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clei gained during exercise-induced skeletal muscle hypertrophy may
be long-lasting and could facilitate future muscle adaptability after
deconditioning, a concept colloquially termed “muscle memory.” The
evidence for this is limited, mostly due to the lack of a murine
exercise-training paradigm that is nonsurgical and reversible. To
address this limitation, we developed a novel progressive weighted-
wheel-running (PoWeR) model of murine exercise training to test
whether myonuclei gained during exercise persist after detraining. We
hypothesized that myonuclei acquired during training-induced hyper-
trophy would remain following loss of muscle mass with detraining.
Singly housed female C57BL/6] mice performed 8 wk of PoWeR,
while another group performed 8 wk of PoWeR followed by 12 wk of
detraining. Age-matched sedentary cage-dwelling mice served as
untrained controls. Eight weeks of PoWeR yielded significant plan-
taris muscle fiber hypertrophy, a shift to a more oxidative phenotype,
and greater myonuclear density than untrained mice. After 12 wk of
detraining, the plantaris muscle returned to an untrained phenotype
with fewer myonuclei. A finding of fewer myonuclei simultaneously
with plantaris deconditioning argues against a muscle memory mech-
anism mediated by elevated myonuclear density in primarily fast-
twitch muscle. PoWeR is a novel, practical, and easy-to-deploy
approach for eliciting robust hypertrophy in mice, and our findings
can inform future research on the mechanisms underlying skeletal
muscle adaptive potential and muscle memory.

exercise; muscle memory; myonuclear accretion; satellite cell;
weighted-wheel running

INTRODUCTION

Skeletal muscle fibers are believed to possess a “memory” of
previous exercise exposure, where prior adaptation facilitates
future adaptability (5, 11, 15, 22). One hypothesis is that
myonuclei gained from exercise-induced hypertrophy are long-
lasting or permanent and that the maintenance of elevated
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myonuclear density, once hypertrophy is reversed, constitutes
a “muscle memory” mechanism (5, 11, 15). Support for this
hypothesis was first provided in 2010 by Bruusgaard et al. (4),
who employed synergist ablation surgery on the tibialis ante-
rior muscle in mice to induce hypertrophy of the extensor
digitorum longus (EDL) muscle followed by denervation to
cause subsequent atrophy. The EDL is a small non-load-
bearing toe extensor comprising primarily type IIb muscle
fibers (2), and atrophy via nerve damage is unique because it
may result in elevated protein synthesis (1, 10, 14); therefore,
it is likely that denervation following hypertrophy is distinct
from detraining after exercise training. Under these unique
conditions in the EDL muscle, nuclei gained from surgical
overload remained after denervation, resulting in muscle fibers
that were hypernucleated per unit size (4). Follow-up investi-
gations in mice (5) and rats (15) provide further evidence that
myonuclei gained following hypertrophy of fast-twitch mus-
cles controlling toe extension and flexion are permanent and
that the additional myonuclei confer some future benefit for
hypertrophic adaptation. A myonuclear density-mediated mus-
cle memory is provocative but remains to be convincingly
supported in the context of exercise-induced hypertrophy and
detraining.

In this investigation we describe a progressive weighted-
wheel-running (PoWeR) protocol for inducing hypertrophy in
the plantaris muscles of mice. PoWeR is advantageous relative
to other murine hypertrophy models, such as synergist ablation,
because it involves the modification of standard running
wheels using readily available hardware, is nonsurgical, allows
for the reversibility of adaptation in a load-bearing plantar
flexor muscle, and approximates exercise training in humans.
Concomitant with hypertrophy, PoWeR elicits myonuclear
accretion measured by two distinct detection methods, as well
as a shift from a fast to a slower fiber type. By leveraging the
ability to detrain from PoWeR, we hypothesized that myonu-
clei acquired during hypertrophy would remain after 3 mo of
detraining (>10% of murine lifespan), whereas other training
adaptations would be lost.

MATERIALS AND METHODS

Ethical approval. All animal procedures were approved by the
Institutional Animal Care and Use Committee of the University of
Kentucky. Mice were housed in a temperature- and humidity-controlled
room, maintained on a 14:10-h light-dark cycle, and allowed ad libitum
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access to food and water. Animals were euthanized via a lethal dose of
pentobarbital sodium injected intraperitoneally followed by cervical dis-
location.

