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Abstract

The purpose of this study was to determine the extent to which hindlimb muscles of madx mice
adapt to a voluntary endurance type of exercise. maxand C57BL mice engaged in 8 weeks of
wheel running or maintained normal cage activities. Beneficial adaptations that occurred in madx
mice included changes in muscle mass, fiber size, and fiber types based on myosin heavy chain
(MHC) isoform expression. These adaptations occurred without increases in fiber central nuclei
and embryonic MHC expression. An undesirable outcome, however, was that muscle
mitochondrial enzyme activities did not improve with exercise in madx mice as they did in C57BL
mice. Cellular remodeling of dystrophic muscle following exercise has not been studied
adequately. In this study we found that some, but not all, of the expected adaptations occurred in
max mouse muscle. We must better understand these (non)adaptations in order to inform
individuals with DMD about the benefits of exercise.
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Muscle weakness and fatigue are hallmarks of neuromuscular diseases. For example,
individuals with neuromuscular diseases have reduced hand, quadriceps, and biceps muscle
strength compared with healthy individuals of the same age,! and boys with the specific
neuromuscular disease of Duchenne muscular dystrophy (DMD) have reduced strength of
elbow flexors!0 and knee flexors and extensors.38 Skeletal muscle weakness is likewise
exhibited by the madx mouse, a mouse that is genetically similar to humans with DMD due to
a mutation in the dystrophin gene.2” For example, soleus, extensor digitorum longus (EDL),
and tibialis anterior muscles of madx mice are 20 — 40% weaker than corresponding muscles
from wild-type, C57BL mice.343551 Muscle of max mice is also more fatigable relative to
healthy mouse muscle, 2530 although fatigability in individuals with DMD is not as well
substantiated.48

A common intervention for improving muscle weakness and fatigue is prescribed exercise.
Endurance exercise promotes vascular and mitochondrial adaptations in skeletal muscle to
enable more efficient oxygen delivery and adenosine triphosphate (ATP) production and
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utilization.17:52 These adaptations are well established in rodent hindlimb muscles following
weeks of wheel running as demonstrated by increased capillarity and activities of
mitochondrial enzymes involved in oxidative phosphorylation.11:28.56 Shifts in fiber types
from the faster, more glycolytic type 1Ix and I1b fibers to the slower, more oxidative type Ila
and | fibers occur in response to endurance exercise.2* In rodents, fiber size may also
increase following wheel running.2 All of these exercise-induced adaptations are firmly
documented in skeletal muscles of healthy rodents and humans, but the extent to which
muscles of max mice and individuals with DMD adapt to exercise is undefined.

Some previous research has shown that a voluntary, endurance type of exercise can be
beneficial to hindlimb muscles of the madx mouse. Force-generating capacity of soleus
muscles from max mice following 16 weeks or 1 year of voluntary wheel running was
greater than that from muscles of /7dx mice that did not run.26:61 Also, EDL muscles from
madx runners were more fatigue-resistant than in non-runners.26:61 Two similar studies
showed that 4 weeks or 1 year of voluntary wheel running produced no effects on soleus or
EDL muscle function of mdx mice.813 It is important to recognize that hindlimb muscle
function of max mice was not affected detrimentally in any of the studies that utilized
voluntary wheel running as the mode of exercise. This is in contrast to non-voluntary
treadmill running, which is injurious to muscles of /madx mice,16:43 particularly when mice
are forced to run downhill.” To better understand the potential benefits of a voluntary
endurance type of exercise to dystrophic muscle, we measured cellular adaptations that
typically occur in response to endurance exercise. We hypothesized that the well-known
endurance exercise—induced adaptations to mitochondria, capillaries, and fibers would occur
in hindlimb muscles of max mice in response to voluntary wheel running.

Animals and Study Design

The dystrophic mice used in this study were from our colony at the University of Minnesota.
This colony was established from mudx:utri*!~ breeder pairs obtained from Virginia
Polytechnic Institute and State University2! that descended from Washington University.19
The genotype of each offspring was determined by polymerase chain reaction (PCR)
analysis of DNA isolated from a tail snip as described in detail previously.?! Mice that were
dystrophin™~— utrophin*/* were the max mice used in the study, and age-matched, C57BL/
10 mice served as controls. Mice that were dystrophin™~ — utrophin™" (madx:utr'~) were
used in one preliminary study. Both male and female mice were used. All mice were given
commercial rodent chow and water ad libitum and were housed on a 12-hour light— dark
cycle with the dark cycle starting at 6:00 P.M. All protocols and animal care procedures
were approved by the University of Minnesota Institutional Animal Care and Use
Committee and complied with guidelines set by the American Physiological Society.

