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Abstract The senescence-accelerated mouse prone 8
(SAMP8) is considered a useful non-transgenic mod-
el for studying aspects of aging. Using SAM resis-
tant 1 (SAMR1) as controls, the long-term effects of
wheel running on skeletal muscle adaptations and
behavioral traits were evaluated in senescent (P8)

and resistant (R1) male and female mice. Long-
term wheel running (WR) led to increases in loco-
motor activity, benefits in sensorimotor function, and
changes in body weight in a gender-dependent man-
ner. WR increased body weight and baseline levels
of locomotor activity in female mice and improved
balance and strength in male mice, compared to
sedentary-control mice. WR resulted in key metabol-
ic adaptations in skeletal muscle, associated with an
increased activity of the sirtuin 1–AMP-activated
protein kinase (AMPK)–PGC-1 alpha axis and
changes in vascular endothelial growth factor A
(Vegfa), glucose transporter type 4 (Glut4), and
Cluster of Differentiation 36 (Cd36) gene expression.
Overall, our data indicate that activity, balance, and
strength decrease with age and that long-term WR
may significantly improve the motor function in a
mouse model of senescence in a gender-dependent
manner.

Keywords Senescence-acceleratedmice . Voluntary
wheel running . Sarcopenia . Motor activity .

Metabolism . Gender

Introduction

Motor performance alterations, metabolic dysfunction,
and muscle atrophy (Clark and Fielding 2012; Crane
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et al. 2013; Lauretani et al. 2003) contribute to
sarcopenia (Rolland et al. 2008), a condition associated
with normal aging (Rolland et al. 2008). In the elderly
person, failure to achieve functional motor skills repre-
sents a risk for frailty (Hausdorff et al. 1997), disability,
and dependency (White et al. 2009), thereby affecting
the individual’s quality of life.

Physical exercise has recently emerged as a potential
treatment for sarcopenia (Montero-Fernandez and
Serra-Rexach 2013; Crane et al. 2013), associated with
benefits in musculoskeletal systems (Manabe et al.
2013) and metabolic function (Stephens et al. 2002).
In mice, spontaneous wheel running may provide an
excellent model to counteract the deterioration of motor
skills and skeletal function associated with aging due to
the fact that it is a voluntary rhythmic behavior, gener-
ally performed with a high degree of consistency and
coordination.

Previous research has focused on describing molec-
ular mechanisms behind the exercise-induced muscle
adaptations, and the sirtuin 1–AMP-activated protein
kinase (AMPK)–PGC-1 alpha axis appears to be one
major contributor (Duan 2013). We previously reported
that long-term exercise increased both sirtuin 1 protein
content and activity and PGC-1α protein abundance
(Bayod et al. 2012; Duan 2013). However, the role of
these markers in improving skeletal muscle function and
their contribution to motor function and baseline levels
of physical activity in senescent mouse models are not
yet completely understood.

The senescence-accelerated mouse (Samorajski et al.
1987) is a murine model increasingly used to investigate
the complex physiological and pathological responses
that occur during aging. Established through phenotypic
selection from a common genetic pool of AKR/J strain,
senescence-accelerated mouse (SAM) were noticed to
become senile at an early age and had a short life span,
with a median survival time of 9.7 months (Takeda et al.
1981). The SAM prone (SAMP) series includes nine
sub-strains. Among these, SAMP8 (P8) mice exhibit
characteristic disorders that correspond to pathophysio-
logical states found in aged humans (Takeda et al.
1997), including a moderate to severe degree of
activity loss (Flood and Morley 1998; Takeda
2009) and decreased motor coordination (McAuley
et al. 2004). SAMP8 suffers from neuropathological
changes frequently observed with advancing age in
humans such as axonal dystrophy, astrogliosis, or
reduction of spine density (see Takeda 2009 for a

review), accompanied by molecular features of AD
such as overproduction of amyloid-beta protein, in-
creased tau phosphorylation, and increased oxidative
stress (Takeda 2009; del Valle et al. 2011; Morley
et al. 2012). With a similar genetic background to P8
but with 40 % longer survival time (16.3 months),
resistance 1 (R1) mice show normal aging charac-
teristics and are therefore frequently used as an
appropriate control model.