Experimental design. Female C57BL/6J mice (=4 mo old, <35 g
body wt) were obtained from The Jackson Laboratory (Bar Harbor,
ME). Mice were assigned to groups as follows: 8 wk of PoWeR
(PoWeR group, n = 9), 8 wk of PoWeR followed by 12 wk of
detraining (detrained group, n = 8), 6-mo-old untrained controls
age-matched to the PoWeR group (6-mo untrained group, n = 10),
and 9-mo-old untrained controls age-matched to the detraining
group (9-mo untrained group, n = 6). Mice were housed singly
during PoWeR for monitoring of individual running speed (km/h),
total distance run (km/day), and total time run (h/day), which were
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recorded using ClockLab software (Actimetrics, Wilmette, IL).
After 1 wk of acclimation to an unweighted wheel, 8 wk of PoWeR
consisted of 2 g of weight in week 1, 3 g in week 2, 4 g in week 3,
5 g in weeks 4 and 5, and 6 g in weeks 68 (Fig. 1A). The wheels
were loaded with 1-g magnets (product no. B661, K&J Magnetics,
Pipersville, PA), which were affixed in one location along the
outside circumference (Fig. 1A, inser). The asymmetric weighting
strategy resulted in an unbalanced wheel, in contrast to the friction-
based continual loading of traditional weighted wheels that be-
comes difficult for a mouse to overcome as the weight increases.
The momentum of the wheel also caused the mice to misstep and
briefly discontinue running on a frequent basis, thereby forcing
intermittent rest periods. To resume running, the mice repeatedly
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Fig. 1. Muscle fiber type and size adaptations to progressive weighted-wheel-running (PoWeR) training and detraining. A: PoWeR wheel-loading strategy. Inset:
magnet (black box) placement on the wheel. B: fiber type distribution data for untrained (n = 14), PoWeR-trained (n = 8), and detrained (n = 7) mice. C: average
muscle fiber cross-sectional area (CSA) in untrained, PoWeR-trained, and detrained mice. D: fiber type (FT)-specific CSA data for untrained, PoWeR-trained,
and detrained mice. Values are means = SE. *P < 0.05 vs. untrained; #P < 0.05 vs. PoWeR-trained. E-G: representative images of fiber type and dystrophin
staining on entire muscle cross sections from untrained (E), PoWeR-trained (F), and detrained (G) mice. Pink, type I, green, type Ila; red, type IIb;

unstained/black, type IIx; blue, dystrophin. Scale bar = 200 pm.
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overcame the weight of the wheel, providing an additional resistive
component to the training.

Echocardiography. Transthoracic echocardiography was performed
using a VisualSonics 3100 imaging system (Toronto, ON, Canada).
Analysis was performed under light anesthesia (1-2% inhaled isoflu-
rane), with heart rate continuously monitored (350-500 beats/min).
Left ventricular dimensions and calculated left ventricular ejection
fraction were measured from the short-axis M-mode display. All
measurements were obtained in triplicate and averaged, and the
sonographer was blinded to experimental conditions.

Immunohistochemistry. Immunohistochemistry (IHC) analysis of
plantaris muscles was performed as previously described by our
laboratory using antibodies that are well established as specific (6, 7,
21). For fiber type distribution, overall muscle fiber cross-sectional
area (CSA), fiber type-specific CSA, and myonuclear density, frozen
sections were incubated overnight in a cocktail of isotype-specific anti-
mouse primary antibodies for myosin heavy chain (MyHC) I, MyHC
IIa, MyHC IIb, or embryonic MyHC (Developmental Studies Hybrid-
oma Bank, Iowa City, IA), along with an antibody against dystrophin
(1:100 dilution; catalog no. ab15277, Abcam, St. Louis, MO), incu-
bated in the appropriate secondary antibodies, and then mounted using
VectaShield with DAPI (Vector Laboratories). Some mice were
excluded from certain analyses due to insufficient quality for auto-
mated software detection (25). IHC for Pax7™" satellite cells was
performed according to the established protocol from our laboratory
(6,7, 17, 21).

