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Muscle from aged rats is resistant to mechanotherapy

during atrophy and reloading
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Abstract Massage is a viable mechanotherapy to im-
prove protein turnover during disuse atrophy and im-
prove muscle regrowth during recovery from disuse
atrophy in adult muscle. Therefore, we investigated
whether massage can cause beneficial adaptations in
skeletal muscle from aged rats during normal weight-
bearing (WB) conditions, hindlimb suspension (HS), or
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reloading (RE) following HS. Aged (30 months) male
Fischer 344/Brown Norway rats were divided into two
experiments: (1) WB for 7 days (WB, n=_8), WB with
massage (WBM, n =8), HS for 7 days (HS7, n =8), or
HS with massage (HSM, n = 8), and (2) WB for 14 days
(WB14, n=38), HS for 14 days (HS14, n = 8), reloading
(RE, n=10), or reloading with massage (REM, n = 10)
for 7 days following HS. Deuterium oxide (D,0) label-
ing was used to assess dynamic protein and ribosome
turnover in each group and anabolic signaling pathways
were assessed. Massage did have an anabolic benefit
during RE or WB. In contrast, massage during HS
enhanced myofibrillar protein turnover in both the mas-
saged limb and contralateral non-massaged limb com-
pared with HS, but this did not prevent muscle loss.
Overall, the data demonstrate that massage is not an
effective mechanotherapy for prevention of atrophy
during muscle disuse or recovery of muscle mass during
reloading in aged rats.

Keywords Aging - Disuse atrophy - Protein turnover -
Ribosome biogenesis - Mechanotherapy

Introduction

Age-related muscle loss is a primary contributor to loss
of independence and all-cause mortality in aged popu-
lations (Hirani et al. 2015; Marsh et al. 2011; Rantanen
et al. 1999; Szulc et al. 2010). In addition, aged muscle
does not adequately recover muscle mass and strength
after periods of inactivity or bed rest, further
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contributing to loss of functional mobility in the aged
(English and Paddon-Jones 2010; Magne et al. 2011;
Mosoni et al. 1999; White et al. 2015). The failed
muscle regrowth following a period of disuse atrophy
often leads to disability in previously independent el-
derly individuals (Covinsky et al. 2003; Kortebein
2008; Kortebein et al. 2008; Suetta 2017). Thus,
regaining muscle mass and function during recovery
from disuse or intervening during a period of inactivity
to attenuate atrophy is of critical importance in older
adults.

Itis not clear why skeletal muscle in older individuals
is resistant to regrowth after a period of atrophy. In
various studies, this resistance has been attributed to
dampened rates of protein synthesis (Fry et al. 2011;
West et al. 2018), reduced activation of Akt/mTOR
signaling (Fry et al. 2011; Funai et al. 2006;
Parkington et al. 2004; Thomson and Gordon 2006),
reduced sensitivity to amino acids (Burd et al. 2013),
blunted ribosome biogenesis (Kirby et al. 2015), and
reduced insulin sensitivity (Rasmussen et al. 2006) com-
pared with adult muscle. Aging induces changes in
anatomical structure and stiffness of the muscle that
may impact its mechanosensing ability to mechanical
stimuli (Kennedy et al. 2020). Basal metabolic traits,
such as mitochondrial capacity, have also been shown to
be impaired in skeletal muscle with aging and can
certainly impede the ability of aged muscle to adapt to
exercise and mechanotherapies (Lagerwaard et al.
2020). However, not all studies agree with these find-
ings as some indicate that there are no issues with
anabolic signaling or mechanosensitivity in aged muscle
(Hornberger et al. 2005; Magne et al. 2011; Miller et al.
2019; Moro et al. 2018; Paddon-Jones et al. 2004; White
et al. 2015). Since it is incompletely understood why
aged muscle does not regrow in a similar manner to
adult muscle, therapeutic interventions to facilitate re-
growth are lacking.

Our work has demonstrated that the massage mimet-
ic, cyclic compressive loading (CCL), may be a useful
mechanotherapy to minimize skeletal muscle atrophy
during a period of unloading (Lawrence et al. 2020)
and aids in regrowth during reloading in adult muscle
(Miller et al. 2018). In these studies, we showed that
massage elevates rates of myofibrillar protein synthesis
in the massaged limb, while also providing beneficial
effects on the contralateral non-massaged muscle
(Lawrence et al. 2020; Miller et al. 2018). To date, our
studies have mainly focused on adult muscle, while the
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potential therapeutic effect of CCL in old muscle re-
mains largely unknown. In one previous study, we used
a single bout of massage on unperturbed muscle indi-
cating that massage was largely ineffective at stimulat-
ing anabolic responses, including protein synthesis, in
either adult or aged muscle (Van Pelt et al. 2019).
However, a single bout of massage did increase the
satellite cell abundance in both adult and aged skeletal
muscle (Hunt et al. 2019), which may be beneficial for
recovery from injury. Whether repeated bouts of mas-
sage are useful as a mechanotherapy in aged muscle
during disuse, reloading, or unperturbed conditions
(i.e., normal weight bearing) is currently unknown.

