ORIGINAL ARTICLE

Journal of Cachexia, Sarcopenia and Muscle 2020; 11: 1705-1722
Published online 2 September 2020 in Wiley Online Library (wileyonlinelibrary.com) DOI: 10.1002/jcsm.12617

Muscle memory: myonuclear accretion, maintenance,
morphology, and miRNA levels with training and
detraining in adult mice

Kevin A. Murach®3 (2, C. Brooks Mobley*3, Christopher J. Zdunek?, Kaitlyn K. Frick®, Savannah R. Jones®, John J.
McCarthy?3, Charlotte A. Peterson®3 & Cory M. Dungan®34*

*Department of Physical Therapy, University of Kentucky, Lexington, KY, USA, Department of Physiology, University of Kentucky, Lexington, KY, USA, 3Center for Muscle
Biology, University of Kentucky, Lexington, KY, USA, “Sanders-Brown Center on Aging, University of Kentucky, Lexington, KY, USA

Abstract

Background In the context of mass regulation, ‘muscle memory’ can be defined as long-lasting cellular adaptations to hyper-
trophic exercise training that persist during detraining-induced atrophy and may facilitate future adaptation. The cellular basis
of muscle memory is not clearly defined but may be related to myonuclear number and/or epigenetic changes within muscle
fibres.

Methods Utilizing progressive weighted wheel running (PoWeR), a novel murine exercise training model, we explored
myonuclear dynamics and skeletal muscle miRNA levels with training and detraining utilizing immunohistochemistry, single fi-
bre myonuclear analysis, and quantitative analysis of miRNAs. We also used a genetically inducible mouse model of fluorescent
myonuclear labelling to study myonuclear adaptations early during exercise.

Results In the soleus, oxidative type 2a fibres were larger after 2 months of PoWeR (P = 0.02), but muscle fibre size and
myonuclear number did not return to untrained levels after 6 months of detraining. Soleus type 1 fibres were not larger after
PoWeR but had significantly more myonuclei, as well as central nuclei (P < 0.0001), the latter from satellite cell-derived or
resident myonuclei, appearing early during training and remaining with detraining. In the gastrocnemius muscle, oxidative type
2a fibres of the deep region were larger and contained more myonuclei after PoWeR (P < 0.003), both of which returned to
untrained levels after detraining. In the gastrocnemius and plantaris, two muscles where myonuclear number was comparable
with untrained levels after 6 months of detraining, myonuclei were significantly elongated with detraining (P < 0.0001). In the
gastrocnemius, miR-1 was lower with training and remained lower after detraining (P < 0.002).

Conclusions This study found that (i) myonuclei gained during hypertrophy are lost with detraining across muscles, even in
oxidative fibres; (ii) complete reversal of muscle adaptations, including myonuclear number, to untrained levels occurs within
6 months in the plantaris and gastrocnemius; (iii) the murine soleus is resistant to detraining; (iv) myonuclear accretion occurs
early with wheel running and can be uncoupled from muscle fibre hypertrophy; (v) resident (non-satellite cell-derived)
myonuclei can adopt a central location; (vi) myonuclei change shape with training and detraining; and (vii) miR-1 levels may
reflect a memory of previous adaptation that facilitates future growth.
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Introduction

It has been proposed that myonuclei gained during the hy-
pertrophic process are permanent.”™ When hypertrophy is
reversed with detraining, muscle fibres should be ‘hyper-
nucleated’ per unit size, theoretically constituting a ‘muscle
memory’ of previous adaptation that may have consequences
for retraining." The majority of experimental data supporting
the myonuclear number-mediated muscle memory hypothe-
sis were gathered using surgical or pharmacological manipu-
lations to alter muscle fibre size, very young animals, or
non-mammalian model systems,">>® thereby limiting trans-
latability to exercise training and detraining in adult mam-
mals. Recently, using a novel progressive weighted wheel
running (PoWeR) approach in adult mice (>4 month old),
our laboratory showed that elevated myonuclear number ob-
served during training returns towards untrained levels fol-
lowing 3 months of detraining in the primarily glycolytic
plantaris muscle.” Although not completely reverted to un-
trained levels, myonuclear loss with detraining challenges
the hypothesis that myonuclei acquired during hypertrophy
are permanent.”3

The relationship between muscle fibre oxidative potential
and the maintenance of myonuclear number during atrophy
following growth is not well characterized. Myonuclei gained
in oxidative muscle fibres during hypertrophy may be more
stable than in glycolytic fibres because oxidative fibres are ac-
tivated more frequently and have higher biosynethetic
rates,®'° but this possibility has not been tested directly. Fur-
thermore, information on the temporal nature of myonuclear
loss following hypertrophy is somewhat limited. One study in
quails reported that an apoptotic loss of myonuclei acquired
during loading-induced hypertrophy is initiated after 7 days
of deloading, but myonuclear number was not quantified,
nor was the time course of myonuclear removal." Our finding
of ~20% loss of myonuclei in the plantaris muscle after
3 months of detraining was noteworthy,” but whether
myonuclear number returns completely to untrained levels
across various muscle groups after PoWeR is unknown. Be-
yond myonuclear number, recent evidence suggests that
DNA methylation changes in skeletal muscle induced by train-
ing could be long-lasting and represent a memory of prior
training exposure that facilitates future adaptation.' Our lab-
oratory and others recently found that muscle-specific
miRNAs (myomiRs) persist for prolonged periods in the ab-
sence of the miRNA processing enzyme Dicer.”®™ If
prolonged miRNA stability is a quality specific to skeletal
muscle,” myomiRs could be good candidates as long-term
epigenetic regulators of exercise adaptation, especially given
their known function in regulating muscle mass.'®™*®