Here, we evaluate the potential of long-term wheel
running (WR), as a model to voluntarily increase phys-
ical activity, to counteract some of the characteristic
features associated with aging in P8 mice. Precisely,
we monitored WR of male and female R1 and P8 mice
and investigated the ability of a 6-month WR interven-
tion to affect body weight, to modulate the debilitating
age-dependent locomotive deficit, and to improve skel-
etal muscle metabolism. We describe robust sex differ-
ences in the patterns of voluntary WR. Exercise in-
creased overall activity and led to skeletal muscle adap-
tations in the P8 female mice; in P8 male mice, exercise
attenuated the age-related reductions in balance and
muscle strength.

Methods

Animals

One hundred naive, male, and female R1/P8 mice,
purchased by El Parc Tecnològic (Barcelona,
Spain) and weighing 26.45±0.375 g at the time
of delivery, were acclimatized for a week before
starting the experimental procedure. The mice were
maintained under standard conditions (temperature
23±1 °C, humidity 50–60 %, 12:12-h light–dark
cycle, lights on at 8 a.m.), with food (A04, Harlan,
Spain) and tap water available ad libitum through-
out the study. They were housed in groups, two to
six same-sex mice per cage (except during wheel
running sessions), in plastic Makrolon colony box-
es (15 cm high×27 cm wide×27 cm deep) with a
sawdust floor. Body weight (g) was monitored
weekly.

All experimental procedures were approved by the
Ethics Committee of the University Autonomous of
Barcelona (Comissió Ètica d’Experimentació Animal i
Humana, CEEAH, UAB), following the “Principles of
laboratory animal care”, and were carried out in
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accordance with the European Communities Council
Directive (86/609/EEC).

Voluntary wheel-running paradigm

The running wheels (ENV-044 Mouse Low-Profile
Wireless Running Wheel, Med Associates Inc.; 15.5-cm
circumference; 25° from horizontal plane) were located in
the animal colony room inside cages that were 19 cm
high×27 cm wide×40 cm deep. WR activity was moni-
tored through a wireless transmitter system by using a hub
(13.70×15.25 cm2) located in the same animal colony
room. The hub was connected to a PC, and the number
of rotations performed each minute was recorded.

As previously described (Álvarez-López et al. 2013),
all mice in the WR condition were individually accom-
modated in cages (15 cm high×27 cm wide×27 cm
deep) containing clean sawdust and a running wheel.
Sedentary-control (CON) mice were equally single-
housed as the WR mice but accommodated in cages
(same size) containing only clean sawdust. WR/
sedentary sessions were conducted three alternate days
a week for 24 weeks (except for the testing period). We
employed an alternate procedure to avoid long-term
isolation, which is known to produce detrimental behav-
ioral effects in rodents (Fone and Porkess 2008). WR/
sedentary sessions started between 1 and 2 p.m. and
lasted 24 h. At the end of each session, mice were
returned to their home cage with their companions.

Behavioral tests

Procedures

Three-month-old R1 and P8 mice were randomly divid-
ed in four groups of males and four groups of females in
a 2 (strains: P8 and R1)×2 (gender: male and female)×2
(intervention: CON and WR) factorial design (n=12–
14/group). The WR/sedentary sessions were initiated
when the animals were approximately 12 weeks old
and continued for 24 weeks until the end of the exper-
iment. Behavioral tests started when the animals were
9 months old, 20 weeks after WR was initiated, lasted
4 weeks, and were administered in the order listed in
Fig. 1. Prior or during testing days, WR sessions were
not performed. At the end of the testing period, animals
were sacrificed by beheading, and blood and gastrocne-
mius muscle tissue samples were collected. Serum was

obtained by centrifugation at 4 °C and 2,000×g for
15 min and stored at −80 °C until further use.