At 4 weeks of age (range 3.25-4.5 weeks), mice were randomly assigned to a sedentary
(Sed) or a running (Run) group (C57BL Sed, n=8; C57BL Run, n=8; mdx Sed, n= 10;
max Run, n=10). Each Run mouse was individually housed in a standard mouse cage that
contained running wheels.18 These wheels are considered low-resistance, or free-flying,
because inertia was low (1.5 + 0.4 g; 7= 14 wheels).32 In a preliminary study, 8 max.utri’=
mice aged 4 weeks were also housed individually in cages with wheels. Wheel-running
distances were acquired in 24-hour intervals for 60 days, except for the max:utri™'~ mice,
which ran for only 30 days. In addition, the number of 20-second active times were counted.
That is, if the wheel rotated during a 20-second interval, then the mouse was considered
active during that time. Counts were summed per hour such that the number of 20-second
intervals out of a possible 180 was tabulated. These data on bouts of activity provide some
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indication if changes in total running distances (over time or between C57BL and /max mice)
were a result of differences in running engagement or running speed.

Sedentary mice of the same genotype and same gender were housed up to four per standard
mouse cage for 60 days. At about day 50, subsets of mice from each Sed group (/7= 6 each)
were monitored for 24-hour cage activities using activity chambers (Med Associates, Inc.,
St. Albans, Vermont).2® The chambers contain three infrared arrays in the x-, y-, and z-axes,
with two sets of beams in the x-direction, one being elevated above the other. Ambulation
was measured by arrays located in the x- and y-axes, and vertical movement (i.e., jumping
and hindlimb rearing) was measured by the second elevated x-array. Infrared sensors in the
chamber registered an activity count each time one of the beams was disrupted such that
movement was simultaneously measured in all three axes. Prior to measurement of activity,
each mouse was familiarized with the activity-monitoring cage by spending 24 hours in a
mock chamber. Mock chambers were identical to the real activity chamber but did not
contain infrared sensors. Immediately after this familiarization period, mice were weighed
and placed into an activity chamber for 24 hours. Physical activity measurements included
distance traveled in the chamber (ambulation), rearing and jumping counts, time spent
ambulating, time spent jumping, and total active time. Rearing time is not reported because
it is not an independent variable; that is, the time spent rearing as reported by the activity
monitor can also include time spent jumping and doing stereotypical activities. Therefore,
total active time is reported instead. All data were acquired using Activity Monitor software,
version 5 (Med Associates) on a PC.

At the end of the 60-day period, each C57BL and madx mouse was weighed and anesthetized
by an intraperitoneal injection of sodium pentobarbital (100 mg/kg body weight) with
supplemental doses given as required to keep the mouse sedated and unresponsive during
dissections. One soleus muscle and one EDL muscle were dissected and mounted in optimal
cutting temperature (OCT) compound for histological analyses. The contralateral soleus and
EDL muscles and both tibialis anterior muscles were next dissected, weighed, snap frozen in
LN,, and stored at —80°C for subsequent biochemical analyses. Each mouse was euthanized
by excision of the heart while still under pentobarbital anesthesia. The average age of the
mice at the end of the study was 3.6 + 0.7 months (mean + SD).

Histological Assessments

Fourteen serial cross-sections (10 um thick) from a subset of soleus and EDL muscles were
cut on a microtome cryostat and mounted two sections per slide. The serial sections on the
first and last slides were stained by hematoxylin—eosin to assess centrally nucleated fibers.
Sections on adjacent slides were stained by periodic acid—Schiff reaction to evaluate
capillarity.3 Sections on the three intermediary slides were used for determining fiber types
based on myosin heavy chain (MHC) immunohistochemistry using MHC | antibody VP-
M667 (Vector Laboratories, Burlingame, California) and antibodies to MHC 2A and 2B
generated from hybridomas (ATCC, SC-71 and BF-F3, respectively).40-> This sequential
sectioning and staining was to quantify central nuclei and capillarity for each muscle fiber
type, specifically types I, lla, 11x, and Ilb. If a fiber did not react with antibodies to MHC I,
2A, or 2B, it was classified as a type I1x fiber. Images were acquired on a microscope (Leica
DM2000) with a digital camera (QImaging Micropublisher RTV 5.0). Fiber cross-sectional
area was determined by measuring the circumference of each fiber using ImageJ software
(National Institutes of Health, Bethesda, Maryland) at 100x magnification. Approximately
170 fibers from four or five soleus and EDL muscles were assessed (ranging from 168 to
172 fibers per soleus muscle and 145 to 203 fibers per EDL muscle). Mean data (fiber cross-
sectional areas, number of capillaries around a fiber, and percent of fibers containing central
nuclei) for each fiber type and a mean fiber type percentage were calculated for each muscle
analyzed. These muscle means were then used for statistical analyses.
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Additional 10-um-thick sections from soleus muscles were stained for embryonic MHC
(eMHC) to assess regenerating fibers. Slides were fixed in acetone for 10 minutes at 4°C.
Anti-eMHC (Clone F1.652, Hybridoma Bank, lowa State University, Ames, lowa) was
added to each slide at a 1:20 dilution in phosphate-buffered saline (PBS) and incubated for
90 minutes at 37°C. The mouse iso-IHC diaminobenzidene (DAB) kit (Innogenex; San
Ramon, California) was used to visualize the antibody—antigen interactions. Six digital
images at 400x magnification were acquired, and a single investigator blinded to the
treatments counted the number of eMHC-positive cells per image.1> Data were normalized
to arzea of the muscle examined and are presented as the number of eMHC-positive cells/
mm-.

