surprisingly, the gene therapy alone
significantly attenuated the complex II respiration of mdxGT
compared to mdx white fibers, but this attenuation was rescued by
running in the mdxRGT mice. The depressed white muscle respira-
tion in themdxGTmice was an unexpected negative result not readily
explained mechanistically. Functionally, the mdxGT final treadmill
exhaustion times were significantly greater than mdx and similar to
WT non-runners, suggesting the impact of depressed mitochondrial
respiration in white muscle on whole-body movement was minimal.
These data demonstrate that voluntary running exercise comple-
mented the AAV9-CK8-microdystrophin by improving mitochon-
drial respiration in red and white muscles.
ar Therapy: Methods & Clinical Development Vol. 21 June 2021 151

http://www.moleculartherapy.org


Figure 7. Ex vivo contractile properties of diaphragm and EDL

(A–C) Diaphragm. (D–F) EDL. (A) Diaphragm force-frequency curves, *mdx, mdxRGT < WT, WTR, mdxGT; **mdxGT < WT, WTR. (B) Diaphragm power curves, *mdx < all

groups; **mdxRGT < WT, WTR, mdxGT; ***mdxGT < WT, WTR. (C) Diaphragm isometric force loss during eccentric contractions, *mdx < all groups; **mdxGT, mdxRGT <

WT,WTR. (D) EDL stress-frequency curves, *mdx <WT,WTR,mdxRGT; **mdxGT,mdxRGT<WT,WTR. (E) EDL power curves, *mdx < all groups; **mdxGT,mdxRGT <WT.

(F) EDL isometric force loss during eccentric contractions. No differences between groups. All comparisons p < 0.05. Mean ± SE.WTR, n = 7; WT, n = 8; mdx, n = 7; mdxGT,

n = 8; mdxRGT, n = 8.
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Remarkably, only modest changes in mitochondrial metabolic
enzyme activities were observed, with no differences evident between
the mdxRGT and mdxGT muscles nor between the WTR and WT
muscles. When the red gastrocnemius (and soleus) and white quad-
riceps were assayed, all enzymes had activities greater in red than
white muscles, independent of group. Gene therapy alone did not
change metabolic enzyme activities in red or white muscle, but
when combined with running, red muscles of mdxRGT mice had
greater citrate synthase activity versus WT and greater cytochrome
c oxidase activity versus WT and mdx mice. These data also indicate
that running plus gene therapy drives positive adaptations in mito-
chondria of red muscle. The mitochondrial data in red muscles sug-
gest that positive adaptations contributed to the improved mdxRGT
endurance capacity. It is also possible that adaptations in the heart
contributed in response to the running, the gene therapy, or both.

Both positive and negative effects of exercise on dystrophic hearts
have been reported in untreated mdx mice. Decreased LV function,
ejection fraction, and shortening fraction were reported for mdx
mice that ran from 4 to 20 weeks of age41 and increased dystro-
phin-related cardiomyopathy and cardiac fibrosis for mdx mice
that ran from 7 to 11 weeks of age.42 However, mdx mice that per-
formed voluntary wheel running from 4 to 56 weeks of age showed
increased LV function and end-diastolic and systolic volumes.15

Thus, starting age and duration of exercise could impact mdx heart
function in the absence of gene therapy.
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Improvements in heart pathophysiology and cardiac function43–46

have been reported for mdx mice treated with various microdystro-
phin constructs. For example, electrocardiograph abnormalities in
mdx mice were corrected with the AAV9-DR4/DC microdystrophin
including normalization of heart rate, and PT and QT intervals.43

mdx mice treated with rAAV2/6-DR4-23/DCT microdystrophin45

significantly improved baseline end-diastolic volume compared to
untreated mdx mice, but not systolic function (e.g., end-systolic pres-
sure). However, this construct did prevent cardiac-pump failure in
response to a dobutamine challenge. This outcome suggests that
similar protection of the mdxGT and mdxRGT hearts was possible
with microdystrophin treatment. Although heart function was
improved, Townsend et al.45 commented it was less clear how
vascular tone would be modulated in the absence of microdystrophin
incorporation into vascular smooth muscle. Modulation of smooth
muscle to regulate vascular tone would be critical to increasing blood
flow to working muscles (i.e., active/functional hyperemia) during ex-
ercise.47 This aspect of potential microdystrophin rescue should be
further elucidated.