In the current investigation, we provide evidence on
myonuclear accretion and maintenance in skeletal muscles
with different fibre type composition and function after
2 months of PoWeR training and prolonged 6-month

detraining. We hypothesized that oxidative muscle fibres in
the soleus and gastrocnemius would be preferentially
hyper-nucleated per unit size following detraining and that
myonuclear number in the plantaris would reflect untrained
levels after detraining from PoWeR. Our data show that un-
like the gastrocnemius and plantaris muscles, which lose
training-induced adaptations including fibre type distribution,
fibre size, and myonuclear number following 6 months of
detraining, the soleus muscle did not detrain according to
these cellular parameters. Moreover, myosin heavy chain
type 1 fibres of the soleus had elevated myonuclear number
in response to PoWeR in the absence of hypertrophy. Con-
trary to our hypothesis, oxidative type 2a muscle fibres are
not hyper-nucleated per unit size after 6 months of
detraining when hypertrophy is reversed in the gastrocne-
mius. We also report that myonuclear shape changes during
training and detraining, with myonuclei being shorter follow-
ing PoWeR training and elongated after detraining. Finally,
we show that the myomiR miR-1 is lower in PoWeR-trained
gastrocnemius and remains low after detraining, which may
signify an epigenetic memory of prior growth that could facil-
itate future adaptation.

Materials and methods
Ethical approval

All animal procedures were approved by the IACUC of the
University of Kentucky. C57BL/6J mice were obtained
from the Jackson Laboratory (Bar Harbor, ME). The
muscle-specific Tet-On (HSA-rtTA) mouse, created by our
laboratory,” was crossed with the tetracycline response ele-
ment histone 2b green flurorescent protein (TRE-H2B-GFP)
mouse,*° obtained from the Jackson Laboratory, to generate
the HSA-GFP mouse, with pups genotyped as previously de-
scribed by us.”® Mice were housed in a temperature and
humidity-controlled room, maintained on a 14:10-h light—dark
cycle, and food and water were provided ad libitum. Animals
were sacrificed via a lethal dosage of sodium pentobarbital
injected intraperitoneally, followed by cervical dislocation.

Experimental design

An experimental design schematic is presented in Figure 1.
Four month old female mice were assighed to a 2-month
PoWeR group that were 6 months old at the time of euthana-
sia (6M PoW; n =14), a 2-month PoWeR followed by 6 months
of detraining group that were 12 months old at the time of
euthanasia (12M PoW + DT; n = 8), a 6-month-old untrained
control group age matched to the 6M PoW group (6M UT;
n = 13), and a 12-month-old untrained control group age
matched to the detraining group (12M UT; n = 9). Five mice
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Figure 1 Study design schematic illustrating the four groups used for analysis: 6-month-old untrained (6M UT), 6-month-old PoWeR trained (6M
PoW), 12-month-old untrained (12M UT), and 12-month-old PoWeR trained then 6-month detrained (12M PoW + DT). All mice were 4 months old

at the time of being assigned to experimenal groups.

from the PoWeR and UT groups were used for analyses out-
side the scope of the present report resulting in n = 8-9 in all
groups for experiments reported here. We also analysed so-
leus muscles from a 2-month PoWeR followed by 3-month
detrained group (9M PoW + DT, n = 8); the plantaris data
were published previously.” The soleus muscle did not detrain
after 3 months, so we focused our effort on the 6-month
detrained time point (see Supporting Information, Figure
S1). Mice were singly housed during PoWeR to monitor dis-
tance run (km/day) for each mouse, which was recorded
using ClockLab software (Actimetrics, Wilmette, IL). PoWeR
was carried out as previously described.” Briefly, following
1 week of acclimation to an unweighted wheel, 2 months of
PoWeR was 2 g of weight for the first week, 3 g for second
week, 4 g for third week, 5 g for the fourth and fifth week,
then 6 g for the final 3 weeks (Figure 1). Magnets weighing
1 g each were used to load the wheels (B661, K& Magnetics,
Pipersville, PA) and were affixed in one location along the
outside circumference. Mice were moved to non-wheel cages
during detraining. In a separate experiment, HSA-GFP mice
(n = 3 sedentary and n = 4 running) were treated with
0.5 mg/mL doxycycline and 2% sucrose in drinking water, as
described previously by our laboratory," for 7 days followed
by a 5-day washout, and were then allowed free access to a
running wheel for 6 days while consuming 0.5 mg/mL
ethenyldeoxyuridine (EdU, Carbosynth, Berkshire, UK) with
2% glucose in drinking water, replenished on the third day;
the wheel was locked for the final 24 h before euthanasia.
Treatment with doxycycline induced stable GFP labelling of
myonuclei in resting muscle, so only pre-existing resident
myonuclei were GFP+ for the remainder of the experiment
(i.e. satellite cell-derived myonuclei induced from running
were not GFP labelled).