Mitochondrial Enzyme Assays

Mitochondrial enzyme activities of soleus, EDL, and tibialis anterior muscles were
measured to determine whether there were differences in oxidative metabolism between Run
and Sed mice and/or between genotypes. Each soleus and EDL muscle was homogenized
using a glass tissue grinder in 80 ul of 33 mM phosphate buffer (pH 7.0) on ice. Tibialis
anterior muscles were homogenized similarly in a volume of 1.0 ml. Cytochrome C oxidase
(CCO) activity was determined in triplicate in homogenates by following the rate of
oxidation of Cytochrome C at 550 nm and 25°C.#6 The remaining homogenates were
freezethawed three times, and citrate synthase (CS) activity was determined. This assay was
performed in duplicate as described by Srere,>” except that the assays were done at 25°C,
and only half as much acetyl-coenzyme A (acetyl-CoA) was used in each assay. The
remaining tibialis anterior muscle homogenate was also assayed in triplicate for beta-
hydroxy acyl-CoA dehydrogenase (8-HAD) activity.>

Statistical Analyses

RESULTS

Among the Run mice, two-way repeated-measures analyses of variance (ANOVAs) with
Holm-Sidak post hoc tests were used to determine if genotype (C57BL vs mdlx) affected
wheel running over time. For the 24-hour distances, the repeated factor was time, and mean
weekly running distances were used in this analysis. For the time-of-day running analysis,
the repeated factor was hour. To access the 20-second run intervals, #tests were used to
compare data between max and C57BL mice for the three most active hours. Among the
sedentary mice, £tests were used to determine if genotype (C57BL vs. madx) affected cage
activities. Two-way ANOVAs were used to determine if genotype (C57BL vs. max) and/or
activity level (Sed vs. Run) affected body or muscle masses, histological parameters, and
mitochondrial enzyme activities. Chi-square tests were used to analyze the frequency
distribution of fiber cross-sectional areas. VValues are reported as mean (SE) or least-squares
mean (SE) for comparisons among combinations of conditions.

Wheel Running

The madx mice ran voluntarily on wheels, although they consistently ran ~25% less distance
than the C57BL mice (£ =0.008; Fig. 1). The mean daily distances for the 60-day study
period were 5.4 £ 0.5 and 7.5 £ 0.5 km per 24 hours for madxand C57BL Run mice,
respectively. There was also a main effect of time as mice gradually decreased their running
throughout the 60-day period (£ < 0.001; Fig. 1) with the effect not depending on genotype
(interaction P=0.714). Of the 10 madxand 8 C57BL mice that wheel ran, 2 in each group
were female, but running patterns were the same regardless of gender. The 4 max:utri!~
mice voluntarily ran substantially less, particularly after about 2 weeks of running (Fig. 2).
These mice were not assessed further.
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As expected, mice engaged in wheel running primarily during the dark hours, but there were
statistically significant time-of-day differences between the groups (interaction, £< 0.001;
Fig. 3). The madx mice ran a greater percentage of their total daily running during the early
dark hours, 6:00 —=9:00 P.M., and less during the later dark hours, 10:00 P.M. to 4:00 A.M.,
relative to C57BL mice (P< 0.021; Fig. 3). The most active running hours were the 8:00,
9:00, and 10:00 P.M. hours. The running activity during each of those three hours was
analyzed for 20-second activity bouts. From 8:00 to 9:00 P.M., mdxand C57BL mice were
wheel active in 121 and 125 of the total possible 180 20-second intervals, respectively (P =
0.189). From 9:00 to 10:00 P.M. and 10:00 to 11:00 P.M., mdx mice engaged in ~15%
fewer 20-second intervals than did C57BL mice (117 and 107 vs. 135 and 129 intervals,
respectively; £< 0.001). These data indicate that max mice ran less than C57BL mice
because they got on the wheel less. We also compared the number of hourly 20-second
activity bouts between the second and eighth weeks, that is, the peak and nadir of running.
The average number of activity bouts was ~25% lower at week 8 compared with week 2 (P
= 0.010) for both madxand C57BL mice. This is an indication that, over the duration of the
study, all mice had a drop in running distance due to a diminishing propensity to get on the
wheel.

Cage Activities

All of the physical activities that were monitored in the mice without running wheels (Sed
mice) were less for maxthan C57BL mice (P< 0.044; Fig. 4). The max mice ambulated
about the cage, jumped, and reared ~40% less than the C57BL mice, and the times spent
engaged in those activities were also ~40% less.

