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Abstract.

Background: Duchenne muscular dystrophy is a degenerative muscle disease that results from impairment of the dystrophin
gene. The disease causes progressive loss in muscle mass and function.

Objective: The anti-aging protein, a-klotho, has been implicated in the regulation of muscle regeneration. We previously
discovered that mice harboring reduced a-klotho levels exhibited a decline in muscle strength and running endurance.
Method: To investigate the ability of a-klotho to improve overall endurance in a dystrophin null murine model, we examined
the voluntary wheel running performance of dystrophin-null, mdx**" mice overexpressing an a-klotho transgene.

Results: As expected, compared to wild type, both male and female dystrophic mice exhibited reduced running ability that
was characterized by shorter running duration and longer periods of rest between cycles of activity. While our results did
not detect an improvement in running performance with a-klotho overexpression, we identified distinct differences in the
running patterns between females and males from all mouse strains analyzed (i.e., mdx*", mdx*"" overexpressing a-klotho,
a-klotho overexpressing, a-klotho hypomorph, and wild type). For all strains, male mice displayed significantly reduced
voluntary running ability compared to females. Further analysis of the mdx*" strains demonstrated that male mice ran for
shorter lengths of time and took longer breaks. However, we did not identify gender-associated differences in the actual speed
at which mdx*¥ mice ran.

Conclusion: Our data suggest key differences in the running capabilities of female and male mice, which are of particular
relevance to studies of dystrophin-null mice.
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INTRODUCTION

The loss of a functional dystrophin protein in
Duchenne muscular dystrophy results in a grad-
ual deterioration of muscle tissue and premature
death. The sustained muscle injury associated with
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muscular dystrophy results in significant muscle tis-
sue fibrosis [1]. Increased fibrosis has also been
implicated in age-associated changes in skeletal mus-
cle [2]. The anti-aging protein a-klotho (AKA klotho,
the term used below throughout the manuscript) has
a well-established role in protecting against renal
fibrosis [3] and loss of klotho function was shown
to increase muscle fibrosis in aging and dystrophic
mouse models [4, 5]. Klotho is primarily expressed in
the kidneys but has also been shown to be expressed in
muscle tissue at a low level with increased expression
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in response to injury [4-6]. Klotho expression is
reduced in dystrophic mdx mice (i.e., mice lack-
ing functional dystrophin in the muscle tissue and
considered dystrophin-null) and in aged mice, sug-
gesting that loss of muscle function correlates with
decreases in klotho expression [4]. Evidence suggests
that the reduction in klotho expression in skeletal
muscle with age is the result of epigenetic silenc-
ing of the klotho gene [4, 5]. In addition to localized
klotho expression, klotho is also known to have a
secretory form that is hypothesized to be responsi-
ble for many of the more global functions attributed
to the klotho protein [7]. The protective function of
klotho in skeletal muscle is potentially due to the
ability of klotho to improve muscle stem cell func-
tion [4]. Loss of function mutations in the klotho
gene lead to a reduction in muscle stem cell numbers
in mice and proliferation in culture [6]. In addition
to improving muscle stem cell function, it has been
suggested that klotho overexpression may be able to
improve muscle tissue aging and regeneration and
reduce disease severity in dystrophic (mdx) mouse
models through a yet to be identified mechanism
[4,5].

Despite growing evidence suggesting that klotho
expression can improve muscle function in dystrop-
hic mice, more data is needed on the effect of klotho
on overall muscle physiology and function. Klotho
null mice exhibit a significant reduction in volun-
tary wheel running performance and grip strength [8].
However, overexpression of klotho in wild type mice
did not improve overall strength or running capa-
bilities [8] supporting the idea that klotho function
in muscle tissue is activated in response to mus-
cle injury. Since klotho expression is significantly
reduced in dystrophic muscle we have hypothesized
that overexpression of klotho can improve running
endurance capabilities in dystrophin-null mice.

While muscle function and performance have at
times been reported without a reference to the gender
analyzed or with the statement that equal numbers
of males and females were used per treatment, a
growing body of research highlights strong differ-
ences in the running performance or activity level of
male and female mice [1, 9-13]. Physiological dif-
ferences between males and females can compound
experimental results by averaging the natural vari-
ation found between genders [14, 15]. Mdx mice
have been shown to have reduced running capabili-
ties that are shorter in duration than healthy mice [16].
However, the extent of gender difference in running
performance in mdx mice is not well studied.