Sensorimotor tasks

Mice were checked for different sensorimotor tasks
(Fernandez-Fernandez et al. 2012) in order to assess
visual placing reflex, balance, and prehensile reflex.
(a) For the visual placing reflex assessment, the animal
was gently grasped from the tail, 35 cm above from a
black arena, and moved toward the surface for three
consecutive trials. One point was given if the animal
did extend its forepaws in each trial (maximum score=
3). (b) For balance assessment, the animal was placed in
the center of an elevated (36 cm high) flat wooden rod
(40 cm long, 9-mm width; trials 1 and 2) and of an
elevated cylindrical wire rod (40 cm long, 1 cm-diame-
ter, trials 3–4), and the distance travelled (MacMaster
et al. 2014) was recorded for each trial (total of four 20-s
trial). (c) To evaluate muscle functional improvements
from the WR intervention, we conducted the hanging
test and measured muscle strength as the ability of the
mice to remain suspended by the forepaws grasped
around an elevated cylindrical wire (2-mm diameter)
in two consecutive trials of 10 s. If a mouse fell, the
latency to fall was recorded (Klein et al. 2012). If a
mouse did not fall, a score of 10 s was given.

Exploratory activity in the “hole-board test” (HB)

A 32×32-cm white plastic arena with 30-cm-high walls
was used to analyze spontaneous exploratory behavior
(File and Wardill 1975). The floor of the apparatus
contained four equidistant holes (3.7-cm diameter) and
was divided into 16 equal squares (8 cm2 each, 3-cm
diameter). A video camera was placed 245 cm above the
arena to record each animal for 5 min. The number of
ambulations (line crossings), number of head dips, and the
time spent head dipping on each hole were measured.

Home cage motor activity

Motor activity was measured by individually placing the
animals in home activity cages (25×18.5×15 cm)made of
transparent Plexiglas (Med Associates, Inc.), during the
dark phase of the light–dark cycle (5 p.m.–10 a.m.). Four
home activity cages were placed into a sound-proof cham-
ber with an infrared video camera placed in the upper side
43 cm above the cage covers. The chambers were also
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equipped with a temporizing illumination system that
switched on the chamber light (8:00 a.m. to 8:00 p.m.),
as what corresponded with the light–dark cycle of the
animals’ room. The video camera was connected to a PC
with a software system that provided measurements of the
distance travelled in the cage across the day.

Total RNA extraction and real-time quantitative PCR

Total RNA was extracted from frozen gastrocnemius
muscles using a mirVana™ RNA Isolation Kit
(Applied Biosystems) following the manufacturer’s in-
structions. The yield, purity, and quality of RNA were
determined spectrophotometrically (NanoDrop, USA)
and using the Bioanalyzer 2100 capillary electrophore-
sis. RNAs with 260/280 ratios and RIN higher than 1.9
and 7.5, respectively, were selected.

Random-primed complementary DNA (cDNA) syn-
thesis was performed at 37 °C starting with 0.3 μg of
RNA, using the High-Capacity cDNA Archive kit
(Applied Biosystems). Gene expression was measured
in an ABI Prism 7900HT Real-Time PCR system using
TaqMan FAM-labeled specific probes (Applied
Biosystems, see Online Resource 1). Results were nor-
malized to Tbp gene expression, a housekeeping gene
that displays very low variability across samples (Life
Technologies Application Note: Using TaqMan®
Endogenous Control Assays to select an endogenous
control for experimental studies).

Inmunodetection by Western blot analysis

Tissue samples were homogenized in lysis buffer
(50 mM Tris–HCl, 150 mM NaCl, 5 mM EDTA, 1 %
Triton X-100, pH 7.4) containing complete, Mini,
EDTA-free Protease Inhibitor Cocktail (Roche,
Mannheim, Germany) and Phosphatase Inhibitor
Cocktail 1 (Sigma-Aldrich, St. Louis, MO, USA). The