Body and Muscle Masses

Fiber Types

There was a significant interaction between genotype and activity level on body mass. Sixty
days of wheel running resulted in a lower body mass for the C57BL Run mice compared
with the C57BL Sed mice, but this effect was not observed in the max mice (Table 1). This
interaction between genotype and activity level was not found for any of the muscle masses
measured. The only significant main effect of wheel running activity was on normalized
soleus muscle mass (Table 1). Run mice had soleus muscles that weighed 21% more than
Sed mice when normalized to body mass. Genotype had a larger impact on muscle mass, as
max mice had 20 -50% greater soleus, EDL, tibialis anterior, and heart masses compared
with C57BL mice, independent of activity (Table 1). Even when normalized for the larger
body mass of the madx mice, soleus and tibialis anterior muscle masses were still ~30%
greater in /max mice than in C57BL mice.

Soleus muscles from mdxand C57BL mice contained the same percentage of type I and Ila
fibers (P> 0.063), but max soleus muscles contained a greater percentage of 1Ix fibers than
those of C57BL mice (£ =0.020; Fig. 5a). Soleus muscles from madx mice also contained
more fibers that co-expressed | and Ila MHC compared with those from C57BL mice (4.6 =
0.6% vs. 1.1 £ 0.6%; P=0.002). There were no effects of activity level on the percentages
of the three fiber types or on fibers that expressed more than one MHC isoform in soleus
muscles (P=0.071).

In EDL muscles, there were no differences in the percentages of type | or I1x fibers between
maxand C57BL mice (P= 0.116), but max EDL muscles contained fewer type Ila fibers
and more type I1b fibers relative to C57BL EDL muscles (P = 0.002; Fig. 5b). The
percentage of fibers in EDL muscles that coexpressed | and 1la MHC and fibers that
coexpressed Ila and I1b MHC were <2% of all fibers and were not different between max
and C57BL mice (P= 0.092). Significant activity effects on fiber type percentages of EDL
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muscles were reflected in more Ila and fewer 11b fibers in EDL muscles from Run mice than
from Sed mice (P< 0.006; Fig. 5b). EDL muscles from mice that ran also exhibited more
fibers that coexpressed types | and 1la MHC compared with Sed mice (1.9 + 0.4% vs. 0.3 £
0.4%; P=0.025). There were no significant interactive effects of genotype with activity for
any of these comparisons among soleus or EDL muscles (P= 0.103).

Fiber Cross-Sectional Areas

The mean cross-sectional area of all fibers was 24% greater in soleus muscles from max
mice relative to C57BL mice (1979 + 104 um? vs. 1591 + 99 um?; P=0.018). This is
illustrated by the large distribution shift to the right for the max compared with the C57BL
soleus muscle fiber cross-sectional areas (Fig. 6, top). The overall effect of genotype on
fiber cross-sectional area was due to larger lla fibers in the max soleus muscle relative to
C57BL (1977 + 89 um? vs. 1434 + 85 um?; P< 0.001), because type I fiber cross-sectional
areas were not different between /mdxand C57BL mice (1738 + 128 um? vs. 1724 + 121
um?2; P=0.939). The greatest effect of wheel running was on large fibers, which we defined
as those having a cross-sectional area of >3000 um?2. Chi-square tests revealed that running
by C57BL mice resulted in more large fibers, whereas running by max mice resulted in
fewer large fibers compared with respective Sed mice (P < 0.001; Fig. 6, top). Taken as a
whole, the effect of running by the max mice was a leftward distribution shift in soleus
muscle fiber cross-sectional areas back toward the C57BL profile.

Fiber cross-sectional areas for EDL muscles were effected similarly by genotype and
activity, except that the leftward distribution shift as a result of running by the madx mice
was even more pronounced than in soleus muscles (Fig. 6, bottom). Nearly 18% of the EDL
muscle fibers from max Sed mice had cross-sectional areas >3000 m?, whereas <8% of the
fibers from max Run mice were that large (P < 0.001; Fig. 6, bottom). Irrespective of
activity level, EDL muscle fibers from max mice had cross-sectional areas that were ~40%
greater than those from C57BL mice (1892 + 75 um? vs. 1349 + 75 um?; £< 0.001). This
genotype effect was due to the most abundant type of fiber in the EDL muscle being larger
in the madx mice—that is, the type I1b fibers (P< 0.001). Type I, lla, and I1x fibers had
cross-sectional areas that were the same in EDL muscles in maxand C57BL mice (P=
0.158).

Muscle Fiber Capillarity

The number of capillaries in contact with each type I, lla, and 1Ix fiber in soleus muscles
was not affected by genotype or activity (P= 0.133). The overall capillarity for C57BL and
max soleus muscles was 4.37 + 0.09 and 4.51 £ 0.10 capillaries per fiber (P=0.331). The
number of capillaries in contact with each type Ila, 11x, and Ilb fiber in EDL muscles was
not affected by genotype or activity either (P= 0.117). The overall capillarity for C57BL
and /max EDL muscles was 3.07 + 0.19 and 3.06 + 0.19 capillaries per fiber (= 0.107).

Because genotype affected fiber cross-sectional areas, particularly for fiber types that are
highly abundant in each muscle, we tabulated the number of capillaries in contact with a
fiber normalized by that fiber’s cross-sectional area. The madx mice had significantly fewer
capillaries per cross-sectional area of type Ila and 11x fibers from soleus muscles and type
I1x and Ilb fibers from EDL muscles compared with those from C57BL mice (P< 0.036;
Fig. 7). There were no effects of mouse activity on capillarity normalized to fiber size (P>
0.271).