Single muscle fiber myonuclear analysis. Myonuclei on isolated single
muscle fibers were counted as previously described by our laboratory and
others (3, 17, 21). The mechanical/chemical separation of individual
fibers reduces the influence of nonmyonuclei contributing to myonu-
clear counts and accounts for any potential influences of myonuclear
shape changes. Briefly, plantaris muscles were fixed in situ at resting
length in 4% paraformaldehyde for 48 h to control for sarcomere
spacing. Muscle fibers were liberated by NaOH incubation, pipetted
onto glass slides, and then mounted using VectaShield with DAPI
(Vector Laboratories). Thirty fibers per muscle per mouse (~300- to
500-pm random linear segments per individual fiber) were used for
myonuclear density analysis (21).

Image capture and analysis. For IHC, images were captured at X20
magnification using an upright fluorescence microscope (Axiolmager
M1, Zeiss, Oberkochen, Germany). Whole muscle sections were ob-
tained using the mosaic function in Zeiss Zen 2.3. Quantification of
entire cross sections eliminates the possibility of misrepresentation
due to the regional nature of skeletal muscles and accounts for the
potential effects of increased fiber number via de novo muscle fiber
formation and/or fiber splitting (19, 21). Everything but satellite cells
was quantified on entire muscle cross sections using MyoVision
automated analysis software (25). Specifically, quantification of myo-
nuclei per fiber on entire cross sections using DAPI/dystrophin pro-
vides a comprehensive picture of hundreds of fibers, and automated

Table 1. Mouse characteristics
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analysis eliminates bias and enhances validity of this potentially
subjective measure. Satellite cells (Pax7"/DAPI") were counted
manually and normalized to fiber number. For single-fiber myonuclear
analysis, fibers were imaged at X20 magnification using the z-stack
function within the Zen software (21). All manual counting was
performed by a blinded, trained technician.

Statistics. Data were checked for normality, and original or log-
transformed mean data were used for analysis. Differences between
untrained control/age-matched control, 8-wk PoWeR, and detraining
groups were detected using a one-way ANOVA combined with Tukey’s
post hoc tests. Significance was set at P < 0.05. Data points that were
1.5 interquartile ranges below the first quartile or above the third
quartile were considered outliers and were removed from the anal-
ysis.

RESULTS

Voluntary exercise performance was maintained during 8
wk of PoWeR training. In contrast to other reports of weighted-
wheel running (12, 13, 24, 26), there was no appreciable
decline in running distance during PoWeR training (Table 1).
The systemic effect of PoWeR training is evidenced by the
marked increase in heart mass (Table 1) and left ventricular
wall thickness (Table 1) after 8 wk.

Plantaris skeletal muscle mass was greater following 8 wk of
PoWeR training and less following 12 wk of detraining. Mus-
cle wet weights relative to body weight were significantly
greater in mice after 8 wk of PoWeR training than in untrained
control (6 mo old) and detrained mice (Table 1). Nine-month-old
untrained control mice were compared with 9-mo-old detrained
mice. Normalized muscle wet weight was not different between
detrained mice and 9-mo-old untrained controls. Furthermore,
muscle weight, muscle fiber size, and myonuclear density were
not different between 6- and 9-mo-old untrained mice (see
below). For these reasons, control groups were collapsed for
further analyses.

PoWeR training resulted in fiber type adaptations that were
reversed after detraining. A significant shift toward a more
oxidative fiber type profile in the plantaris muscle (types IIx and
IIb — type Ila; Fig. 1B) was observed after 8 wk of PoWeR
training. Fiber type distribution reverted to an untrained phe-
notype following 12 wk of detraining (type Ila — types IIx and
IIb; Fig. 1B). Embryonic MyHC expression, a marker of
regeneration, was not observed at any time point in any group
(data not shown), nor was muscle fiber number different across
conditions (data not shown). Centrally located myonuclei,
another hallmark of muscle regeneration, were rare but slightly

Untrained

6 mo old 9 mo old PoWeR Detrained
Body wt, g 23.1 £0.5* 27.4 +0.7° 23.7 =0.3* 29.7 + 0.9°
Normalized plantaris wt, mg/g 0.50 = 0.01* 0.50 = 0.02* 0.58 = 0.02° 0.41 = 0.01¢
Normalized heart wt, mg/g 6.6 = 0.5* 6.1 £0.2° 8.8 =0.2° 59 +0.3*
Resting heart rate, beats/min 4478 = 11.7* n/a 412.0 = 8.7° n/a
Ejection fraction, % 649 = 1.82 n/a 583 = 1.1° n/a
LV internal diameter (end diastole), mm 3.7 *+0.1* n/a 4.1 +0.1° n/a
LV anterior wall (end diastole), mm 0.92 = 0.09* n/a 0.91 = 0.04* n/a
LV posterior wall (end diastole), mm 0.80 = 0.04* n/a 0.92 + 0.03 n/a
Distance run, km/day n/a n/a 12.5 = 0.82 123 = 142