To our knowledge, no studies have explored long-term exercise com-
bined with microdystrophin to assess performance outcomes as
described herein. Running-wheel performance was only assessed
over 13 days for microdystrophin-treated and untreated older mdx
mice (age not reported) with the cumulative running distance signif-
icantly greater for the treatedmdxmice.44 In a recent study, 6-month-
021



Figure 8. Mitochondrial function

(A and B) Oxygen consumption (O2 flux) in red (A) and white (B) fibers from quad-

riceps. (A) *mdx < WT, WTR, mdxRGT; ymdxGT < WTR; zWT < WTR; #mdx,

mdxGT <WTR, mdxRGT. (B) *mdxGT <WTR, mdx, mdxRGT; ymdxGT < all groups.

All comparisons p < 0.05. Mean ± SE. WTR, n = 7; WT, n = 8; mdx, n = 7; mdxGT,

n = 8; mdxRGT, n = 8.
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old mdx mice followed for 6 months after treatment with micrody-
strophin gene therapy were subjected to treadmill running in the final
month.17 VO2 max was determined before and after 6 forced tread-
mill-training sessions intended to exacerbate the dystrophic pheno-
type. The microdystrophin countered the exercise-induced muscle
damage from the forced treadmill running and preserved grip
strength and VO2 max (pre-post), indicating that microdystrophin
provided some protection, though values did not reach WT levels.17

In the current study, the robust microdystrophin content observed
in mdxRGT hearts and the clear ability of mdxRGT mice to run
voluntarily suggests hearts were functioning well enough to support
the stress of running. The running performance also suggests the
mdxRGT diaphragms could effectively cope; however, their reduced
microdystrophin content could have compromised function.
Molecul
The diaphragm is considered the most affected striated muscle in the
mdx mouse, and that most closely mimics the pathophysiology of
DMDmuscles.25 One of the key outcomes for gene therapy, therefore,
should be the rescue of diaphragm function, as respiratory failure
often leads to death.25 In the absence of treatment, moderate treadmill
exercise improves respiratory function in mdx-DBA/2J mice,48 while
in contrast, impaired diaphragm function in mdx mice after 52 weeks
of running yielded an �60% decline compared to sedentary con-
trols.15 Treatment with microdystrophin in mdx mice at least
partially rescued muscle strength and resistance to eccentric injury
in both limb and diaphragm muscles.49–52 In addition, dual minidy-
strophin delivery to 4-week-oldmdx4cvmice was beneficial to muscle
function when mice were challenged by treadmill exercise for
8 weeks.53 In the current study, consistent with several reports, the
mdx diaphragm F-F profile was significantly depressed compared
to the two WT groups.54–57 Both mdxGT and mdxRGT diaphragm
strips demonstrated increased resistance to eccentric injury. Howev-
er, the mdxRGT group produced forces less than mdxGT and compa-
rable to mdx. In addition, mdxRGT peak power was surprisingly less
than the mdxGT value, indicating that running depressed power
achieved with gene therapy alone.

Full-length dystrophin restored to 41% content in mdx diaphragms
by exon skipping oligonucleotide treatment in non-exercised mice
at age 3 weeks was reduced �59% to 17% content after 3 weeks of
treadmill training.58 Specific force and protection from eccentric
injury were significantly greater in the non-exercised treated versus
untreated mdx mice. However, because comparable functional data
for the exercised, treated mdx mice was not reported, it was not clear
how the reduced dystrophin content affected function.58 In the cur-
rent study, mdxRGT diaphragm microdystrophin content was
decreased �26% versus mdxGT. Relative to WT, power for both
mdxGT (�77%) and mdxRGT (�60%) was only partially restored.
Nevertheless, the mdxRGT mice improved their final treadmill
exhaustion time dramatically. Is the reduced power solely due to
changes in microdystrophin content? One possibility is that adapta-
tions to running shifted the fiber type distribution to reduce power
but still support endurance. Transcriptome analysis (RNA
sequencing [RNA-seq]; Figure S4) revealed that microdystrophin
gene therapy alone rescues the fiber type transcript distribution close
to WT and WTR (Figure S4) but when combined with running pro-
motes a slow fiber phenotype in mdxRGT versus mdxGT. Notably,
the biggest difference between the WT and mdx transcripts was for
IIx (63% versus 22%, respectively), consistent with �2-fold decrease
in mdx diaphragm IIx/IIb fibers versus WT,57 and which could
explain the lowest power of all groups in the mdx diaphragms.
Compared to mdx, mdxGT diaphragms demonstrated decreased
type I and IIa and increased IIx transcripts, which tracks with
increased power for this group. Finally, compared to mdxGT,
mdxRGT had transcripts that were unchanged for type IIx, increased
for type I�2.3-fold and IIa�1.3-fold, and decreased for IIb�5.8-fold
(Figure S4). Although transcript expression cannot be directly
compared to protein content, this shift in mdxRGT transcript distri-
bution could explain the decreased mdxRGT diaphragm power.
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Given the diaphragm is one of the most affected muscles in DMD,
future studies should investigate (1) the potential negative influence
of running on microdystrophin content in the diaphragm, (2) the in-
fluence of microdystrophin with and without running on fiber type
transcripts and proteins, and (3) the relationship between running,
microdystrophin, and respiratory function (e.g., breathing frequency,
tidal volume, etc.).