Fibers with Central Nuclei and Expressing eMHC

The majority of fibers in soleus and EDL muscles from madx mice displayed central nuclei
(70.0 + 4.8% and 81.5 + 2.2%, respectively), whereas fibers in those muscles from C57BL
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mice had substantially fewer central nuclei (9.0 £ 4.6% and 0.8 £ 2.3%, respectively). This
genotype effect was observed for fiber types I, lla, 11x, and Ilb in soleus and EDL muscles
(P=<0.002; Fig. 8) and was independent of activity level (P> 0.176). There were no
statistically significant effects of wheel running on the appearance of central nuclei in either
muscle, for any fiber type (P = 0.150; Fig. 8).

The expression eMHC by fibers of soleus muscles was affected by genotype (£ < 0.001) but
not by activity (£=0.958; Fig. 9). Soleus muscles from max mice had ~60 fibers that were
positive for eMHC per square millimeter of muscle, whereas those from C57BL mice had
only ~6 fibers.

Mitochondrial Enzyme Activities

Soleus muscle oxidative capacity, as indicated by CCO and CS enzyme activities, was not
affected by wheel running but was affected by genotype, with max soleus muscles having
~60% lower CCO activity (Table 2). CCO activity of EDL muscle increased with wheel
running among the C57BL mice, but the adaptive response did not occur among /max mice.
CS activity of the EDL muscle was greater with wheel running, independent of genotype
(Table 2). For the tibialis anterior muscle, CCO activity was less for madxthan C57BL mice,
independent of activity level. CS and S-HAD enzyme activities in tibialis anterior muscles
increased with wheel running among C57BL mice but the adaptive response did not occur
among max mice. The result was that lower enzyme activities were found in tibialis anterior
muscles from madx Run mice than from C57BL Run mice (Table 2).

DISCUSSION

The main finding of this study is that some, but not all, of the expected beneficial
adaptations that typically occur in skeletal muscle as a result of endurance exercise training
were found in muscles of max mice in response to voluntary wheel running (Table 3). This
is a critical step in determining the efficacy of exercise for individuals with DMD. That is,
even if appropriate exercise parameters (frequency, intensity, duration, and mode) that do
not worsen the dystrophic condition are determined, the benefits of exercise to skeletal
muscle will only be realized if favorable adaptations of that tissue can occur. It is
encouraging that muscle lacking dystrophin can remodel in response to exercise, but equally
as important are our results showing that chronic voluntary exercise by max mice did not
worsen the pathology of the skeletal muscles investigated. Our findings that exercise was
not deleterious to dystrophic muscle are in agreement with previous studies that used similar
exercise protocols such as voluntary, low-resistance wheel running for 4 -52 weeks, with
max mice aged 3— 4 weeks at the initiation of exercise,813.26.61 as well as 15 weeks of
swimming exercise,2® and 8 weeks of low-intensity treadmill running.3° It is of interest that,
in this latter report, a controlled, relatively slow speed of running on a treadmill induced
beneficial long-term adaptations to /mdx hindlimb muscles in contrast to other studies that
used shorter-term, high-intensity treadmill running to induce injury to max mouse muscle
(e.g., see refs. 16 and 43).

Physical Activity and Exercise Behaviors of mdx Mice

An important finding was that max mice are relatively inactive in their cages under normal
housing conditions. Whether this inactivity contributes to the overall max muscle pathology
or if the inactivity is caused by the muscle pathology, is intriguing to consider. There have
been reports that /mdx mice have reduced motor activity at young ages.1241 Contrary to the
idea that physical activity is good for dystrophic muscle, there are some reports that
reducing the activity of a dystrophic mouse has some benefits to muscle,38-3% and thus
reduced physical activity by madx mice could theoretically be a muscle-sparing strategy.
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Despite the max mouse’s relative sedentary behavior in a typical cage, when such mice are
provided the opportunity to be physically active, they do engage, albeit slightly less than
C57BL mice, as previously described.813.26 There is one report of /mdx mice voluntarily
running on wheels in a much more intermittent pattern than control mice.23 In that study, the
average continuous running time was 66 minutes for control mice and only 26 minutes for
max mice, and the investigators concluded that this intermittent running pattern by max
mice could be used as a phenotypic marker. We assessed the frequency of wheel running
activity differently by totaling 20-second bouts per hour during the three most active hours
and found that wheel activity by max mice was, at most, only 17% less than control mice.
Therefore, our results counter the notion that there is a striking running abnormality in max
mice. Overall, we consider the differences in total distance run per day, time-of-day running,
and number of activity bouts between maxand C57BL mice to be modest and not likely
great enough to explain any differential outcomes of exercise training between madxand
control mice. A limitation to our study is that we do not know what the cage activities were
for the mice that ran on wheels.