Immunohistochemistry

Immunohistochemistry (IHC) analyses on entire soleus, gas-
trocnemius, and plantaris muscle cryosections was carried
out following embedding in optimal cutting temperature
compound (OCT compound) and snap freezing in isopentane,
as previously described by our laboratory, using antibodies
that are well established as specific.>' For fibre type distribu-
tion, overall muscle fibre cross-sectional area (CSA), fibre
type-specific CSA, and myonuclear density (analysed as
myonuclei per fibre), frozen sections were incubated over-
night in a cocktail of isotype-specific anti-mouse primary
antibodies for types 1, 2a, and 2b, or embryonic MyHC
(eMyHC) from Developmental Studies Hybridoma Bank (lowa
City, lowa, USA), along with an antibody against dystrophin
(11100, ab15277, Abcam, St. Louis, MO, USA), followed by
the appropriate secondary antibodies and/or 4',6-diamidino-
2-phenylindole (DAPI), then mounted using a 50/50 solution
of phosphate-buffered saline and glycerol. EdU incorporation
into DNA was detected in HSA-GFP mice using the detection
cocktail from Kirby et al.,>> which involves copper-mediated
Click-iT chemistry and a TAMRA azide secondary (Click Chem-
istry Tools, Scottsdale, AZ, USA). The detection cocktail for
EdU quenches GFP, so GFP in EdU-labelled muscle sections
was rescued using an anti-rabbit GFP antibody (1:200 in
phosphate-buffered saline, ab6556, Abcam, Cambridge,
United Kingdom) along with goat anti-rabbit biotin secondary
(1:500 in phosphate-buffered saline, 111-065-144, Jackson
Immunoresearch, West Grove, PA, USA) then streptavidin—
horseradish peroxidase—tyramide signal amplification (TSA)
amplification (Invitrogen, Waltham, MA, USA) of the fluores-
cent signal. Central nuclei were assessed manually using
analysis tools in the Zen software, and a myonucleus was
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considered ‘central’ if there was discernable distance be-
tween DAPI and the dystrophin border (i.e. were not located
peripherally, abutting dystrophin).

Single muscle fibre myonuclear analysis

In addition to IHC analysis, myonuclear counts were also con-
ducted on isolated single muscle fibres and normalized to fi-
bre length. This protocol for the plantaris was previously
described by our laboratory and others,”?"?324 and we
adapted it without modification to the soleus and gastrocne-
mius muscles. Briefly, mouse hindlimbs were fixed in situ at
resting length in 4% paraformaldehyde for 48 h to control
for sarcomere spacing. Muscle fibres and adherent cells were
liberated by NaOH incubation, pipetted onto glass slides,
then mounted using VectaShield with DAPI (Vector). Thirty fi-
bres per muscle per mouse (¥300-500 um random linear
segments per individual fibre) were used for myonuclear
number analysis of the soleus and plantaris,?’ whereas 50 fi-
bres per muscle per mouse were analysed in the gastrocne-
mius given its large size and heterogenous mixture of all
four primary skeletal muscle fibre types in mice. To measure
myonuclear length, myonuclei from a random selection of 5
(soleus and plantaris) or 10 (gastrocnemius) muscle fibres
per mouse were measured using tools in the Zeiss Zen soft-
ware. In brief, a line tool was used to measure the length of
individual nuclei along their longest axis (range: 116—240 per
muscle in the soleus, 91-149 per muscle in the plantaris,
and 174-320 per muscle in the gastrocnemius), and a
weighted average myonuclear length value (i.e. accounting
for the number of myonuclei measured in each fibre) for each
muscle was used for statistics.

Image capture

For IHC, images were captured at x20 magnification using a
Zeiss upright fluorescent microscope (Zeiss Axiolmager M1
Oberkochen, Germany). Whole muscle sections were ob-
tained using the mosaic function in Zeiss Zen 2.3 for all mus-
cles analysed. All measures were quantified on entire muscle
cross sections using MyoVision semi-automated analysis soft-
ware, thus mimimizing bias during analysis.>> For single fibre
myonuclear analysis, fibres were imaged at x20 magnification
using the Z-stack function within the Zen software.?" All man-
ual counting was performed by a blinded, trained technician.

RNA extraction and miRNA analysis

A piece of frozen gastrocnemius muscle was taken from the
IHC mount and placed into RNAlater-ICE Frozen Tissue Transi-
tion Solution (Invitrogen) overnight at —20°C. The following
morning, residual OCT was gently removed from each piece

of tissue. RNA was then isolated using the Qiagen miRNeasy
Mini Kit (Qiagen, Germantown, MD, USA). Total RNA concen-
tration was determined using a NanoDrop (ThermoFisher),
and then, RNA quality was assessed using an Agilent 2100
Bioanalyzer Instrument (Agilent, Santa Clara, CA, USA).
MiRNA abundance was then quantified using quantitative sin-
gle molecule direct digital detection (mouse nCounter miRNA
Expression Panel, NanoString, Seattle, WA, USA) and analysed
using nSolver Analysis Software (NanoString). The nCounter
panel multiplexes 577 mouse miRNAs as well as 6 positive
controls, 8 negative controls, 3 ligation positive and 3 nega-
tive controls, 5 mMRNA reference controls, and 5 spike-in
controls to ensure maximum accuracy. Raw read counts were
normalized to the geomentric mean of the positive internal
controls for each sample, then normalized to the geometric
mean of the top 50 most abundant miRNAs (the geometric
mean for the top 50 miRNAs was not significantly different
between groups, analysed via one-way ANOVA). The
minimum threshold was set at 50 copies. All miRNAs that fell
below this threshold were excluded from the analysis.

Statistics

Data were checked for normality and original or
log-transformed mean data were used for analyses. Differ-
ences between 6M UT, 6M PoW, 12M UT, and 12M
PoW + DT were analysed with a one-way ANOVA, in align-
ment with previous rodent studies of similar design,>*® and
a Holm-Sidak post hoc analysis was used when differences
were identified. Comparison of running volume between
6M PoW and 12M PoW + DT was evaluated using a Student’s
two-tailed t-test. To identify miRNAs that could be related to
muscle memory, we overlapped the list of significantly differ-
ent miRNAs in 6M UT versus 6M PoW with 12M UT versus
12M PoW + DT, which yielded a candidate list, and those can-
didates were then analysed via one-way ANOVA to make all
statistical comparisons. For myonuclear number and length
analyses, values per fibre were averaged to generate one
value per mouse, which was then used for statistics. Signifi-
cance was set at P < 0.05, and all data are presented as
mean * standard error.