protein concentration was determined by the Bradford
method. Protein (20 μg) was separated by SDS-PAGE
(5–15 %) and transferred to PVDF membranes
(Millipore). The membranes were blocked in 5 % non-
fat milk in Tris-buffered saline (TBS) containing 0.1 %
Tween 20 (TBS-T) for 1 h at room temperature, follow-
ed by overnight incubation at 4 °C with antibodies
diluted in TBS-T and 5 % BSA sirtuin 1 (1:1,000;
Millipore), AMPKα (1:500; Cell Signaling) and p-
AMPKα Thr172 (1:500, Cell Signaling), PGC-1α
(1:500; Cayman Chemical), BDNF, and GADPH
(1:2,000; Millipore). Membranes were then washed
and incubated with secondary antibodies [(donkey
ECL anti-rabbit IgG, horseradish peroxidase (HRP)-
linked (NA934V 1,000 GE Healthcare, UK) or goat
anti-mouse HRP conjugate (-5047 1,000 Bio-Rad,
Hercules, CA, USA)] for 1 h at room temperature.
Protein bands were quantified by a chemiluminescence
detection kit (Amersham Biosciences). Band intensities
were quantified by densitometric analysis, and values
were normalized to GAPDH expression.

Statistical analysis

Statistical analysis was performed using the Statistical
Package for Social Sciences (SPSS, version 17.0). To
examine WR patterns across the experiment, a two-way
analysis of variance (ANOVA; strain×gender) for repeated
measures over two blocks of 10-week periods as a within
subjects factor was applied. Due to the divergent body
weight and wheel-running phenotype among males and
females, body weight gain and average of the distance
travelled in the wheels were analyzed separately for males
and females by a two-way ANOVA (intervention×strain).
Pearson correlation coefficients were used to highlight
relationships between the body weight gain and wheel
running activity within each gender. A three-way
ANOVA (strain×gender×intervention) was applied to

Fig. 1 Experimental design, timeline of procedures, and age of
the animals. WR mice were allowed to run in a running wheel
three times per week; CON mice followed the same procedure
without the running wheel. After 20 weeks of wheel running

activity, the behavioral testing was initiated in the following order:
sensorimotor tasks (SMT), hole board (HB), home cage activity
(HCA), and sacrifice. Skeletal muscle samples were collected for
gene expression and Western blot analysis
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behavioral variables from sensorimotor and hole-board
tests. Bonferroni post hoc test was used to determine
differences among the groups after significant ANOVA.
Those behavioral variables which did not meet criteria of
normality or homogeneity of variances, such as the latency
to fall for assessing muscle strength, and the distance
travelled in the HCA test were analyzed with the
Kruskal–Wallis nonparametric tests followed by the
Mann–Whitney U test for comparisons between indepen-
dent groups. Gene and protein data analysiswas performed
by one-way ANOVA followed by the Student’s t test,
when appropriate. Statistical significance was set at
p<0.05 for all tests. Data are expressed as mean±SEM.

Results

Voluntary wheel-running activity in SAMP8
and SAMR1 male and female mice

We found a significant reduction in the average distance
travelled over the two periods of WR intervention
(Fig. 2). Overall, R1 mice ran significantly further dis-
tances in comparison to P8 mice, consistent with the
accelerated aging phenotype (McAuley et al. 2004).
Female mice travelled further distances in comparison
tomale mice, and post hoc comparisons revealed gender
differences in R1 mice but not in P8, not during the first
or second period of WR activity. A closer inspection
indicated that P8 female mice only differed from R1
females in the amount of distance travelled in the first
period, but those differences were abolished in the sec-
ond period (Fig. 2). In addition, R1 females travelled
further distances than R1males, and they were the group
displaying the highest levels of WR activity.

Voluntary wheel running increases body weight
of SAMR1 and SAMP8 female but not male mice

Weekly body weight changes were monitored through-
out the experiment (see Online Resource 2). The analy-
sis of the body weight gain revealed a higher increase in
WR femalemice in comparison to the CON femalemice
(intervention p<.001), whereas no significant effects
were found in males (Fig. 3a). In addition, we found a
significant positive correlation between WR, measured
by the average of distance travelled per session during
the 20-week period of intervention, and the final body
weight in female mice, indicating that higher amounts of

WR activity were associated with higher body weight in
female but not in male mice (Fig. 3b).