BoyswithDMDsuffer froma progressive decrease in functionalmuscle
mass and increased infiltration of fat, which presents as pseudohyper-
trophy (e.g., calf).59 As a direct consequence, muscle strength progres-
sively deteriorates.60 As strength is lost, shortening speed (velocity) is
lost, and this yields decreased power for movement. Similar impair-
ments in contractile properties are evident in mdx skeletal muscles
ex vivo49,50,61 and in vivo.56 Plantarflexors, which include the medial
and lateral gastrocnemius, soleus, and plantaris, among others,62 are
high-load locomotory muscles used to “toe off” during gait. Voluntary
exercise improves mdx plantarflexor strength. mdxmice that started at
age�4weeks improved running capacity and plantarflexor torque after
12 weeks of running-wheel activity.13 Similarly, ex vivo soleus-specific
tetanic force was improved after 12 weeks63 and 16 weeks35 of wheel
running. Physiological benefits, however, may be age dependent and/
or trainingdurationdependent, asmdxmice that ran onwheels starting
at age 6months showed no changes in soleus strength or fatigability af-
ter 4 weeks.32 In the current study, untreated mdx mice consistently
demonstrated the lowest plantarflexor torque. At 2 weeks of treatment,
both themdxRGT andmdxGT groups produced torques similar to the
WT groups. At 20 weeks, mdxRGT produced greater normalized tor-
que than mdxGT. However, expressed relative to baseline torque,
both mdxGT and mdxRGT values were significantly greater than all
other groups throughout the study post-treatment, suggesting micro-
dystrophin improved relative plantarflexor torque independent of
running. Expressed relative to baseline peak power, only mdxRGT
values were greater than all other groups throughout the study, indi-
cating that running was complementary to microdystrophin for plan-
tarflexor power.

The mdx EDL F-F curve was significantly less than that of all other
groups, except mdxGT. mdxGT and mdxRGT force outputs were
similar, indicating running combined with gene therapy did not in-
crease EDL force production. EDL mdx peak power was significantly
less than all other groups, in agreement with previous findings.64

mdxGT and mdxRGT peak power were similar and only significantly
less thanWTR values. These data indicate microdystrophin treatment
in mdx mice improved EDL power, independent of running. The mi-
nor effects in EDL due to the gene therapy may be related to the func-
tion of the EDL as a low-load locomotory muscle.62 In untreated mdx
mice subjected to running, type I and IIa fibers were increased and type
IIb fibers decreased in EDL muscles of mdx runners versus seden-
tary,14,65 while no changes in type I and IIa but decreased type IIx fiber
types occurred in soleus muscles.65 As noted above for the diaphragm,
it is possible there was a shift to a slow fiber phenotype to support
endurance activity in microdystrophin-treated limb skeletal muscles
activatedduring running. Future studies should explore this possibility.
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In summary, these data support the idea that voluntary running com-
plements microdystrophin gene therapy as demonstrated by positive
adaptations in running capacity, increased muscle power, protection
against eccentric injury in the diaphragm, and enhanced mitochon-
drial bioenergetics in red fibers. Although running decreased micro-
dystrophin content and power in the mdxRGT diaphragm, the fiber
type transcriptome analysis suggested power was traded for endur-
ance capacity. Studies at the transcriptomic and proteomic levels
could provide important insights into the mechanisms of adaptation
for all muscles.