Results
Mouse characteristics

Female mice that PoWeR trained ran 12.5 + 0.8 km per night
on average (see Dungan et al.”), and 12M PoW + DT mice ran
12.5 £ 0.6 km per night. Running volume was not different be-
tween 6M PoW and 12M PoW + DT. Body weights between
6M PoW and age-matched untrained (6M UT) mice (6 month
old; 23.9 g £ 1.0 vs. 24.0 g * 2.1, respectively; P = 0.96), as
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Figure 2 Soleus muscle size and fibre type with training and detraining. (A) Absolute soleus muscle wet weight in 6M UT, 6M PoW, 12M UT, and 12M
PoW + DT. (B—E) Repesentative immunohistochemistry images from the four groups showing dystrophin (white), type 1 (pink), type 2a (green), un-
stained type 2x and/or 2b fibres (black), and DAPI (blue). (F) Fibre type (FT) distribution. (G) Average muscle fibre cross-sectional area (CSA). (H) Fibre
type-specific CSA. *6M UT versus 6M PoW, A6M UT versus 12M UT, #12M DT versus 12M PoW + DT, "6M PoW versus 12M PoW + DT. All P < 0.05, scale
bars = 50 um, n > 8 per group for each analysis.
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Figure 3 Soleus myonuclear analysis with training and detraining. (A-D) Representative images of longitudinal single muscle fibres from 6M UT, 6M
PoW, 12M UT, and 12M PoW + DT. (E) Single fibre analysis of myonuclear number. (F) Immunohistochemistry (IHC) analysis of myonuclear number. (G)
Fibre type-specific myonuclear number via IHC. (H) Proportion of fibres with central nuclei (CN). (I) Myonuclear length. *6M UT versus 6M PoW, A6M
UT versus 12M UT, #12M DT versus 12M PoW + DT, "6M PoW versus 12M PoW + DT. All P < 0.05, scale bars = 50 um, n > 7 per group for each analysis.
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well as 12M PoW + DT 12M DT mice (12 month old;
33.5 g + 2.7 vs. 31.3 g t 4.4, respectively; P = 0.20), were
not different.

The soleus muscle adapted to PoWeR training but
did not detrain after 6 months

We previously published that the plantaris detrained after a
3-month cessation from PoWeR, which included a reduction
in myonuclear number relative to PoWeR trained.” We simi-
larly analysed the soleus muscle after 3 months of detraining,
and muscle mass, fibre CSA, and myonuclear number mea-
sured on single fibres were the same as in PoWeR trained, in-
dicating that the soleus did not detrain (Figure $1). As such,
we focused our analyses on the 6-month detraining time
point to determine whether oxidative muscle fibres detrain
and if this is associated with higher myonuclear number. Rel-
ative to 6M UT, soleus muscle wet weight was 35% greater in
6M PoW (Figure 2A, P < 0.0001). PoWeR-trained mice had
more type 1 fibres and fewer type 2a fibres relative to 6M
UT (Figure 2B—F, P = 0.0003). Average soleus muscle fibre
CSA, quantified using dystrophin IHC on entire cross sections,
was not significantly larger in 6M PoW versus 6M UT (18%,
Figure 2G, P = 0.14) because type 1 fibres were not larger af-
ter training (Figure 1H); however, type 2a average fibre size
was significantly larger (Figure 2H, P = 0.018). Myonuclear
number was 24% and 20% higher in 6M PoW compared with
6M UT using single fibre (Figure 3A, 3B, and 3E, P = 0.004)
and IHC analyses (Figure 3F, P = 0.001), respectively. Fibre
type-specific analysis via IHC revealed that PoWeR-trained
type 1 fibres had greater myonuclei per fibre than 6M UT de-
spite not being larger (Figure 3G, P = 0.007), while type 2a fi-
bres had elevated myonuclei per fibre associated with larger
fibre CSA (Figure 3G, P = 0.0005). In the soleus, 6.2% of mus-
cle fibres had centrally located myonuclei after PoWeR (Fig-
ure 3H), with 4.7% of those being from type 1 muscle fibres
and 1.5% being from type 2a fibres (Figure 3l1). Myonuclear
length was shorter in PoWeR-trained muscles relative to 6M
UT (Figure 3J, P = 0.03).

Following 6 months of detraining, muscle mass (Figure 2A),
muscle fibre size (Figure 2g), and myonuclear number (Figure
3E and 3F) were all larger than 12M UT (P < 0.01), indicating
that the soleus did not detrain by 6 months after PoWeR
training (consistent with observations at 3 months of
detraining). Type 2x/2b proportion was modestly but signifi-
cantly higher in 12M PoW + DT versus 12M UT (Figure 2F),
while fibre size was larger versus 12M UT and 6M PoW (Figure
2G and 2H). There were more central nuclei in 12M PoW + DT
versus 6M and 12M UT, but fewer than in 6M PoW (Figure 3H
and 31, P = 0.003). Soleus myonuclear length was longer fol-
lowing detraining relative to PoWeR (P = 0.002), but was still
shorter than age-matched untrained (P = 0.007, Figure 3J).