Balance and grip strength improvement after long-term
wheel running in male and female mice

In the visual placing reflex, all groups reached the
maximum score of 3, thus indicating no visual placing
deficits in any group. In contrast, in the balance rod task,
P8 male mice performed worse than R1 male mice
(Fig. 4a), whereas WR performed better than CON
mice. Overall, male mice had better balance than female
mice, but this gender effect was more prominent in the
R1 strain. Interestingly, post hoc comparisons revealed
that mice from WR groups showed superior balance
performance in comparison to mice from CON groups
(mR1WR>fR1WR=mR1CON=mP8WR=fP8WR>
fR1CON=fP8CON=mP8CON).

Additional group differences were also found in
muscular strength (p<.001; Fig. 4b). Post hoc compar-
isons revealed that the order of the groups, from longer
to shorter latency to fall down, i.e., from better to worse
performance, was similar with the order of balance
performance and is listed as follows: mR1WR=
fR1CON=fR1WR>mP8WR=fP8CON=fP8WR>
mR1CON, mP8CON.

Wheel running marginally increases locomotor activity
but not exploratory behavior in SAMP8 female mice

As previously reported (Chen et al. 2007), the head-
dipping behavior was decreased in P8 mice in compar-
ison to R1 (strain p<.05; Fig. 5a), whereas no other
significant effects were observed for this measure. On
the contrary, when analyzed for motor activity, ambula-
tion was greater in P8 mice in comparison to R1 (strain
p<.001), and a residual gender×intervention interaction
(p=.062) revealed a tendency to display higher ambu-
lation in fWR mice. No other significant effects ap-
peared in this test.

Wheel running increases baseline activity in SAMP8
female mice

The overall analysis of the home cage activity test
revealed significant differences among groups
(p<.001; Fig. 6). Post hoc comparisons between pairs
of groups indicated that fR1CON and fR1WR groups
were significantly more active than the corresponding
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male mR1CON or mR1WR groups (p<.05 or p<.001,
respectively), but only the fP8WR group was signifi-
cantly more active than mP8WR (p<.001), indicating
that WR affected P8 female and male mice differently
and that those gender-specific effects were not observed
in R1 mice. Indeed, WR significantly increased home
cage activity during the dark phase in the fP8WR group
compared with the corresponding fP8CON sedentary
group (p<.05). However, WR did not affect home cage
activity in male mice of either strain.

Impact of wheel running in the expression of skeletal
muscle angiogenic and metabolic genes

The locomotor-activity improvement in the WR P8
females, and fP8WR group performing significantly

more exercise than their corresponding male controls
(Álvarez-López et al. 2013), led us to explore the impact
of WR in the expression of genes that regulate skeletal
muscle cell survival and metabolism.

Angiogenesis is a key determinant of skeletal muscle
function, and previous reports in animal models and
humans have shown a beneficial effect of physical ex-
ercise on factors that sustain capillarization levels in
skeletal muscles (Fernandes et al. 2012; Shibuya
2013). In this context, we found that the vascular endo-
thelial growth factor A (Vegfa) was significantly in-
creased byWR in fP8WR female mice, while no change
was detected in fR1CON controls (Fig. 7a). The fP8WR
group also exhibited a WR-dependent increase in the
expression of peroxisome proliferator-activated receptor
γ co-activator 1α and sirtuin 1 genes, known regulators

Fig. 2 Long-term WR performance in P8 and R1 mice. Data are
represented as mean±SEM of the average running distance trav-
elled per session in a the first period (weeks 1–10) and b the
second period (weeks 11–20). Overall, animals decreased WR
activity in the second period (period effects p<.05); R1 mice were

more active than P8 (S: strain effect p<.05), and females were
more active than males (G: gender effect p<.001). aap<.01 versus
the corresponding R1 group (same gender); bp<.05; bbp<.01
versus the corresponding male group (same strain)