Clinical trials with microdystrophin are currently ongoing. With their
potential success comes a key question: can partially rescued micrody-
strophin-expressing muscles safely endure physical activity? Our data
indicate several positive outcomes thatmay help guide complementary
exercise prescriptions in the clinic if promising treatments for DMD,
such as microdystrophin gene therapy, are successful. The primary
caveat is that at present, it is not clear if the complementary outcomes
of voluntary activity will be similar in young microdystrophin-treated
mdxmice (amildmodel of DMD) andmicrodystrophin-treatedDMD
boys. Specifically, if the DMD boys undertake activities such as slow
walking or gentle running, the threshold belowwhich these physical ac-
tivities remain complementary to the gene therapy are not currently
defined. Voet et al.66 concluded that current evidence to support
strength and endurance training in individuals with neuromuscular
diseases, includingDMD, is still uncertain. The authors recommended
more robust methodology and greater numbers of participants to
obtain the needed evidence. It is clear this advice should be extended
to clinical studies of DMD boys treated with microdystrophin com-
bined with exercise. Greater insight into themechanisms of adaptation
in both pre-clinical (including older and/or physically challenged mdx
mice, and other DMD mouse/rat models) and clinical studies will
hopefully identify the types and amounts of activity that will safely
complement the microdystrophin gene therapy.

MATERIALS AND METHODS
Animal studies

All animal experiments were approved by the Institutional Animal
Care and Use Committee at Virginia Tech and in concordance with
NIH guidelines. Four-week-old WT (C57BL-10ScSnJ/Jax strain
#000476) and mdx (C57BL/10ScSn-DMDmdx/Jax strain #001801)
mice were purchased from the Jackson Laboratory (Bar Harbor,
ME, USA). Mice were group-housed (3–4 mice/cage) in a tempera-
ture-controlled room (21.1�C,) with a 12-h light/12-h dark cycle
and were given access to water and chow (Harlan-Teklad 2018) ad li-
bitum. The mice were purchased in cohorts of 10 mice (age 4 weeks)
per week for 4 weeks to stagger the necessary assays post-sacrifice. Of
the original 40 mice, 2 mice died early in the study, 1WTR and 1 mdx
due to dehydration. Subsequently, in addition to the cage lixit system,
all mice were provided hydrogel (ClearH2O, Portland, ME, USA)
packs to ensure hydration.

One day after arrival of a given cohort (�3 weeks; Figure 1), the body
mass of each mouse was determined. The mice were assigned to one of
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5 treatment groups, so the average body mass was similar between the
two WT groups and similar between the three mdx groups. The mice
acclimated for an additional 5 days before the baseline treadmill test.

AAV construct and delivery

Recombinant AAV9 was produced at the University of Pennsylvania
Vector Core (https://www.med.upenn.edu/gtp/vectorcore). The
gene-of-interest (GOI) plasmid used for production coded for a
four-repeat microdystrophin sequence, which does not contain the
R16/R17 neuronal nitric oxide synthase (nNOS) binding-domain-
specific repeats, was under the control of the CK8 skeletal and cardiac
muscle-specific promoter. AAV9-CK8-microdystrophin at 2e14 vg/
kg or an equivalent volume of vehicle (phosphate-buffered saline +
0.001% pluronic F-68) was injected via tail vein of each mouse in
the mdxGT andmdxRGT groups at age 7 weeks (time 0 [T]; Figure 1)
with a U100 28G � 1/2 insulin syringe (Becton Dickson, Franklin
Lakes, NJ, USA).

Blood draws

Whole blood was collected from the submandibular vein 30 min
following treatment administration and by cardiac puncture at sacri-
fice into 0.5 mL K2 EDTA Microtainer MAP tubes (Becton Dickson,
Franklin Lakes, NJ, USA) and stored at �80�C for subsequent anal-
ysis of AAV9-microdystrophin vg copies.

Biodistribution

In addition to whole blood, heart, diaphragm, left quadriceps, left
gastrocnemius, and left extensor digitorum longus were harvested at
sacrifice in a manner that prevented cross-contamination, snap frozen
in liquid nitrogen, and stored at �80�C until gDNA was extracted.
gDNAwas isolated using aDNeasy blood and tissue kit (QIAGEN,Va-
lencia, CA, USA) according to the manufacturer’s instructions, and
vector gDNA concentrations were determined using the NanoDrop
One system (Thermo Fisher, Carlsbad, CA, USA). AAV vg copies pre-
sent in gDNAwere quantified by real-time PCRusing theQuantStudio
3 Real-Time PCR system (Thermo Fisher, Carlsbad, CA,USA) accord-
ing to themanufacturer’s instructions. Results were analyzed using the
QuantStudio Design & Analysis v1.4.1 software with the threshold,
start baseline, and stop baseline set automatically by the software. In
brief, primers and probes designed to the human codon-optimized
dystrophin (HuDys) sequence of the AAV vector were used. A stan-
dard curve was performed using plasmid DNA containing the same
codon-optimized HuDys target sequence. PCR reactions contained a
total volume of 50 mL and were run as follows: 50�C for 2 min, 95�C
for 10 min, and 45 cycles of 95�C for 15 s and 60�C for 1 min. DNA
samples were assayed in triplicate. To assess PCR inhibition, the third
replicate was spiked with plasmid DNA at a ratio of 100 copies/mg
gDNA. If this replicate was greater than 40 copies/mg gDNA, then
the results were considered acceptable. If a sample contained greater
than or equal to 100 copies/mg gDNA, it was considered positive for
vgs. If a sample contained less than 100 copies/mg gDNA, it was consid-
ered negative for vgs. Vector copy numbers reported are normalized
per mg gDNA. Assay controls included the following: no template con-
trol (NTC) with acceptability criteria < 15 copies and an established
Molecul
study-specific standard curve slope range (±0.3 of the studymean slope
determined from three individual standard preparations and runs).
Data were reported as AAV genome copies per mg total gDNA. Statis-
tical analysis between groups was performed with an unpaired t test
with significance set at p < 0.05.