One week of unweighted wheel running caused
developmental myosin expression, myonuclear
accretion, and resident myonuclear mispositioning
in the soleus

We previously published that the proportion of central nuclei
in the plantaris after PoWeR was <2%.” In light of there being
over three times more fibres with central nuclei specifically in
the soleus after PoWeR, we performed a study to determine
whether unaccustomed activity early in training could explain
these findings, as well as to determine the source of these
central nuclei (Figure 4A). The HSA-GFP mouse enables
myonuclei to be fluorescently labelled only in the presence
of doxycycline.” By labelling resident myonuclei prior to
wheel running, and in combination with EdU treatment dur-
ing running, we could for the first time test whether central
nuclei in adult muscle fibres caused by unaccustomed activity
(as opposed to toxin-induced regeneration) were from
fused-in cells that underwent a round of division (e.g. prolif-
erating satellite cells), from a cell that had fused in without
proliferation, from a resident myonucleus that had migrated,
or a resident myonucleus that had undergone DNA synthesis.
In the soleus muscle of HSA-GFP mice following 6 days of un-
weighted running, which is a normal component of initiating
the PoWeR protocol,” there were eMyHC+ fibres that were
large in calibre (likely pre-existing muscle fibres that experi-
enced significant satellite cell fusion, because eMyHC expres-
sion is satellite cell-dependent in adult muscle*”**) as well as
smaller myofibers (likely de novo) (Figure 4B), many of which
contained central nuclei (Figure 4C). Central nuclei after
short-term wheel running dovetails with previous reports.%’
The majority of central nuclei were GFP— (88%), likely derived
from satellite cell fusion in the time after doxycycline treat-
ment. Muscle fibres with central nuclei (8.2%) were
eMyHC—/GFP+, eMyHC+/GFP+, or eMyHC+/GFP— (Figure
4C). Centrally nucleated eMyHC—/GFP— fibres were ex-
tremely rare; only two such events were identified across all
sections analysed, indicating that eMyHC expression almost
always occurs simultaneously with a central nucleus during
short-term exercise. To label nuclei that had undergone DNA
replication, we delivered EdU in drinking water to sedentary
and wheel running mice. Most central nuclei were GFP—/
EdU+ in running mice, showing that myonuclear donors (i.e.
satellite cells) divided prior to fusion; the remaining central
nuclei were GFP+/EdU— (12%), suggesting that resident
myonuclei can translocate to the centre of the fibre without
DNA synthesis (Figure 4D-D"). GFP—/EdU— central nuclei
were exceedingly rare (only three total identified across all
muscle cross sections analysed). We also observed GFP—/
EdU+ peripheral myonuclei (Figure 4E—E”). Nuclear dynamics
and eMyHC data for running mice are reported in Figure 4F.
The data for sedentary mice are not shown because there
were no eMyHC+ fibres, negligible mispositioned myonuclei,
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Figure 4 Soleus myonuclear dynamics during unweighted wheel running. (A) Study design illustrating resident myonuclear labelling in HSA-GFP mice,
ethenyldeoxyuridine (EdU) labelling for DNA synthesis, and unweighted wheel running. (B) Representative image of immunohistochemistry (IHC) for
dystrophin (red) and embryonic myosin heavy chain (eMyHC, orange), scale bar =100 um. (C) Representative image of IHC for dystrophin (red), nuclei
(DAPI), and green fluorescent protein (GFP)-labelled non-satellite cell-derived resident myonuclei (green), with eMyHC (orange) added in (C’). In (C),
blue arrows point to central nuclei found in eMyHC+ fibres, the green arrow points to a GFP+ central myonucleus in an eMyHC— fibre, and the yellow
arrow points to a GFP+ myonucleus in an eMyHC+ fibre. (D-D”) Representative IHC images showing a GFP+/EdU— myonucleus (green arrow) and
GFP—/EdU+ central myonuclei (grey arrows) within dystrophin (pink). (E-E”) Representative images showing EdU+ peripheral myonuclei (grey arrows).
(F) Prevalence of total central nuclei, EdU+/GFP— central nuclei, GFP+/EdU— central nuclei, EdU+/GFP— peripheral myonuclei, and eMyHC expression.
Scale bars = 50 um, n = 4 for running and n = 3 for sedentary (data not shown for sedentary mice due to negligble EdU and eMyHC expression).

and very few EdU+ nuclei. In context with the soleus PoWeR
findings, and although we did not measure muscle membrane
damage/disruption directly, these results support the hypoth-
eses that myonuclear accretion could be driven by damage
and not hypertrophy, that resident (non-satellite cell-derived)

myonuclei are mobile and can participate in the damage re-
sponse by relocating to the center of muscle fibres (without
DNA synthesis), and that the majority of central nuclei found
at the end of PoWeR may have resulted from unweighted
wheel running at the beginning of training.
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The gastrocnemius muscle undergoes fibre
type-specific adapations to PoWeR and detrains
after 6 months

Relative to 6M UT, gastrocnemius wet weight was not differ-
ent in 6M PoW mice (Figure 5A). PoWeR-trained mice had
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more type 1 and type 2a fibres and fewer type 2x and 2b fi-
bres relative to 6M UT (Figure 5B—F, P < 0.0001). It is impor-
tant to note that even though there were more type 1 fibres
following PoWeR, these fibres make up a small percentage of
the total number of fibres in the gastrocnemius (~3-6%).
Average gastrocnemius muscle fibre CSA was not different
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Figure 5 Gastrocnemius muscle size and fibre type with training and detraining. (A) Absolute gastrocnemius muscle wet weight in 6M UT, 6M PoW,
12M UT, and 12M PoW + DT. (B—E) Repesentative immunohistochemistry images from the four groups showing dystrophin (white), type 2a (green),
unstained type 2x and/or 2b fibres (black), and DAPI (blue). (F) Fibre type (FT) distribution. (G) Average muscle fibre cross-sectional area (CSA). (H)
Fibre type-specific CSA. *6M UT versus 6M PoW, ~6M UT versus 12M UT, #12M DT versus 12M PoW + DT, "6M PoW versus 12M PoW + DT. All