Fig. 3 Body weight change induced by voluntary WR in R1 and
P8 male and female mice. a Mean±SEM (n=12–14) of the body
weight gain from the time of arrival to the last week of the WR
intervention is shown. cp<.05 versus the corresponding fCON
group (same strain). b Scatter plot of body weight at week 20
and the averaged wheel-running activity measured as the mean of

distance travelled per session during the 6 months of WR inter-
vention for male (n=26) and female (n=28) R1 and P8 mice.
Distance travelled significantly correlated with the body weight
of R1 and P8 female (Pearson, R2=0.419, p<.05) but not that of
R1 and P8 male mice (R2=−0.120, p<.558)
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of mitochondrial biogenesis, an essential process for cell
metabolism and viability (Rodgers et al. 2005; Gerhart-
Hines et al. 2007). These effects were not observed in
fR1CON mice (Fig. 7b, c). Furthermore, we examined
gene expression of glucose transporter type 4 (Glut4)
and Cluster of Differentiation 36 (Cd36) antigen, both
modulated by PGC-1α and involved in glucose and
fatty acid metabolism, respectively (Calvo et al. 2008;
Michael et al. 2001). We found lower Glut4 gene ex-
pression levels in fP8CON compared with fR1CON
mice. After the WR intervention, Glut4 expression
levels in P8 mice were restored to control levels
(Fig. 7d). Finally, Cd36 antigen was also upregulated
by WR in P8 but not in R1 mice (Fig. 7e).

PGC-1α and AMPK, but not sirtuin 1, upregulation
by wheel running in skeletal muscle of SAMP8 female
mice

We identified the multiple cellular markers related to
sirtuin 1, suggested as the key contributor of the WR-
induced beneficial effect and master modulator of mito-
chondrial biogenesis. Sirtuin 1 protein levels were not
modified by the WR intervention (Fig. 8a). However, to
investigate whether sirtuin 1 was regulated under WR
conditions, PGC-1α and AMPK expression, reported to
be intrinsically related with the sirtuin 1 pathway
(Longo 2009), was measured. PGC-1α protein expres-
sion of P8 female mice showed a significant increase in

Fig. 4 Evaluation of the sensorimotor status of R1 and P8 mice. a
Overall, R1 mice showed better performance than P8 mice on the
balance test (S: strain effect, p<.001; mean±standard error of the
mean (SEM) of the distance travelled on the flat and circular rod),
WR mice travelling further distances in the rods (I: intervention
effect, p<.001), male mice showing better balance than female
mice (G: gender effect, p<.05), this effect being greater in R1male
mice (SXG: strain×gender interaction, p<0.01). aaap<.001 versus
the corresponding R1 group (same gender and type of

intervention); bbp<.01 versus the corresponding male group (same
strain and type of intervention). b WR intervention improved
muscular strength in R1 and P8 mice (mean±SEM of the latency
scored in the hanging test); ap<0.05 versus the corresponding R1
group (same gender and type of intervention), bbp<.01 versus the
corresponding male group (same strain and type of intervention),
ccp<0.01 versus the corresponding CON group (same strain and
gender)

Fig. 5 Behavior of the SAMR1 and SAMP8 mice in the hole-board test. Data represent means±SEM of a number of head dips and b
ambulation. ap<.05 versus the corresponding R1 group (same gender and type of intervention)
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comparison to the CON P8 female group (Fig. 8b).
Additionally, post hoc comparisons among WR groups
indicated greater levels of PGC-1α in P8 mice in com-
parison to R1. This increase in PGC-1α in P8 resulting
from WR was also accompanied by a significant in-
crease in AMPK protein levels in P8 female mice, but
not R1 femalemice (Fig. 8b, c), overall revealing greater
benefits of the WR intervention in the P8 strain.