Different approaches have been used to study
physical activity/endurance in mdx mice, including
swimming, forced treadmill running, and voluntary
wheel running [17, 18]. Here, we studied mouse activ-
ity using voluntary wheel running, an experimental
model where mice are running at will during their
active night hours and are acclimated to their steady
cage environment for the duration of the experiment
[8, 16, 19]. To examine the effect of klotho on over-
all running capabilities in dystrophin-null mice, we
measured voluntary wheel running ability in mdx*c¥
mice overexpressing klotho, compared to mdx**" and
wild type mice. Mdx*¥ mice differ from mdx mice
in the specific mutation in the dystrophin gene and
display a reduced spontaneous appearance of dys-
trophin positive myofibers compared to mdx mice
[20-22]. While klotho overexpression did not influ-
ence overall running ability in dystrophic mice, we
identified significant differences in running capability
between female and male mice that highlight the need
for careful gender consideration of running wheel
experimental data.

MATERIAL AND METHODS
Mice

All mice used in the current study were from
colonies maintained by us on a C57BL/6 strain bac-
kground for long term at the University of Washing-
ton. Animal procedures used in the research were
approved by the University of Washington Insti-
tutional Animal Care and Use Committee. Mice
were housed in a specific pathogen-free facility
under 12/12-h light/dark cycle and were fed ad
libitum Lab Diet 5053. The initial klotho hypomor-
phic (Kl-null) and transgenic klotho-overexpressing
mice (KI; transgene driven by the Efla promoter)
were generously provided by Dr. Makoto Kuro-
o (UT Southwestern Medical Center). Both klotho
hypomorphic and overexpressing mouse strains were
maintained by us as homozygous lines for anal-
ysis as we previously described [8]. The initial
mdx*®" mice were kindly provided by Dr. Jeffery
Chamberlain (University of Washington School of
Medicine). Mdx*®" mice overexpressing klotho were
created by first crossing homozygous klotho trans-
genic (K/) male and homozygous mdx*®" female
mice. Since dystrophin is an X-chromosome linked
gene, all males resulting from this first breeding step
were mdx**¥ mice harboring a hemizygous klotho
transgene. These males were then back-crossed to
homozygous mdx**" females to generate experimen-
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tal male and female mdx*¢Y mice with or without

the klotho transgene. All mdx*" klotho transgenic
mice were hemizygous for the transgene through
this breeding scheme; all females resulting from this
breeding scheme were homozygous for the mdx
mutation (i.e., both X-chromosomes affected). Geno-
typing the Efla driven klotho transgene was
performed by PCR amplification of the transgene,
as previously described [8]. Genotyping the mdx*
allele was verified through sequencing [23]. All mice
were genotyped at weaning and again prior to exper-
imentation. To validate that the klotho transgene was
overexpressed in our transgenic mice we confirmed
transgene expression in representative age matched
mice just prior to experimentation, using reverse tran-
scription quantitative PCR (RT-qPCR) to quantify
the klotho transcript level in the diaphragm, tib-
ialis anterior (TA), and kidney (Supplemental Figure
S1). The primer sets and RT-PCR protocols used for
gene expression analysis of the klotho transgene are
described in detail in Phelps et. al., 2013. The dramat-
ically higher klotho expression in muscles of mice
harboring the klotho transgene compared to endoge-
nous expression (Figure S1) is in agreement with our
previously published study.

Voluntary running analysis

We performed the study using equipment from
the In Vivo Services (IVS) Core in the Department
of Comparative Medicine, University of Washington
School of Medicine. Low-profile 15.5 cm diameter
wireless running wheels (Med Associates, Inc.)
were used to compare continuous voluntary running
activity between mice as previously described by
us [8]. Mice were isolated into individual cages and
acclimated to cage conditions containing a locked
running wheel for 3 days prior to recording data.
Voluntary wheel running activity was measured
simultaneously across all mouse strains for 8 con-
secutive days. The following numbers of animals
were analyzed for each experimental group (KI-null:
n=6 (3F, 3M), Ki: n=12 (9F, 3M), WT: n=13 (6F,
M), mdx*": n=15 (5F, 10M), and K/-mdx*":
n=16 (8F, 8M); all mice were 8-11 months of
age). Wireless running wheels record the number of
revolutions completed every minute throughout the
study. Running activity recorded for only one minute
was not counted in the analysis as it could represent
accidental spinning of the wheel during normal cage
activity. From these data we calculated the following
experimental parameters.