Values are means = SE. LV, left ventricular; n/a, not applicable; PoWeR, progressive weighted-wheel running.**<Groups that share a letter designation for

a given outcome are not significantly different.
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elevated following 8 wk of PoWeR training in the plantaris
muscle (~1% of fibers in untrained and ~2% with PoWeR; data
not shown); these values are notably less than the 9% centrally
nucleated muscle fibers in the plantaris muscle 8 wk after
synergist ablation (7). The rare centrally nucleated muscle
fibers and the absence of embryonic MyHC-expressing fibers
suggest that PoWeR is a less damaging model than synergist
ablation for inducing hypertrophy in mice.

Muscle fiber CSA was greater in PoWeR-trained than un-
trained and detrained mice. Mean (17%; Fig. 1C) and fiber
type-specific (47% type Ila and 24% types IIx and IIb; Fig. 1D)
CSA in the plantaris muscle was greater in PoWeR-trained than
untrained mice. Muscle fiber CSA was 16% lower in detrained
than PoWeR-trained mice (Fig. 1C) and not different from
untrained mice. Fiber type and dystrophin IHC representative
images of whole muscle cross sections from an untrained, a
PoWeR-trained, and a detrained mouse are displayed in Fig.
1, E-G.

Untrained

PoWeR

Fig. 2. Myonuclear and satellite cell density adaptations
to progressive weighted-wheel-running (PoWeR) train-
ing and detraining. A—C: representative images of lon-
gitudinal muscle fibers and myonuclei in untrained,
PoWeR-trained, and detrained mice. Blue, DAPI" myo-
nuclei. Scale bar = 100 wm. D: single-fiber myonuclear
density data analysis for untrained (n = 8), PoWeR-
trained (n = 7), and detrained mice (n = 8). E: repre-
sentative image of dystrophin and DAPI staining for
immunohistochemical (IHC) myonuclear density anal-

Detrained

ysis. Red, dystrophin; blue, DAPI. White arrows point
to myonuclei. Scale bar = 20 wm. F: IHC myonuclear
density analysis for untrained (n = 10), PoWeR-trained
(n = 7), and detrained (n = 6) mice. G: representative
image of THC satellite cell identification. Green, laminin;
blue, DAPL; pink, Pax7. White arrows point to Pax7*/
DAPI* satellite cells located beneath the laminin border.
Scale bar = 50 wm. H: satellite cell density in untrained

POWER AND MUSCLE MEMORY

Myonuclear and satellite cell density was elevated in PoWeR-
trained mice and was the same as in untrained mice following
detraining. We utilized two methods to quantify myonuclei per
fiber: /) manual counting of DAPI-stained myonuclei on fixed
isolated single muscle fibers (>150 individual fiber segments per
group) and 2) DAPI/dystrophin IHC on entire muscle cross
sections (>300 fibers per muscle section, =1 section per
mouse) quantified via automated analysis software (25). We
observed 27% and 33% greater myonuclear density in PoWeR-
trained (Fig. 2A—F) than untrained mouse muscles via single-
fiber and cross-sectional analysis, respectively. As myonuclear
accretion is mediated by the fusion of muscle stem cells
(Pax7™ satellite cells), we found a correspondingly greater
satellite cell abundance in PoWeR-trained mice (44%; Fig. 2,
G and H). After 12 wk of detraining, both myonuclear (Fig. 2,
A-F) and satellite cell (Fig. 2, G and H) density were compa-
rable to untrained values.

HH

(n = 14), PoWeR-trained (n = 7), and detrained (n = 8)
mice. Values are means = SE. *P < 0.05 vs. un-
trained; #P < 0.05 vs. PoWeR-trained.