Discussion

In this study, we evaluated the long-term effects of
wheel running activity on motor function and survival
and metabolic signaling pathways in the skeletal muscle
of senescence-accelerated mice. In a previous study
(Álvarez-López et al. 2013), we demonstrated that ex-
ercise practice improved brain vascularization and alle-
viated phenotypic features associated with premature
aging, such us prevention of deficient skin color, tremor,
and lordokyphosis. The main results obtained here dem-
onstrate that a long-term WR intervention improved
balance and muscle strength performance both in R1
and P8 mice and increased motor activity in P8 female
mice. We found an upregulation of the AMPK–sirtuin
1–PGC-1α pathway in skeletal muscle of exercised
female P8 mice as well as increased Vegfa, Glut4, and
Cd36 gene expression and upregulated AMPK–sirtuin
1–PGC-1α pathway, altogether suggesting that WR in-
duced revascularization and modified mitochondrial
biogenesis as well as glucose and fatty acid metabolism.
Body weight gain was greater in females than males,
possibly due to the greater WR activity displayed in
female groups. Finally, we identified robust strain

differences, R1 mice exhibiting superior WR activity
and enhanced balance, coordination, and body strength
than P8 mice, despite that these differences were less
apparent in female mice.

Consistent with other studies, we observed striking
strain differences in the patterns ofWR–P8mice travelling
shorter distances in the wheels in comparison to R1 mice,
despite that both strains decreased WR activity with age
(Samorajski et al. 1987; Pang et al. 2004). Additionally, we
also found clear gender differences, female mice running
longer distances thanmales (DeBono et al. 2006) and, as a
result, possibly showing a greater increase in body weight
gain and superior behavioral benefits from the WR inter-
vention [(Pietropaolo et al. 2008) for a review on gender-
specific effects of WR]. Based on the correlation analysis,
we can propose the increase in the distances travelled on
the wheels as a possible causation for the increase in
muscle mass and therefore body weight in female mice.
In future experiments, the inclusion of muscle mass weight
might help elucidate this hypothesis.

In the present study, and in accordance with another
study showing that WR can lessen the impact of age on
motor behavior in mice (Marlatt et al. 2012), we ob-
served a dramatic improvement in the equilibrium per-
formance ofWRmice, suggesting that physical exercise
programs could be valuable tools to prevent balance
deterioration in aged populations. Additionally, muscle
strength has been shown to have a mediating role be-
tween physical activity and disability (Crane et al.
2013). Results from the hanging test revealed that WR
activity extended the latency to fall, these effects
expressed more acutely in the P8 male mice.
Collectively, considering the fact that the great majority
of injuries among the elderly occur as a result of a fall
impact (Myers et al. 1991), these findings emphasize the
relevance of long-term exercise as a preventive practice
to improve balance and gait and may, as a result, in-
crease coping with environmental hazard.

The increased locomotor activity in female mice is
another positive effect of the WR intervention observed
in our study. As previously reported, P8 mice show a
moderate to severe degree of activity loss (Takeda
2009). Here, we only accounted activity loss in female
P8 versus female R1 but not in male mice, WR
increasing the level of activity in the home cage
test. We therefore propose the model of voluntary
WR as an active intervention that is able to pre-
vent motor dysfunction in the senescent female
mice. Additional work is needed to further

Fig. 6 Home cage activity test. Data represent means±SEM of
total distance travelled in the cages. ap<.05 versus the correspond-
ing R1 group (same gender and intervention), bp<.05, bbbp<0.001
versus the corresponding male group (same strain and interven-
tion), cp<.05 versus the corresponding control (CON) group (same
strain and gender)
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characterize the differences that exist between males and
females and how sex may influence WR-related chang-
es in muscle function and locomotor activity observed
herein. Previous reports indicate that gender may be an

important factor in mediating some of the WR-induced
differential effects observed in other markers such mi-
croglia (Kohman et al. 2013) or BDNF gene expression
(Zajac et al. 2010).