Baseline and final treadmill fatigue tests

All mice were acclimated to a mouse treadmill (TSE Systems, Chester-
field, MO, USA) for 3 days before the study began (baseline test) and
again shortly before sacrifice (final test). On the fourth day, the mice
were run to exhaustion and total run time and distance recorded.
Exhaustion, or failure to run, was defined as the inability of the mouse
to keep running after aggressive physical nudges with a cotton-tipped
swab. Each mouse was allowed three failures before it was considered
fatigued. Time to fatigue was recorded. Relative treadmill time was
calculated as final treadmill time/baseline treadmill time � 100%.
The training and fatigue protocols are described in Table S4. This
treadmill protocol was developed as an endurance run to fatigue.
Another method to assess whole-animal performance is described
in Rocco et al.67

Body mass

Body mass was obtained on a PT1200 balance (Sartorius, Bohemia,
NY, USA) to the nearest 0.1 g.

Voluntary wheel running

At time 0 for each cohort, mice in theWTR andmdxRGT groups were
single housed in cages with running wheels (15-cm diameter). The
wheels were instrumented to count revolutions every 2 min, and the
values were recorded by a laptop computer into an excel spreadsheet
using our lab’s custom software. The software determined the distance
per revolution (m) using the equation circumference = 2pr. Running
data were collected continuously for 24 h each day for 7 days. At the
end of the 7-day period, the resulting spreadsheet was downloaded
for additional data manipulation (e.g., distance, km/week) and anal-
ysis, and the program was restarted to collect data for the next week.
Mice in themdx, mdxGT, andWT groups were single housed in cages
with locked running wheels. Relative running-wheel data were calcu-
lated as each respective mouse value at each time point/that mouse’s
week 1 running distance � 100%.

In vivo skeletal muscle contractile properties

In vivo isometric plantarflexor torque, velocity, and fatigue were as-
sessed in all mice 1 week prior to, and at 2, 4, 8, 12, 16, and 20 weeks
after, treatment (Figure 1). Body mass was recorded prior to each
experiment.

Equipment and software

In vivo contractile properties were determined with Aurora Scientific
(ASI, Aurora, ON, Canada) equipment and software including a 5N
dual-mode servomotor (305C-FP-M) with a foot pedal displacement
maximum of�40� (±20� from neutral position) and a 701C high-po-
wer follow stimulator set to constant current. Current was optimized
for each mouse for each in vivo experiment (range, 45–65 mA).
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Dynamic Muscle Control (DMC) software controlled the timing and
frequency of the stimulations and collection of force, torque, and foot
pedal displacement. As noted below, the DMC units were set to either
torque (mN �m) or force (mN) depending on the assay. The mouse
platform was maintained at 37�C by an HTP-1500 heat-therapy
pump (Adroit Medical Systems, Loudon, TN, USA). DynamicMuscle
Analysis (DMA) software was used to analyze the force, torque, and
displacement data.