A second limitation of our study is the mouse model of DMD that was used, namely the
max mouse, which has a mild phenotype. Thus, although max mice voluntarily ran and
muscles adapted in response to the running, DMD patients may not engage and their
muscles may not adapt so readily. With regard to participation, we specifically chose young
max mice to best represent young DMD patients who would likely have the capacity and the
eagerness to be physically active. We attempted to utilize a more severe model of DMD, the
max:utri'~ mouse, and we found that those mice voluntarily ran ~1 km/day, but only for
about 1 week. The response during this first week was quite variable between the four
max:utri'~ mice we studied and, by the second week, all mice were running very little. We
did not conduct any follow-up measurements on these mice because of the minimal
distances they ran. Recently, however, we reported that running as little as 1.45 km/day can
result in favorable adaptations in mouse soleus muscle,®? so some modified exercise
protocol that could benefit muscles of these severely dystrophic mice is not out of the
question. In addition, 129ReJ dy/dy mice, which also have a severe muscle pathology
similar to DMD, showed some beneficial effects of voluntary wheel running, even though
they ran only ~0.5 km/day.26

Typical, Beneficial Muscle Adaptations in Response to Exercise by Dystrophic Mice

Soleus muscles tended to hypertrophy in response to wheel running in both C57BL and /max
mice. When muscle mass was normalized to body mass, the Run mice had a statistically
greater mass than the Sed mice. These adaptations by /max mice have been reported
previously.8:13.14.26 Soleus muscle mass relative to body mass is a critical adaptation,
because the soleus, being a weight-bearing muscle, would be at a functional disadvantage if
its mass did not change in proportion to body mass. The non-hypertrophic responses of the
EDL and tibialis anterior muscles to running are in accordance with previous reports.2:8:26
The heart has been shown to hypertrophy in response to wheel running,2-31 but we did not
observe this in either C57BL or max mice.

Wheel running resulted in an overall shift away from MHC ll1b— expressing fibers toward
more MHC lla— expressing fibers in EDL muscles. This effect was particularly notable
among the max mice, where the percentage of 11b fibers decreased from an abnormally high
86% in the Sed max mice to 63% in the Run madx mice. Thus, after 60 days of wheel
running, EDL muscles from /madx mice had the same percent of MHC I1b fibers as the
C57BL mice (Fig. 5). This MHC isoform shift away from I1b toward Ila fibers has been
demonstrated previously in C57BL22444 and max?® mouse muscles in response to wheel
running. The shift is considered a functional benefit because lla fibers are normally
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associated with greater oxidative capacity while maintaining the high contractile velocity
that the 1la MHC isoform confers to a fiber.

Atypical, Yet Beneficial Muscle Adaptation in Response to Exercise by Dystrophic Mice

Fibers of max muscles are classically characterized by a broader, more variable distribution
of cross-sectional areas compared with fibers of control muscles. They have a particularly
high frequency of large fibers, resulting in larger overall cross-sectional area in max fibers
compared with controls.* We found that wheel running caused a reduction in the number of
abnormally large fibers in both the soleus and EDL muscles of /madx mice. This is a novel
finding that we interpret to indicate that this exercise-induced shift in fiber cross-sectional
area in /max mice is beneficial, as the distribution becomes more similar to that of fibers
from C57BL mice. Collectively, wheel running induced a relative hypertrophy of soleus
muscle. The cellular adaptations of fiber MHC isoform expression and fiber cross-sectional
area in soleus and EDL muscles of max mice are desirable (Table 3) and likely contribute to
the functional improvements reported previously.26.61

Atypical or Nonadaptive Muscle Responses to Exercise by Dystrophic Mice

Mitochondrial oxidative capacity, as indicated by activities of enzymes of the Krebs cycle
(CS), p-oxidation (8-HAD), and the electron transport chain (CCO), typically improves in
mouse hindlimb muscles in response to wheel running.1128 We found that this adaptation
occurred in hindlimb muscles of C57BL mice, but it was not found in madx mice. The
C57BL Run mice had, on average, 25% greater mitochondrial enzyme activities compared
with C57BL Sed mice (ranging from +9 to +69% improvements, respectively, among the
seven enzyme—muscle combinations assayed; Table 2). In contrast, the average difference in
enzyme activity between Run and Sed /madx mice was only 2% (ranging from —16% to
+34%). This nonadaptive mitochondrial response is of particular interest in light of the
normal adaptive MHC isoform response (shift from Ilb toward Ila fibers) we found in max
mouse muscle with running; typically, these two muscle adaptations occur in tandem. The
nonadaptive mitochondrial enzyme response by max mouse muscles has only been noted for
CS activity in soleus muscles following 8 weeks of wheel running.14 Although 12-28 days
of low-frequency stimulation of max mouse EDL and tibialis anterior muscles was sufficient
to elicit increases in CS and B-HAD activities in those muscles,*® low-intensity treadmill
running was not a sufficient stimulus to increase mitochondrial enzyme activities.39 A more
thorough analysis of mitochondrial enzymes and their adaptive potentials in dystrophic
muscle is needed to adequately assess overall muscle adaptations to an endurance type of
exercise.