A. The total number of revolutions completed by
each mouse over the 8-day experiment was cal-
culated directly from the raw running wheel
data.

B. Running speed was calculated by taking the
average number of revolutions performed per
minute for each mouse while running.

C. Actograms were created by plotting the rev-
olutions recorded every minute into a single
graph using Excel sparklines. As we previously
detailed [8], The actograms reveal the overall
trends in running activity throughout the day in
relation to the light/dark cycle.

D. To calculate the number of running intervals
(periods of running activity) for each mouse
the initiation and cessation of running activ-
ity was identified from the voluntary running
wheel data. This information was used to deter-
mine the number of individual running intervals
regardless of the duration of those intervals.

E. The length of each running interval was cal-
culated by converting the running wheel data
into binary data. This binary data was used to
determine the percentage of time spent running
by dividing the total active running time by the
total experimental time.

Percent Time Running =

No. of Running Intervals x Interval Duration
Total Time (8 days)

F. The duration of each running and resting inter-
val was then calculated from this binary data by
summing the number of minutes for each run-
ning and resting interval. The length of these
running and resting intervals was then sorted
into one and five minute bins, to determine the
length distribution of running and resting inter-
vals.

G. The cumulative percentage of running interval
lengths was calculated by summing the num-
ber of intervals in each bin, starting with the 2
minute bin and dividing by the total number of
intervals ran throughout the experiment. Cumu-
lative resting intervals were not calculated due
to the fact that long periods of sustained resting
occur when the animals slept.

Statistics

When comparing the voluntary wheel running
results between males and females within each strain
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a r-test was used and differences were considered sig-
nificant at p <0.05 (black asterisks in figures). When
comparing the same gender across mouse strains, the
data was first analyzed using a two-way ANOVA,
followed by post hoc analysis with individual 7-tests;
the significance level was adjusted with the Bonfer-
roni correction p<0.017 (gray asterisk in figures),
[8]. All running wheel graphs present the average
experimental values £ SEM.

RESULTS

Klotho overexpression failed to influence running
ability in a muscular dystrophy mouse model

As detailed in the Introduction, the decreased mus-
cle function in klotho deficient mice that our lab and
others have demonstrated along with the well doc-
umented function of klotho in renal fibrosis led us
to hypothesize that overexpression of klotho could
be used to improve muscle function in dystrophin
mutant mice. To test this hypothesis we established
klotho (KI) overexpressing transgenic mdx*®" mice
(KI-mdx*") and examined their overall physical
activity and endurance with voluntary wheel running.
Mdx*" mice were created by chemically induced
mutagenesis and lack a full-length functional dys-
trophin protein due to a C to T transition mutation
in the dystrophin gene that leads to a premature stop
codon and truncation of the protein [24]. This leaves

the mice functionally null for dystrophin in skele-
tal muscle. While smaller dystrophin transcripts are
observed in non-muscle tissues they are not expressed
in skeletal muscle [22, 25]. Mdx*" mice are also
10-fold less susceptible to random activation of full-
length dystrophin in myofibers (i.e., “revertants”)
compared to what has been observed in standard mdx
mice [20-22]. Because of this, the mdx*" strain has
been preferred by various laboratories when using
dystrophin-null mice as a model for Duchenne mus-
cular dystrophy.

To verify the presence of elevated levels of klotho
expression in our transgenic klotho overexpress-
ing mdx*" mouse model we analyzed klotho gene
expression in the diaphragm, tibialis anterior muscle
(TA), and in the kidney, the dominant location for
natural klotho expression (Supplemental Figure S1).
We confirmed that transgenic mdx**" animals of both
genders expressed highly elevated levels of klotho
expression in the muscle tissues, which is in agree-
ment with our previous studies [8]. Additional klotho
expression in kidneys of klotho transgenic mice was
not detected above the already very high endogenous
klotho expression.