P < 0.05, scale bars = 50 um, n > 8 per group for each analysis.
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between 6M UT and 6M PoW mice (Figure 5G). No difference
in average fibre CSA is likely attributable to the glycolytic
(larger fibres) to oxidative (smaller) fibre type shift and lack
of effect of PoWeR training on type 2b and 2x CSA; however,
type 2a fibre CSA was larger in 6M PoW mice (Figure 5H,
P < 0.0001). Type 1 fibres were not significantly larger follow-
ing PoWeR (Figure 5H). Myonuclear number was 13% and 14%
higher in 6M PoW compared with 6M UT gastrocnemius
muscles via single fibre (Figure 6A, 6B, and 6E, P = 0.005)
and IHC analyses (Figure 6F, P > 0.05), respectively. The
latter analysis showed that only type 2a fibres had a higher
myonuclear number in 6M PoW versus 6M UT (Figure 6G,
P = 0.003). The less abundant type 1 fibres did not exibit
myonuclear accretion (Figure 6G). Myonuclear length quanti-
fication showed that myonuclei from PoWeR-trained mice
were shorter than those in 6M UT mice (Figure 6H, P = 0.01).
Fibre type composition (Figure 5F), fibre type-specific CSA
(Figure 5H), and myonuclear number (Figure 6E and 6F) in
12M DT were not different from 12M UT but were different
from 6M PoW, suggesting that unlike the soleus, the gastroc-
nemius detrained from PoWeR. The deep region of the gas-
trocnemius is the most oxidative portion of any mouse
hindlimb muscle.?® We analysed fibre type-specific
myonuclear number via IHC in that region to address our hy-
pothesis that oxidative muscle fibres would be
hyper-nucleated per unit size after detraining. Myonuclei
per fibre was the same between 12M UT and 12M
PoW + DT in highly oxidative type 2a fibres and lower than
6M PoW (Figure 6G), suggesting that myonuclei were lost in
oxidative fibres with detraining. Myonuclei were significantly
more elongated in 12M PoW + DT compared with UT and 6M
PoW, quantified on isolated single fibres (Figure 6H,
P < 0.01). [Correction added on 14 September 2020 after first
online publication: The second value of “12M PoW” in the
preceding sentence has been corrected to “6M PoW”.]

Myonuclear number is the same in detrained and
untrained plantaris muscles after 6 months, but
myonuclei are elongated in detrained muscle

We previously reported that muscle mass, fibre type distribu-
tion, and fibre CSA were identical to untrained mice following
3 months of detraining in the plantaris muscle.” Relative to
12M UT, the same was true following 6 months of detraining
from PoWeR in the plantaris (Figure 7). Myonuclear number
was signicantly lower in 3-month detrained mice relative to
PoWeR-trained mice, but still 7% (single fibre) and 12% (IHC)
higher than age-matched controls.” Plantaris myonuclear
number was essentially identical comparing 12M UT versus
12M PoW + DT via single fibre (Figure 7G—I) and IHC analyses
(Figure 7) and 7K). Similar to the gastrocnemius, 12M
PoW + DT mice had elongated myonuclei relative to 12M UT
(Figure 7L, P = 0.003).

Gastrocnemius miRNA levels change with training,
and miR-1 remained lower after 6 months of
detraining

To gain insight into how PoWeR training affects muscle
miRNA levels, and whether miRNA changes induced by
PoWeR could persist throughout detraining, we conducted
guantitative single molecule direct digital detection analysis
(NanoString) in the gastrocnemius muscle that experienced
fibre type-specific hypertrophy and atrophy. After threshold
filtering low-abundance miRNAs, 139 miRNAs were analysed
and 13 were uniquely differentially regulated in 6M PoW ver-
sus 6M UT (Figure 8A and 8B, P < 0.05). Relative to 12M UT
mice, seven miRNAs were uniquely differentially regulated in
12M PoW + DT mice (Figure 8A and 8C, P < 0.05). Two
miRNAs, miR-1 and miR-146a, were differentially regulated
in both the PoWeR trained and detrained states (Figure 8A
and 8D). Statistical analysis across all four groups revealed
that miR-1 was significantly lower in 6M PoW versus 6M UT
(P = 0.002) and in 12M PoW + DT relative to 12M UT
(P = 0.02). For miR-146a, only the difference between 6M
PoW versus 6M UT was significant via one-way ANOVA
(P = 0.007). Worth noting is that miR-1 was the most abun-
dant of all miRNAs analysed, more than twice as high as the
next most abundant miRNAs measured (miR-22 and miR-
133a). Raw data are presented in Data S1.