A second notable finding with regard to mitochondrial enzyme activities is that, among the
mice that did not engage in wheel running (i.e., the Sed mice), mitochondrial activities were
12% lower overall in muscles from max mice relative to those from C57BL mice. This is
consistent with previous reports of low CS and S-HAD activities in EDL and tibialis anterior
muscles#® and CCO activity in quadriceps muscle33 of max mice relative to controls. The
reduced capacity for oxidative metabolism in muscles of max mice may reflect their
physically inactive cage behaviors relative to C57BL mice. In other words, skeletal muscle
of madx mice may be considered untrained or deconditioned and hence have low oxidative
capacities. It has also been proposed that the lack of dystrophin-associated proteins of the
cytoskeleton in muscles of max mice causes a destabilization of enzyme complexes that
results in metabolic deficiencies.® Alternatively, the cytochrome contents of mitochondria
isolated from skeletal muscles of max mice was found to be low and likely directly
responsible for the low CCO enzyme activities.33 Those investigators suggested that
mitochondrial impairments in /madx muscle are the result of calcium overload of fibers due to
dystrophin deficiency. It follows that, regardless of the cause of mitochondrial alterations in

Muscle Nerve. Author manuscript; available in PMC 2012 July 10.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

LANDISCH et al.

Page 10

max mice, beneficial mitochondrial adaptations in response to exercise would be attenuated
if mitochondria are struggling to function under normal conditions in a dystrophin-deficient
muscle.

The average number of capillaries in contact with a fiber was not different between muscles
from maxand C57BL mice, and the absolute values are similar to those published for rat
muscles.*> However, because fibers in muscles of /mdx mice were larger, capillarity
expressed per fiber cross-sectional area diminished in dystrophic muscle. The inability of the
max mouse to maintain capillaries per fiber cross-sectional area is important, because, for a
given blood flow, perfusion and thus fiber pO, would be lower. This would result in a
reduced availability of oxygen to fibers and may contribute to functional ischemia. This has
been reported in children with DMD?3 and may also partially explain why vascular
endothelial growth factor (VEGF), which induces angiogenesis, is useful for improving
various treatments in muscular dystrophy.6:22:37 Previous studies of dystrophin-deficient
muscle have shown normal capillary densities, but those data were expressed as capillaries
per mm? of muscle tissue, which does not take into account differences in fiber size and are
therefore less meaningful in terms of supplying oxygen to individual muscle fibers.42:58

We did not observe an exercise-induced increase in capillarity in soleus or EDL muscles
from either C57BL or madx Run mice relative to Sed mice, indicating that our exercise
stimulus was not sufficient to induce this adaptation. To our knowledge, capillary
adaptations of dystrophic muscle in response to exercise have not been investigated
previously. Capillary adaptations in response to ischemia and wounding are not worsened by
the lack of dystrophin,8 and this suggests that /max mouse muscle has the capacity for
capillary adaptations to stressors such as exercise.

Indications that Voluntary Wheel Running Does Not Exacerbate the Pathology of
Dystrophic Muscle

Fibers with central nuclei represent a muscle’s history of degeneration and regeneration. If
voluntary wheel running were injurious to dystrophin-deficient muscle fibers, then an
increase in the proportion of centrally nucleated fibers would be evident. This was not
observed for mak Run mice compared with mak Sed mice in soleus or EDL muscle fibers,
regardless of fiber type, corroborating findings from a similar report.30 It is of interest to
note that there was no preferential expression of central nuclei with regard to fiber type,
because all fiber types had about the same percentage of centrally nucleated fibers.

The expression of the eMHC isoform by a fiber indicates ongoing regeneration. We found
that soleus muscles from max mice exhibited about 10 times more regenerating fibers than
those from C57BL mice, which is typical for dystrophic muscle. Importantly, the occurrence
of regenerating fibers in max muscle was not increased by wheel running. This is an
indication that this type of exercise did not cause fiber injury and subsequent regeneration. A
trend appeared for soleus muscle fibers of the C57BL mice to have more fibers with central
nuclei and eMHC expression with wheel running, but it is known that a small amount of
fiber injury occurs at the onset of voluntary wheel running and is considered a usual event in
muscle adaptation to this type of exercise.2? This is an important point to consider, because
seemingly unwanted physiological adaptations due to acute exercise by normally sedentary,
cage-bound mice (whether dystrophic or not) are expected. An illustration of this concept
was nicely depicted in a recent study by Kaczor and co-workers.30 They provided evidence
that oxidative stress occurs in skeletal muscles of madx mice, and it is likely heightened by
acute exercise. Chronic, low-intensity exercise eventually attenuated the stress and resulted
in lower lipid and protein oxidative damage. This concept of acute vs. chronic exercise is
further exemplified by studies that have assessed acute (12— 48 hours) voluntary wheel
running exercise by max mice. These studies showed increased inflammation and DNA
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damage*”-54 and other studies utilizing high-intensity, short-term treadmill running
exacerbated the dystrophic pathology.1643 In addition to considering adaptations of acute
vs. chronic exercise, the intensity of the exercise must also be considered. It appears that
there is an exercise-intensity threshold for inducing beneficial vs. deleterious adaptations in
dystrophic muscle, and we must better elucidate this intensity parameter.