Voluntary wheel running is a sensitive method for
evaluating endurance and activity of mice, which is
associated with overall musculoskeletal system func-
tion [8]. Our voluntary wheel running experiment
measured the number of wheel rotations every minute
over an 8-day period of time. The performance of
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Fig. 1. Total running distance and speed. (A) The average total number of revolutions performed over 8 consecutive days across all mouse
strains for both female (gold) and male (blue) mice. (B) The average speed of mice while running as determined by the number of revolutions
performed per minute. Black * represents statistical differences between males and females within same mouse strain (p < 0.05); gray * and
brackets represent statistical differences across identified groups of mouse strains for both males and females, analyzed independently per

each gender (p<0.017).
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both male and female KI-mdx*" mice was com-

pared to mdx*, Ki-null, Kl-transgenic (KI), and wild
type C57B6 mice (WT) to determine the impact of
performance between strains and genders. We did
not identify a significant difference in the total dis-
tance ran between K/-mdx*®' and mdx**" mice over
the 8-day period (Fig. 1A). There was however, a
significant reduction in total running performance
in KI-mdx*" and mdx*" compared to wild type
and Kl transgenic controls (Fig. 1A). Klotho-null
mice exhibited the worst running performance of all
experimental groups, which is in agreement with our
previous studies investigating voluntary wheel run-
ning in these mice (Fig. 1A) [8].

Female mice run longer distances than their
male counterparts

While some variation in the running abilities of
male and female mice were expected, we did not
anticipate the extent to which the genders differed
based off of the overall running distance (i.e., total
revolutions). Females of all of the groups analyzed

showed significantly increased running capabilities
compared to males (Fig. 1A). The better running
performance of females could not be accounted for
by differences in the average running speed (revo-
lutions/min) of the mice since whereas female mice
tended to run faster, the pace was not significantly
different from that of male mice for most treatment
groups (Fig. 1B). Notably, the running speed of KI-
mdx*" and mdx*®¥ was still reduced compared wild
type mice but not to the extent observed when ana-
lyzing overall running distance (i.e., total revolutions;
Fig. 1A). No difference was observed in total revo-
lutions between wild type and klotho-overexpressing
mice (Fig. 1A).

Performance actograms reveal reduced
engagement in running in male compared to
female mice

To investigate the cause of reduced running per-
formance in both male and female mdx*®¥ mice we
analyzed the overall running profile of the mice, over
8 consecutive days, using performance actograms.
Since we did not observe a difference in running
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voluntary wheel running. Day and night periods are represented by horizontal light and dark bars at the bottom of the actograms. The height
of each actogram bar represents the revolutions traveled during that minute of the experiment.
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performance between WT and K! transgenic mice
we focused the remainder of our study on the run-
ning performance of K overexpressing mdx**¥ mice
(KI- mdx*") compared to mdx**", and wild type mice
(Fig.2). Actograms highlight running trends through-
out the study to show differences, if any, in the pattern
of running activity between mice [8, 26]. The height
of each vertical bar represents the number of revo-
lutions that were performed for a single minute and
this is plotted over the entire 8 day experiment to
show the precise periods of activity (vertical bars) and
inactivity (no vertical bars, as established in numer-
ous studies and demonstrated here, extended periods
of mouse inactivity are typically associated with day
time). The actograms showed significant fragmenta-
tion of the active running intervals in K/-mdx**" and
mdx*" mice compared to wild type mice. This was
represented by periods of inactivity or breaks in the
nocturnal cycles of activity, which did not occur as
frequently in wild type mice (Fig. 2). Interestingly,
fragmented running cycles were more pronounced in
male mice of all groups (Fig. 2).