Untrained PoWeR Detrained

N W A O o
L

Satellite Cells/100 Fibers

o

Untrained PoWeR Detrained
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DISCUSSION

PoWeR, a practical, nonsurgical, and highly effective strat-
egy for inducing robust adaptations in murine skeletal muscle,
enables the study of muscle response following the return to
sedentary conditions. We found greater muscle fiber size and
myonuclear density in mice subjected to 8 wk of PoWeR
training than in untrained controls but a return to untrained
values following 12 wk of detraining (>10% of mouse lifes-
pan; Fig. 3). Our data challenge the concept that muscle fibers
have a memory of previous hypertrophy that is governed by
myonuclei acquired from training, at least in the fast-twitch
plantaris muscle of mice.

PoWeR training is a translatable model for the study of
skeletal muscle hypertrophy in mice. Similar to cycling or
combined endurance and resistance exercise training in humans
(8, 18, 20), volitional PoWeR results in whole muscle and muscle
fiber hypertrophy, a transition from a fast to a slower fiber type,
myonuclear accretion, and cardiac adaptations. The classic model
for studying skeletal muscle hypertrophy in rodent models is the
synergist ablation surgical method (9), but this approach in mice
has limitations: /) the surgery is stressful, and overload can
cause degeneration/regeneration, 2) the rate of hypertrophy
exceeds that observed with resistance training in humans, 3)
hypertrophy is not reversible without unloading or denervation,
and 4) overload is a continual stimulus that is unlike episodic
exercise training in humans. Instead, PoWeR exploits the
mouse’s natural inclination for periodic high activity levels and
circumvents the aforementioned issues. A shortcoming of pre-
vious weighted-wheel-running approaches was that the pro-
gression of loading was too rapid and the constant wheel
loading was too great for the mice to run at a sustainable pace,
collectively discouraging continued exercise (12, 13, 24, 26).
We speculate that the unbalanced running wheel and variable
resistance used in PoWeR encourages continued exercise and
facilitates the marked adaptations observed here.

Myonuclear density is the same in untrained and detrained
muscle. Using synergist ablation overload followed by dener-
vation in mice, Bruusgaard et al. first postulated that myonuclei
gained during hypertrophy in a small dorsiflexor muscle were
permanent and represented a muscle memory of previous adap-
tation (4). In contrast, using fully mature adult (>4 mo old) mice
combined with hypertrophy and deconditioning that do not
involve surgical overload (4, 5), denervation (4), or anabolic
steroids (5), we show that myonuclear density in a compara-
tively larger load-bearing plantar flexor muscle is the same in
detrained and untrained conditions; we verified this using two
different methods of myonuclear density quantification. A

% >

Fig. 3. Schematic illustrating muscle fiber adaptations to
progressive weighted-wheel running (PoWeR) and
detraining.

recent resistance-training study in rats found that myonuclei
density was the same in untrained and detrained muscle (15),
but the results are difficult to interpret. The rats began training
at a young age (8 wk), when developmental muscle growth was
ongoing, which could affect how myonuclear accretion con-
tributes to hypertrophy (16). For instance, our laboratory has
shown that young growing mice have a strict requirement for
myonuclear accretion during hypertrophy, whereas mature
adult mice do not (21); this may have implications for myo-
nuclear requirements and stability during detraining and re-
training. Furthermore, myonuclear density in the rat study was
obtained from a small number of isolated fibers (5—-11 per mus-
cle). Although neuromuscular adaptations cannot be ruled out, we
agree with Sharples and colleagues in that epigenetic modifica-
tions within myonuclei (i.e., DNA methylation, histone methyl-
ation, or acetylation) (22, 23), and not long-lasting alterations
in myonuclear number (11), may contribute to potential muscle
memory mechanisms of previous hypertrophy that influence
future muscle adaptability.

Physiological significance. PoWeR is a practical tool for
inducing hypertrophy in murine skeletal muscle and can be
used to explore the mechanisms of exercise-induced hypertro-
phy, deconditioning, and reconditioning. Since the increase in
myonuclear density acquired by loading-induced muscle hy-
pertrophy is not sustained after deconditioning in the plantaris
muscle, it may be prudent to expand the search for the mech-
anism(s) mediating the augmented growth response that has
been documented during retraining (22). Future investigations
will aim to elucidate cell-autonomous mechanisms mediating a
muscle memory, how myonuclei are lost during detraining, and
the extent to which resident or satellite cell-derived myonuclei
are targeted for removal.
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