Preparation and recovery

Mice were anesthetized with isoflurane (VetOne Fluriso, Boise, ID,
USA) delivered through an isoflurane vaporizer (VetEquip, Livermore,
CA, USA) at 3% isoflurane, 1.0 L/min O2 in a sealed anesthesia box for
3 min. Mice were then placed on the temperature-controlled platform
(37�C) of the contractile apparatus (ASI), and isoflurane was main-
tained via nosecone (1.5%–3% isoflurane, 1.0 O2 L/min). VaporGuard
activated charcoal canisters (VetEquip, Livermore, CA, USA) were
used to scavenge excess isoflurane. The eyes were treated with Puralube
(Decra, Overland Park, KS, USA) to prevent drying. The right hindlimb
was shaved, hair remover applied (Nair Hair Remover Lotion, Ewing,
NJ, USA) for 30 s, cleaned with 2-inch � 2-inch gauze and tap water,
and swabbed with providone-iodine (Betadine Solution Swabsticks,
Stamford, CT, USA). The knee was clamped so the tibia was 90� to
the femur. The foot at 90� to the tibia was secured with clear Transpore
surgical tape (M3, St. Paul,MN,USA) to the foot pedal of the dualmode
servomotor. The mouse tail was taped (M3, St. Paul, MN, USA) loosely
to the platform to keep it clear of the foot pedal.

Following the experiment, mice recovered in a sealed chamber gassed
with1.0 L/min O2. After mice were fully awake and mobile in the re-
covery chamber, they were placed in a clean cage with an active or
locked running wheel as necessary and returned to the vivarium.

Electrodes and optimal current

Electrical stimulations were delivered from the 701C stimulator via F-
E2 platinum-tipped needle electrodes (Natus Manufacturing, Gort,
Ireland). The two electrodes were taped together with �3 mm be-
tween the tips. The paired electrodes were inserted �0.5–1.0 mm
deep, �1.0 mm distal, lateral to the knee, and parallel to the tibia to
depolarize the tibial nerve.

Isometric torque frequency

Torque is determined by the force (mN) applied to, and multiplied by
the length of, the foot pedal (m). DMC units were therefore set to
mN� m. Isometric torque was determined with the foot at 90� to the
tibia (neutral position) over a series of stimulations at increasing fre-
quencies: 1, 10, 30, 50, 65, 80, 100, 120, 150, 180, and 200 Hz. Data
were plotted as torque normalized to mouse body mass (mN � m/g)
versus frequency. Relative torquedatawere calculated as each respective
mouse value at each time point/that mouse’s baseline torque� 100%.

Torque velocity and power

DMC units were set to mN. 2 min following the end of the torque-fre-
quency assay, maximum isometric tetanic forces were recorded at
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150 Hz with the foot pedal in dorsiflexion (+20�), in the neutral po-
sition (0�), and plantarflexion (�20�). The plantarflexor isometric
tetanic force was greatest when the foot was dorsiflexed, in agreement
with Ashton-Miller et al.,68 and was used to determine fractional
loads. To maximize the range for displacement (full range from +20�

to�20�, total 40�), the foot pedal was moved by software into the dor-
siflexed position (+20�) prior to determining displacement at a given
load.

Force velocity was determined with the tetanic afterload method at a
stimulation frequency of 150 Hz.24,69 In this method, a load as a pro-
portion of the maximum isometric tetanic force is set on the servo-
motor, and when the plantarflexor force during stimulation equals
the load, the foot pedal is displaced. Displacement divided by time
yields velocity. We determined velocity at fractional loads 0.30,
0.40, 0.75, and 0.90 of the maximal dorsiflexion tetanic force value
to subsequently calculate maximum torque, which typically occurs
at 0.40 fractional load.24 Because the time to full displacement became
shorter as the fractional load decreased, we modified the 150 Hz stim-
ulation duration at the various fractional loads: 0.2 s (0.90); 0.1 s (0.75,
0.50, 0.40); and 0.05 s (0.30). At fractional loads less than 0.30, there
was insufficient time to capture the peak velocity before the pedal ex-
ceeded the displacement limit. Displacement in degrees was con-
verted to mm, data were plotted as fractional load versus velocity in
mm/s, and the Hill equation was used to fit a curve and generate an
equation (GraphPad Prism, GraphPad Software, La Jolla, CA, USA).

Power = force � velocity. Power was determined as the product of a
given load in mN and the associated velocity (mm/s) and then ex-
pressed in mW. A curve was fit to the resulting power values and
the data plotted to compare power curves between the groups and
to determine the peak power for each (GraphPad Prism). Relative po-
wer data were calculated as each respective mouse value at each time
point/that mouse’s baseline power � 100%.

Tissue collection

Mice were deeply anesthetized intraperitoneally (i.p.) with ketamine/
xylazine (200/100mg/kg, respectively). Blood was obtained by cardiac
puncture with a 1-mL insulin syringe fitted with a 26G � 5/8 needle
(Becton Dickson, Franklin Lakes, NJ, USA). Immediately following,
the mouse was euthanized by cervical dislocation and then skinned.
The mouse spinal cord was transected just below the diaphragm.
From the lower-body portion, tissues were harvested from the hin-
dlimbs, while simultaneously, from the upper half, the diaphragm
was dissected whole with ribs attached, and then the heart removed.