To determine if the reduced running performance
observed in males was due to a decrease in the num-
ber of running intervals (i.e., a running interval is
a single sustained stretch of running activity with-
out taking a break), we quantified the total number
of running intervals ran by KI-mdx*V, mdx*V, wild
type mice throughout the study. We did not detect
any difference in the number of intervals ran between
these groups when analyzed within genders (Fig. 3A).
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Male mice of all strains however performed signifi-
cantly less running intervals than females (Fig. 3A).
This contributed to the observed increase in the
overall percentage of time spent running for female
mice compared to male mice in all treatment groups
(Fig. 3B). While there was no difference in the per-
centage of time spent active in male mice from all
3 groups analyzed, female K/-mdx*®' and mdx*"
mice spent significantly less time running then wild
type females (Fig. 3B). Overall, our data suggest that
males from all mouse strains spend less time running
on the wheel than females and that this is due in part
to areduction in the total number of running intervals.

Our data led us to search for a possible explana-
tion as to why female K/-mdx*®" and mdx*" mice
spent a lower percentage of their time running com-
pared to wild type mice (Fig. 3B) despite showing
no difference in the number of running intervals per-
formed throughout the experiment. To address this
subject further we analyzed the duration of the run-
ning intervals (i.e., running length) as well as resting
intervals (i.e., resting length) as a frequency distribu-
tion across the treatment groups. Voluntary running
wheel experiments measure a running event by count-
ing the number of rotations of the wheel every minute
of exercise. The duration of each running interval was
quantified from this data by analyzing how long the
mice spent on the wheel during each interval before
taking a break and how much time was spent rest-
ing between running intervals. Wheel rotations were
only counted if they were active for equal to or longer
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Fig. 3. Total running intervals and the percentage of time spent running. (A) The average number of running intervals ran across Kl-mdx*,

mdx4cv

, and wild type (WT) mice. Female (gold) and male mice (blue) for all strains are identified. (B) The percentage of time the mice

spent actively running throughout the experiment. Black * represents statistical differences between males and females within each strain
(p<0.05); gray * and gold brackets represent statistical differences between Kl-mdx*" and mdx**¥ females versus WT females (p <0.017).
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Fig. 4. Duration of running and resting intervals. (A) The number of all one minute running interval lengths performed during the study
presented as a frequency distribution along with the cumulative percentage of time spent running shown by the line graphs. An insert was
placed in the wild type (WT) graph to highlight intervals ran for longer than 42 min without a break. These long running intervals were only
observed in the WT group. (B) The length of resting intervals between cycles of active running. Females (gold) and males (blue) are shown

across KI-mdx*®', mdx*", and WT mice.

than 2 minutes to avoid artificial rotations caused by
accidental movement of the wheel. We then grouped
the running and resting intervals (active and resting
states) into bins (1 minute) based off of their duration
and plotted their frequency distribution (Fig. 4). We
also calculated the cumulative rate of change between
each of the 1 min bins for running length and plot-
ted it as a percentage of the total running intervals
for both male and female mice (Fig. 4). This anal-
ysis highlighted key differences between male and
female KI-mdx*®" and mdx*" mice over time that
was not present in wild type mice. Male K/-mdx*
and mdx*®¥ mice showed a trend toward running for
a shorter time interval than females (Fig. 4A).

To quantify the trends that we observed in the
running and resting frequency distributions we regro-
uped the data into Smin bins and compared the
percentage of total running time represented by spe-
cific interval lengths. We analyzed running lengths
from 2-5min and 11-15min long as these inter-
vals were characteristic of opposing ends of the
frequency distribution (short and long interval dura-
tions). Through this analysis we discovered that

KI-mdx*V and mdx**V mice were active for shorter
lengths of time when compared to wild type males
and KI-mdx*" and mdx*®" females (Fig. 5A). Sur-
prisingly, this trend was not observed between female
Ki-mdx*®, mdx*®, and wild type mice, which did
not differ in the length of time they spent actively
running (Fig. 5A). We did not observe a statistical
difference for the length time spent resting between
female and male mice from any of the treatment
groups (Fig. 5B). The KI-mdx*®¥ and mdx**¥ mice did
however exhibit a significant shift toward longer rest-
ing intervals between cycles of active running when
compared to wild type mice (Fig. 5B). Klotho over-
expression did not influence the length of time the
mice spent in active running or resting (Fig. 5).