Fig. 7 Impact of wheel running in the expression of skeletal
muscle angiogenic and metabolic genes. a Vascular endothelial
growth factor A (Vegfa), b peroxisome proliferator-activated re-
ceptor γ co-activator 1α (PGC-1α), c deacetylase sirt1, d insulin-
sensitive glucose transporter type 4 (Glut4), and e fatty acid
translocase Cd36. Analysis was performed by quantitative real-

time PCR from gastrocnemius muscle mRNA. Gene expression
levels are expressed relative to housekeeping TATA-binding pro-
tein (TBP) gene. fCON sedentary-control female mice, fWRwheel-
runner female mice (mean±SEM; *p<.05; **p<.01; ***p<.001;
n=5 per group)
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Partial benefits of the reported increments in balance
and muscle strength from a long-term WR intervention
can result from the skeletal muscle adaptations reported
in our study and by others (Valdez et al. 2010).
Improvements in the latter are of major relevance, as
P8 mice present features of sarcopenia and muscle aging
from a young age and significantly faster than other
mouse models (Derave et al. 2005). Gene expression
data suggest that the increase in locomotor activity in
WR P8 female mice is a consequence of WR-induced
improvements of revascularization, mitochondrial bio-
genesis, and glucose and fatty acid metabolism in

skeletal muscle. Indeed, in addition to the angiogenic
and regenerative potential of Vegfa in skeletal muscle
(Item et al. 2013), adequate PGC-1α levels in muscle
are required for normal glucose homeostasis, mitochon-
drial gene expression, and insulin signaling (Jager et al.
2007). Intriguingly, none of the genes analyzed were
modified in R1 mice, and, with the exception of Glut4,
they presented slight but significantly higher expression
levels in P8 compared with R1 CON mice. This obser-
vation may reflect compensatory mechanisms in the
senescent muscles that were intensified by the WR
intervention. On the other hand, Glut4 expression,

Fig. 8 Impact of wheel running in protein levels of skeletal
muscle. a Sirtuin 1. b PGC-1α and c pAMPK levels in muscle
for R1, P8, sedentary-control (CON), and wheel runner (WR)

female mice. Images show representative Western blot and bar
graph obtained from semi-quantitative image analysis (mean±
SEM; **p<.01; ***p<.001; n=5–6 per group)
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which was lower in P8 than in R1 CON mice, reached
levels undistinguishable from those observed in controls
after the WR intervention. Results on gene expression
were partially confirmed by protein analysis. Although
we did not find differences in sirtuin 1 expression in the
skeletal muscle that correlate with the gene expression
increase detected in fP8WR mice, we did find a signif-
icant increase in PGC-1α and in the sirtuin 1 activator
AMPK in these mice. Interestingly, the activation of the
sirtuin 1–AMPK–PGC-1α pathway is involved in mi-
tochondrial biogenesis (Chen et al. 2008; Liu et al.
2012) and has been previously proposed as a possible
target of molecular changes induced by exercise (Liu
and Fielding 2011; Canto and Auwerx 2009). Indeed,
evidence suggests that moderate levels of regular phys-
ical activity increase a larger number of mitochondrial
biogenesis-related gene expression in aged subjects,
though to a lesser extent than in younger individuals
(Bori et al. 2012). As we only examined a single age
(9 months), future studies addressing different time
points may help elucidate further interactions of WR
on the trajectory of aging (Valdez et al. 2010).

In sum, a decline in muscle function is widely be-
lieved to underlie the decrease in quality of life, in
addition to the increase in susceptibility to disease asso-
ciated with aging. As the elderly population grows,
identifying the mechanisms involved and possible pre-
ventive treatments would be highly beneficial for ensur-
ing healthy aging and reducing health care costs
(Blankevoort et al. 2010). Collectively, this study dem-
onstrates for the first time that long-term voluntary WR
leads to metabolic muscle adaptations, in addition to
ameliorating the locomotor-activity detriments in the
WR senescent female mice. Our findings also demon-
strate gender-dependent differences, male mice improv-
ing their balance and muscle strength in response to
exercise, despite their lower WR activity in comparison
with females. These findings, as well as those of previ-
ous studies, emphasize the importance of accounting for
genotype and gender–environment interaction in aging
paradigms.WRmay become an effective intervention to
counteract or ameliorate the age-associated decrease in
motor function.
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