Discussion

Utilizing PoWeR, a new model of voluntary murine exercise
training,” we provide evidence on muscle and fibre type spec-
ificity in the training and detraining response. Although we
did not measure muscle function, PoWeR results in classic
cellular-level changes associated with human resistance train-
ing, such as a faster-to-slower fibre type transition,>®
preferential hypertrophy of fast-twitch muscle fibres (see
review in Murach et al.3°), and myonuclear accretion
(reviewed in Murach et al.), but is a voluntary ‘hybrid’
endurance/resistance stimulus that is much higher in volume
and frequency than traditional resistance training,3' so our re-
sults should be interpreted in this light. The current findings
indicate that fibres of the gastrocnemius and plantaris mus-
cles have larger CSA and myonuclear content with training
and values similar to untrained mice following 6 months of
detraining, regardless of fibre type. In our hands, the soleus
did not detrain according to fibre type distribution, size, or
myonuclear number after a 6-month cessation from PoWeR.
We speculate that the chronic activation pattern in this pos-
tural muscle, as well as the rapid increase in body weight that
ensued during detraining, could explain why the soleus did
not lose myonuclei, although there are likely other reasons
that could account for this. Not all myonuclei are at their
transcriptional maximum at rest,>> and myonuclei are
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Figure 7 Plantaris adaptations to detraining (plantaris training data published in Dungan et al.”). (A) Absolute plantaris muscle wet weight in 12M UT
and 12M PoW + DT. (B—C) Repesentative immunohistochemistry (IHC) image from (B) 12M UT and (C) 12M PoW + DT mice showing dystrophin (white),
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(F) Fibre type-specific muscle fibre CSA. (G-H) Representative images of longitudinal single muscle fibres from (G) 12M UT and (H) 12M PoW + DT. (I)
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reportedly active in a pulsatile and potentially stochastic
fashion.3*33 If skeletal muscle maintains DNA dosage accord-
ing to how frequently a nucleus is ‘turned on’, the recruit-
ment pattern of soleus myonuclei during detraining was
seemingly adequate to protect myonuclei from being
targeted for removal. Furthermore, type 1 fibres of the soleus
experienced myonuclear accretion in the absence of hyper-
trophy during PoWeR, which was likely a response to damage
early in training. In muscles such as the gastrocnemius that
demonstrated myonuclear loss with detraining, persistent re-
pression of miR-1 after training may serve as a muscle mem-
ory of previous adaptation that primes muscle for future
hypertrophic growth.

To address our hypothesis that oxidative muscle fibres re-
tain myonuclei following atrophy with detraining, we
analysed type 2a muscle fibres of the gastrocnemius muscle.
The gastrocnemius does not contain many type 1 fibres, but
the deep ‘red’ region of the medial gastrocnemius is the most
oxidative portion of any muscle in the mouse hindlimb and
contains an abundance of highly oxidative type 2a fibres.?®
Contrary to our hypothesis, these oxidative (albeit fast-
twitch) muscle fibres in 12M PoW + DT mice had the same
number of myonuclei as 12M UT mice; we therefore infer that
the myonuclei gained during PoWeR in oxidative muscle fi-
bres were lost upon detraining. Soleus type 2a muscle fibres
did not show a detraining effect, with potential reasons

Journal of Cachexia, Sarcopenia and Muscle 2020; 11: 1705-1722
DOI: 10.1002/jcsm.12617



1718

K.A. Murach et al.

discussed above, but it is also possible that type 2a fibres in
the soleus are inherently different from gastrocnemius type
2a fibres. Even if detraining could be induced in the soleus,
type 2a fibres may remain hyper-nucleated per unit size long
term; the same could be true for type 1 fibres. A study where
post-training cage activity and food consumption (and there-
fore body weight) are controlled to potentially facilitate so-
leus detraining and/or a longer detraining period may
address these issues. Nevertheless, the current evidence sug-
gests that oxidative muscle fibres contain fewer myonuclei
when hypertrophy is reversed, comparable with glycolytic
muscle fibres [Corrections added on 14 September 2020 after
first online publication: The “6M DT” and “6M UT” mice in
the preceding sentence have been corrected to “12M PoW
+ DT” and “12M UT” respectively.].”3*

Because there were more centrally located myonuclei in
the soleus than in the plantaris muscle after 2 months of
PoWeR training,” we hypothesized that muscle fibre damage
in response to unaccustomed wheel activity may explain this
observation. Following 6 days of unweighted wheel running,
central myonuclei, as well as eMyHC+ fibres (suggestive of
muscle damage), were apparent in the soleus. The HSA-GFP
mouse combined with EdU labelling revealed that central
myonuclei are primarily GFP—/EdU+, so were derived from
myonuclear donors, likely satellite cells. All centrally located
GFP+ myonuclei were EdU—, so resident myonuclear reposi-
tioning also appears to contribute to the muscle fibre adaptive
response to exercise. Type 1 fibres of the soleus experienced
significant myonuclear accretion in the absence of hypertro-
phy after 2 months of PoWeR, raising the possibility that mus-
cle fibre sarcolemmal damage and/or inflammation-related
signalling associated with unaccustomed exercise, as opposed
to hypertrophy per se, creates a local cellular milieu that pro-
motes satellite cell fusion to adult muscle fibres.3>3® To this
point, human investigations report increased myonuclear
number after strenuous non-hypertrophic activities such as
multiday ultra-endurance exercise,3” intense endurance exer-
cise training in athletes,3¥74° and traditional resistance train-
ing in older individuals,” the latter of which aligns with
functional overload data in aged mice.** Rodent studies also
show myonuclear accretion in the absence of hypertrophy
with acute downhill running3® and chronic voluntary wheel
running,*® as well as with induced genetic overexpression of
Sirt1 specifically in muscle (which was not associated with in-
creased muscle oxidative capacity)** and phosphatase and
tensin homolog (PTEN) depletion/mTOR hyperactivation spe-
cifically in satellite cells.*” It is possible that increased muscle
oxidative potential triggers satellite cell fusion,*®4” but the
available evidence suggests that satellite cell fusion during
running is not to support skeletal muscle metabolic adapta-
tions because global oxidative shifts (e.g. fibre type transi-
tions, succinate dehydrogenase and voltage-dependent
anion channels (VDAC) levels, muscle lipid content) occur to
a similar extent with wheel running in the presence and

11

absence of satellite cells.*®75° Although type 1 fibres of the so-
leus were not larger after PoWeR, it is worth noting that they
had the most central myonuclei and were significantly larger
than untrained muscle fibres after 6 months of detraining; this
delayed growth response could be related to the modest pro-
portion of regenerating fibres and is worthy of further
investigation.