DISCUSSION

In this study we examined the effect of klotho
transgenic overexpression on voluntary wheel run-
ning in dystrophin-null (mdx*®¥) mice, investigating
also the performance of mdx** mice versus wild type
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controls, with special attention to female versus male
performance.

Overexpression of klotho in transgenic mice has
been implicated in improving organ function dur-
ing disease in several tissue groups such as kidney,
brain, and cardiac muscle [27-29]. While klotho has
been shown to exhibit a wide range of functions
throughout the body, one of its primary roles is in
regulating calcium homeostasis through an FGF23
dependent mechanism [30]. Two klotho overexpress-
ing transgenic mice have been reported to extend

lifespan in mice and improve tissue aging [31].
Expression of klotho in the EFmKL46 transgenic
mouse strain (used in the present study) is driven by
the Efla promoter and has been shown to produce
high levels of klotho expression in skeletal muscle
in addition to systemic expression [8, 31]. We pre-
viously demonstrated a correlation between reduced
klotho expression and skeletal muscle strength where
grip strength and running endurance were compared
along klotho hypomorphic, klotho-overexpressing
and wild type mice (study was limited to female sub-
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jects). Klotho hypomorphic mice were significantly
weaker, and displayed strength approximately 50%
less than both klotho-overexpressing and wild type
controls (there was no difference between klotho-
overexpressing and wild type controls). Interestingly,
klotho hypomorphic mice in the present study, as in
our previous work, ran on a running wheel at the same
speed as the other two groups, but had an endurance
capacity approximately 60% less than that of the con-
trol groups.

Different from previous work detecting a positive
effect of klotho when examining treadmill running
in klotho-overexpressing mdx mice [5], our study
presented here did not observe any significant effect
from klotho overexpression on running performance
of mdx*®¥ mice. The varying findings may be due
to differences in the dystrophin-null murine models
used (mdx versus mdx*), or more likely, in the type
of activity measured. The previously reported study
examined treadmill-running ability in klotho overex-
pressing mdx mice, which evaluates a fundamentally
different running activity than long-term voluntary
running activity. It is also important to note that the
gender of the mice used to examine forced (treadmill)
running performance in klotho overexpressing mdx
mice was not specified [5].

While we did not observe an impact of klotho
overexpression in dystrophin-null mice, our findings
provide valuable insight into experimental design
considerations necessary for running wheel studies.
The main take home points from our current study
are:

e Female mice have increased running perfor-
mance over male mice across all treatment
groups examined.

e Dystrophin-null, mdx™*"¥ mice have reduced
overall running performance compared to wild
type mice.

e In both females and males, klotho overex-
pression in mdx*"¥ mice does not alleviate
their reduced running performance and running
profiles remains similar with and without klotho-
overexpression.

e While differences exist between mdx*™"¥ and
wild type mice there is no difference in run-
ning speed between male and female mice within
these strains.

e Male mice perform less active running intervals
and are also active for an overall lower percent-
age of time.

4cv

4ev

e While there is no difference between mdx** and
wild type mice in the number of active running
intervals, female mdx*V mice are active for a
significantly less percentage of time than wild
type female mice.

e Male mdx*" mice run for shorter intervals than
female mdx*®¥ mice, but wild type males and
females do not differ in the length of running
intervals.

e Mdx*" mice rest for a longer length of time
between running intervals than wild type mice.

Although previous studies have established in wild
type mice that females maintain a greater exercise
capacity than males [32, 33], running studies in
dystrophin-null mice have been typically based on
single gender, pooling males and females together,
or in some studies gender was not described [11].
For example, in a study demonstrating that mdx mice
consistently ran 25% less distance than the wild type
controls, both male and females were pooled together
per the studied groups [34]. Our findings clearly
establish that gender pooling into one experimental
group can complicate the interpretation of the results.
The underlying cause of our observed decrease in run-
ning performance in male mice is unclear. While it
could reflect changes in muscle strength, it is possible
that behavioral distinctions between the genders [35]
play a role in the reduced persistence in voluntary
running in the male mice.

In all, our study provides valuable insight into
gender distinction in exercise running, indicating the
importance of understanding the natural differences
between genders. Our work highlights key consider-
ations that should be accounted for when examining
physical activity in mice, particularly for studies
involving dystrophin-null animals.
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