Mitochondrial respiration

Quadriceps white and red fiber portions

Visually, there is a distinct contrast between superficial white (e.g.,
vastus lateralis and rectus femoris, fast fibers) and deep red (vastus in-
termedius,�50% slow,�50% fast fibers) portions of quadriceps.70 Fi-
ber type distribution of whole quadriceps was not different between
mdxGT and mdxRGT groups (Figure S5), but because the white
portion represents a greater proportion than the red, it likely biased
021
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the fiber type distribution analysis. We therefore separated left quadri-
ceps intowhite and red portions as described to conductmitochondrial
respirometry studies.70 Permeabilized muscle fibers were prepared as
described.71 Small portions of white and red quadriceps muscle were
placed in ice cold BIOPS (pH 7.1) (7.23 mM K2EGTA, 2.77 mM Ca-
K2EGTA, 20 mM imidazole, 20 mM taurine, 5.7 mM ATP, 14.3 mM
PhosphoCreatine, 6.56 mM MgCl2*6H2O, 50 mM MES). Small fiber
bundles (�2��5mm forwhitemuscle;�1��2mm for redmuscle;
three separate fiber bundles per muscle sample) were separated along
the longitudinal axis with fine-tipped 5/45 Dumont forceps (Roboz,
Gaithersburg,MD, USA) under magnification with a LeicaM80 stereo
microscope (Leica Microsystems, Wetzlar, Germany).

Saponin treatment

Bundles were permeabilized by treatment with 30 mg/mL saponin
(Sigma, St. Louis, MO, USA) for 30 min at 4�C on a rocking platform.
Bundles were transferred to 8 mL wash buffer (105 mM MES [pH
7.1], 30 mM KCl, 10 mM KH2PO4, 5 mM MgCl2*6H20, 0.5 mg/mL
BSA, 1 mM EGTA) and incubated at 4�C for 15 min with rocking.

Assay procedures

High-resolution O2 consumption measurements were performed on
the permeabilized fiber bundles in 2 mL buffer Z (105 mM K-MES,
30 mM KCl, 10 mM KH2PO4, 5 mM MgCl2*6H20, 0.5 mg/mL
BSA, 1 mMEGTA, 20 mM creatine monohydrate (pH 7.1), and sterile
filtered with a PVDF syringe filter (0.22 mm, 30mmCELLTREAT Sci-
entific Products, Pepperell, MA, USA) using an Oroboros Oxygraph-
2k (Oroboros Instruments, Innsbruck, Austria) at 37�C with stirring
at 750 rpm; measurements were acquired every 2 s. Blebbistatin
(10 mM) was added to the chamber to prevent fiber contraction,
and the chamber was hyperoxygenated to 400–450 mMO2. After clos-
ing the chamber of the O2k to maintain a known oxygen content, ox-
ygen consumption rate (i.e., oxygen flux; JO2) was monitored until it
reached a constant rate. The following were injected into the chamber
sequentially once the oxygen flux returned to a constant rate after
each addition: 2.5 mM malate, 5 mM pyruvate, 5 mM glutamate,
and two injections of ADP at 2.5 mM to bring the final concentration
to 5 mM ADP. Succinate was then added at 10 mM. Each substrate
was used to test a different aspect of the mitochondrial respiratory
chain (see Table S10). NADH (complex I)-supported respiration is
the rate of oxygen consumption after addition of pyruvate, glutamate,
and malate to the chamber. Contribution of complex II to respiration
is assessed by calculating the difference between rates of respiration
following ADP and succinate additions, respectively. The integrity
of the outer mitochondrial membrane was assessed by injection of
10 mM cytochrome c, followed by addition of FCCP in 0.5-mM incre-
ments (data not shown). Each assay was completed before O2 concen-
tration was depleted below 150 mM to avoid O2 diffusion limiting the
reactions.71

Upon completion of the assay, each fiber bundle was removed from
the chamber, rinsed in dH2O for 5 min, blotted dry, frozen at
�80�C, and lyophilized overnight. Mass of the dried fiber bundles
was measured with a Thermo Cahn C-35 microbalance (Thermo Sci-
Molecul
entific, Waltham, MA, USA) to the nearest 0.1 mg, and JO2 measure-
ments normalized to dry bundle mass.