In conclusion, cellular remodeling and the subsequent functional adaptations of dystrophic
muscle to exercise have been inadequately studied. We hypothesized that a voluntary,
endurance type of exercise training would improve max mouse muscle to the same extent
that exercise benefited muscle from healthy, control mice. For the most part, this hypothesis
was supported, but with the exception that mitochondrial adaptations did not occur in max
mouse muscles (Table 3). This apparent abnormality should be investigated more
thoroughly in future studies, as should additional avenues that have recently been
recommended with regard to exercise in DMD.20 Because /mdx mice and individuals with
DMD are relatively inactive, the influence of physical /nactivity on the dystrophic
phenotype is also important to understand, as chronic inactivity contributes to secondary
pathologies such as cardiovascular disease, diabetes, obesity, and osteoporosis. These are
real clinical concerns for individuals with DMD, and they are worsened by prednisone
treatment. Thus, remediation of skeletal muscle weakness and fatigue through exercise
might not only improve the quality of life of individuals with DMD by enhancing muscle
function but may also prevent secondary, unwanted consequences.
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MHC myosin heavy chain
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Sed sedentary
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FIGURE 1.

Distances run per 24 hours (mean, SE) shown as weekly averages per group. Post hoc
analyses following the main effect of time show: *significant difference vs. week 9;

and Tsignificant difference vs. week 2. There was also a main effect of genotype that is not
depicted on the graph.
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FIGURE 4.
Cage activities (top) and time spent doing those activities (bottom) per 24 hours for mice
without wheels (mean, SE). *Significantly different from C57BL.
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FIGURE 5.

Percent of fibers that expressed type I, lla, l11x, and 1lb myosin heavy chain (MHC) in (a)
soleus and (b) EDL muscles (mean, SE). *Main effect of genotype, that is, madx s
significantly different than C57BL regardless of activity; Tmain effect of activity, that is,
Sed significantly different from Run regardless of genotype. (c) Representative cross-section
of EDL muscle from a C57BL Run mouse stained with the MHC 1 antibody. (d) Serial
section of the same EDL muscle stained with the MHC 1A antibody. (€) Serial section of
the same EDL muscle stained with the MHC 1I1B antibody. Fiber 1 was classified as a type
Ila fiber. Fiber 2 was classified as a type 1Ix fiber because it did not react with MHC I, 1A,
or 11B antibodies. Fiber 3 was classified as a type 11b fiber.
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FIGURE 6.

Fiber size frequency distributions of soleus (top) and EDL (bottom) muscles based on fiber
cross-sectional areas. Note the overall rightward distribution shift of the max muscle fibers
relative to the C57BL muscle fibers. In comparing mice that did not run (Sed) to those that
did run (Run), among the C57BL mice there was a slight rightward shift, with running
reflecting a modest overall fiber hypertrophy particularly in the EDL muscle. Among the
max mice, the most notable finding was that the abnormally high percentages of large fibers
(fibers >3000 wm?) decreased with running in both the soleus and EDL muscle and skewed
the fiber size distribution back toward that of C57BL mice.
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FIGURE 7.

Number of capillaries in contact with type I, lla, 11X, and Ilb fibers normalized by each
fiber’s cross-sectional area in soleus (top) and EDL (bottom) muscles (mean, SE). *Main
effect of genotype, that is, max significantly different than C57BL regardless of activity.
Capillarity was not evaluated in type | fibers of EDL muscles because there were so few of
these fibers.
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FIGURE 8.

Percent of type I, lla, 11X, and Ilb fibers with central nuclei in soleus (top) and EDL
(bottom) muscles (mean, SE). For each comparison there was a main effect of genotype but
none of activity.
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FIGURE 9.

Fibers expressing embryonic myosin heavy chain (eMHC) in soleus muscle from the (a)
C57BL Run mouse and (b) m,ax Run mouse. (¢) Number of eMHC-positive fibers per mm?
of soleus muscle (mean, SE). *Main effect of genotype, that is, mdx is significantly different
than C57BL regardless of activity.
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Table 3

Summary of the muscle (mal)adaptations in response to 60 days of wheel running by C57BL and mdx mice.

C57BL mice madx mice mdx outcome

Muscle mass (soleus/EDL and tibialis anterior) /<> e Desirable
Percentage of large fibers (soleus/EDL) n { Desirable
Fiber type (soleus/EDL) </t llaandV llb <>/t llaand ! llb  Desirable
Muscle capillarity A A -

Muscle oxidative capacity T > Undesirable
Fibers with central nuclei < Ae Desirable
Fiber eMHC expression (soleus) > < Desirable

EDL, extensor digitorum longus; eMHC, embryonic myosin heavy chain; <>, no change; 1, increased; ¥, decreased; —, no outcome observed. If a
muscle, soleus or EDL, is not stated, then response was the same in the two muscles.
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