Our laboratory and others report that depletion of satellite
cells, the primary contributors of myonuclei, in adult seden-
tary mice generally does not result in a catastrophic nor ap-
preciable loss of myonuclei across multiple muscles
throughout the lifespan.*>495"52 While alternative stem cell
populations may contribute to adult muscle fibres in some
capacity,”®>* resident myonuclei may be permanent under
non-stressed conditions. By contrast, under conditions of dy-
namic remodelling such as exercise training, the myonuclei
that are gained from satellite cells could be lost when hyper-
trophic adaptations are reversed. One avian study suggests
that satellite cell-derived myonuclei are the first to be
targeted for removal with deloading.” Shortened myonuclei
in PoWeR-trained muscle fibres and elongated myonuclei in
6-month detrained muscle fibres could be a response to a
gain and loss of satellite cell-derived myonuclei, and we
captured the process of myonuclear migration.>>>® Nuclear
repositioning could be for the purpose of maintaining the
‘myonuclear domain’,*”*® but could also be related to
cytoskeletal rearrangement,5%®° changes in innervation,®"2
and/or blood vessel remodelling,®® which may occur
coincident with detraining. Nuclei are mechanosensors,®47®
and myonuclear shape change could also be the consequence
of alterations in transcriptional output. Alternatively,
myonuclear shape change may be related to Pgcia
expression.*’ Regardless, the development of new genetic
tools for specifically and conditionally labelling myonuclei in
adult mice in vivo could provide further insight into how
and which myonuclei migrate, as well as how and which
myonuclei are removed during detraining."”®

MicroRNAs function epigenetically because they alter cel-
lular transcript levels and/or protein abundance without af-
fecting the genetic code.®” In skeletal muscle, miR-1 is highly
abundant, represses pro-growth processes, and is robustly
and progressively down-regulated in response to a hypertro-
phic stimulus'®'®®8 miR-1 down-regulation also occurs in
PoWeR-trained muscle as shown here. Others have found
that atrophied muscles regrow more rapidly if previously
having undergone hypertrophy.*"> The mechanism for persis-
tently reduced miR-1 after detraining is unclear, but if miR-1
functions as a molecular ‘brake’ that tunes hypertrophic
signalling,”®"7"%® it would be easier to overcome this attenu-
ated brake in the detrained state when a second wave of
hypertrophic signalling is encountered (i.e. retraining). Thus,
lower miR-1 with detraining could represent a ‘memory’ of
previous adaptation that primes the muscle molecular ma-
chinery for efficient regrowth.
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Muscle Memory With Atrophy After Hypertrophy
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Figure 9 Summary figure: a proposed model for a cellular muscle memory of previous hypertrophy. With 2 months of PoWeR training in the plantaris
(see Dungan et al. 2019) and gastrocnemius (type 2a fibres in the current investigation), myonuclear number increases simultaneous with hypertrophy,
and miR-1 levels are lower (measured in the gastrocnemius). Myonuclei are also shorter after PoOWeR training in the gastrocnemius. Following 6 months
of detraining after PoWeR, muscle fibre size and myonuclear number return to untrained levels in the plantaris and gastrocnemius, miR-1 levels remain
lower (measured in gastrocnemius), and myonuclei are longer (gastrocnemius and plantaris). We hypothesize that lower miR-1 levels during PoWeR
facilitate hypertrophy by promoting pro-growth gene expression, while persistently lower levels with detraining could allow for more efficient re-

growth with retraining.

Anlaysis of human training/detraining data®® indicates that
myonuclei gained during hypertrophy are lost upon
detraining,”® which is congruent with recent training/
detraining studies conducted in older individuals by indepen-
dent laboratories,>*”" as well as our current and previous
data in mice.” With mounting evidence for myonuclear loss
following atrophy,®72 we propose a model where an elevated
number of myonuclei could potentially serve as one compo-
nent of a muscle memory of previous hypertrophy in the
short term (e.g. <3 months in mice),>* but that alternative
epigenetic mechanisms such as myonuclear DNA methyla-
tion, histone modifications, or miRNA expression could ex-
plain muscle memory in the long-term after myonuclear
number has stabilized">7°7374 (Figure 9). Furthermore, myo-
blasts are shown to have a long-term epigenetic memory of
previous exposure to stress in vitro’>, so satellite cells could
theoretically contribute to muscle memory in myofibers via
recently identified fusion-independent mechanisms in vivo.”®
Future studies may employ newly developed voluntary”” or

involuntary resistance training paradigms (exercise dosage
can be controlled for in the latter)”®7° for mice that can com-
plement PoWeR (recently reviewed here®) and will aim to
address how myonuclei are removed during detraining, the
role of myonuclear translocation during exercise adaptation,
whether epigenetic changes could explain myonuclear shape
transformations with training and detraining, which
exercise-induced epigenetic alterations to myonuclei are
permanent, and how miR-1 could facilitate retraining
adaptations.
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Figure S1 Muscle mass, fiber type, size, and myonuclear num-
ber after 3 months of detraining in the soleus. (A) Soleus
muscle mass in PoWeR trained (6M PoW) versus 3 month
detrained (9M PoW+DT). (B&C) Repesentative IHC images
from 6M PoW and 9M PoW+DT showing dystrophin (white),
Type 1 (pink), Type 2a (green), unstained Type 2x and/or
2b-containing fibers (black), and DAPI (blue). (D) Fiber type
(FT) distribution. (E) Fiber cross sectional area (CSA). (F&G)
Representative images of longitudinal single muscle fibers
from (F) 6M PoW and (G) 9M PoW+DT. (H) Single fiber anal-
ysis of myonuclear number.

Data S1 Raw data for quantitative single molecule direct dig-
ital detection (NanoString) analysis of miRNAs in the gastroc-
nemius muscle
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