Western blot

Total protein was isolated from quadriceps and hearts of mdxGT and
mdxRGT animals using RIPA buffer (Millipore, #20-188) containing
protease inhibitors (Roche, #11836153001) (Roche, #05892970001).
Proteins were transferred to nitrocellulose membranes and probed
for microdystrophin using the NCL-DYSB primary antibody (Leica,
6052319, 1:50) and a horseradish peroxidase (HRP)-linked anti-
mouse insulin growth factor (IgG) secondary antibody (Jackson
Labs, #715-035-150, 1:4,000). Signal detection was performed using
the Clarity Western ECL substrate (GE Life Sciences, #RPN2236)
and measured by digital imaging using the ChemiDoc MP system
(Bio-Rad). Quantification of band signal intensities normalized to
b-tubulin (Abcam, Ab21058, 1:5,000) was performed with Image
Lab Software (Bio-Rad). Relative protein levels were evaluated using
a one-way ANOVA with Prism software (GraphPad Prism 8).

Immunofluorescence

Isopentane-frozen quadriceps muscle specimens were sectioned at 8-
mm thickness and immunostained per standard techniques for dys-
trophin (Leica, NCL-DYS2), microdystrophin (Leica, NCL-DYSB),
laminin (Sigma, L9393), myosin heavy-chain type 1 (Developmental
Studies Hybridoma Bank [DSHB], BA-D5), or myosin heavy-chain
type 2A (DSHB, SC-71). Evaluation of percent dystrophin- or micro-
dystrophin-positive fibers was performed by a neuropathologist using
a standard fluorescent microscope and estimated to the nearest 5%.
For fiber type analysis, slides were scanned with an Olympus
VS120 whole slide scanner, and scanned images were evaluated
with VisioPharm software using 20�magnification. Immunostaining
on the far-red channel highlighted laminin expression, which identi-
fied edges of myofibers. Type 1 myosin heavy-chain expression was
visualized on the red channel, type 2A myosin heavy-chain expres-
sion was visualized on the green channel, and together these fibers
were assessed as the oxidative fiber population.72 Fibers negative for
type 1 and type 2A myosin heavy chain were assumed to be glycolytic
and categorized separately. The Visiopharm software identified mus-
cle fibers using laminin expression to determine cell edges and fiber
size limits of between 5 and 110 mm, which was assessed by manual
measurement of the smallest and largest fibers in samples from this
dataset. Minferet diameter data was obtained for all muscle fibers
and with respect to fibers that were positive for type 1, type 2A, or
negative for both type 1 and 2Amyosin heavy chain. Frequency histo-
grams were constructed using Prism software (GraphPad Prism 8).
Fiber size data and fiber proportion data were analyzed using a
two-way ANOVA with Prism software (GraphPad Prism 8).

Determination of dystrophic grade

H&E-stained sections of frozen quadriceps-muscle tissue were assessed
by a board-certifiedneuropathologistwith respect tofindings associated
with active dystrophic disease, including myofiber degeneration, active
myofiber regeneration (basophilic fibers), and inflammation. The goal
of this approachwas to capture histological features that were indicative
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of myofiber degeneration and regeneration in the post-treatment
period, while excluding indications of longer-standing muscle damage
thatmay have occurred prior to treatment. The area of each sample dis-
playing these findings was visually estimated, and the following grading
scheme was applied: grade 0 = normal, grade 1 = chronic regenerative
changes only, grade 1.5 = very mild (<5% of muscle area with active
dystrophic pathology), grade 2 = mild (6%–20% of muscle area with
active dystrophic pathology), grade 2.5 = mild to moderate (21%–
30% of muscle area with active dystrophic pathology), grade 3 = mod-
erate (30%–50%ofmuscle areawith active dystrophic pathology), grade
3.5 = moderate to severe (51%–60% of muscle area with active dystro-
phic pathology) and grade 4 = severe (>60% of muscle area with active
dystrophic pathology). Areas indicative of chronic regeneration (inter-
nally nucleated fibers with appropriate eosinophilia, endomysial
fibrosis, or fatty infiltration) were not integrated into the grading of
dystrophic severity, as it is possible that the damage associated with
these changes occurred before treatment. Dystrophic severity of each
treatment group was analyzed with a repeated-measure one-way
ANOVA using Prism software (GraphPad Prism 8).

Additional methods, including metabolic enzyme assays, ex vivo con-
tractile properties, and transcriptome analysis are in the Supplemental
materials andmethods. Mouse morphology at sacrifice is presented in
Table S11.

SUPPLEMENTAL INFORMATION
Supplemental information can be found online at https://doi.org/10.
1016/j.omtm.2021.02.024.
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