Muscle size regulation is regulated by the balance
of protein synthesis and degradation, and it is impor-
tant to understand how each contributes to atrophy,
regrowth, and response to massage. We previously
used deuterium oxide (D,0) labeling to show that
compared with normal loading, there is lower protein
synthesis and higher protein degradation during dis-
use atrophy and that massage can offset these changes
by stimulating protein synthesis and suppressing deg-
radation (Lawrence et al. 2020). In order to under-
stand the mechanistic underpinnings of changes in
protein synthesis, we used D,0 to measure ribosomal
biogenesis and degradation. In adult muscle during
disuse atrophy, we found that the rate of ribosomal
degradation was much greater than during normal
weight bearing without a change in ribosome biogen-
esis. We also found that massage was able to attenuate
the elevation in ribosome degradation (Lawrence
et al. 2020). Ribosome biogenesis is an important
factor for muscle hypertrophy (reviewed in Figueire-
do and McCarthy (2019)), and by directly measuring
changes in turnover, we were able to show that ribo-
some degradation may be a more important factor that
limits translational capacity during atrophic condi-
tions (Lawrence et al. 2020). In this study, we lever-
age D,O labeling techniques to further understand
dynamic protein and ribosomal turnover in aged mus-
cle with atrophy, regrowth, and with massage.

The purpose of the present study was to assess if
massage is an effective mechanotherapy in muscle of
older rats during unperturbed weight-bearing (WB) con-
ditions, during disuse from hindlimb suspension (HS),
and during reloading after disuse (RE). Our study used
long-term stable isotope measurements of protein and
ribosome turnover to better understand the mechanisms
underlying massage as a mechanotherapy in aged
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muscle. Based on our previous work in adult rats
(Lawrence et al. 2020; Miller et al. 2018), we hypothe-
sized that multiple bouts of massage applied during
weight-bearing conditions would not affect muscle size
or protein turnover, whereas massage applied during
disuse and reloading would protect against muscle loss
and aid in recovery of muscle size, respectively, by
influencing protein and ribosome turnover processes.
Finally, we hypothesized that massage would also have
positive effects on the contralateral non-massaged limb
as we have shown previously in adult rats.

Materials and methods
Study design and animal experimentation

All animal procedures were conducted in accordance
with institutional guidelines for the care and use of
laboratory animals and were approved by the Institu-
tional Animal Care and Use Committee of the Uni-
versity of Kentucky. The study was conducted in
adherence to the NIH Guide for the Care and Use of
Laboratory Animals. Thirty-month-old male Fischer
344/Brown Norway (F344BN) F1 hybrid rats (Na-
tional Institute on Aging, Bethesda, MD) were housed
in a temperature- and humidity-controlled room and
maintained on a 12:12-h light—dark cycle with ad
libitum access to food and water within the Division
of Laboratory Animal Resources at the University of
Kentucky.

Experimental groups and D,0 labeling

In order to determine if massage had the same beneficial
response in aged muscle as we observed in adult rats, we
repeated our previous study designs (Lawrence et al.
2020; Miller et al. 2018). To explore the effect of
massage during WB and HS (Fig. 1a) rats were random-
ly assigned to four groups: normal ambulatory weight
bearing (WB; n=_8), weight bearing with massage
(WBM; n=9), hindlimb suspension for 7 days (HS7;
n = 8), and hindlimb suspension for 7 days with massage
(HSM; n=9). To determine the effect of massage dur-
ing RE (Fig. 1b), rats were randomly assigned to an
additional four groups: ambulatory weight bearing for
14 days (WB14, n = 8), hindlimb suspension for 14 days
(HS14, n = 8), hindlimb suspension for 14 days follow-
ed by reloading (RE, n = 10), or reloading with massage
(REM, n =10) for 7 days. For massage, CCL (described
below) was applied to the right gastrocnemius muscle of
WBM, HSM, or REM rats every other day starting on
day 0 for a total of 4 bouts (Lawrence et al. 2020; Miller
etal. 2018). Rats were euthanized 24 h after the last bout
of massage or at indicated times (Fig. 1).

In the first experiment, all groups received an i.p.
bolus of (99%) D,0O 2 days prior to the start of the
experiment followed by drinking water enriched with
8% D,0O until sacrifice (Fig. 1a). The experimental
period (WB or HS) lasted 7 days with 4 bouts of mas-
sage in the appropriate groups (Lawrence et al. 2020).
For the second experiment (Fig. 1b), all groups were
given an i.p. DO bolus followed by 8% D,0O-enriched
drinking water until euthanasia, which totaled 14 days

a Experiment #1 Experiment #2
L 1 1 1 1 ] L | 1 | | 1
-2 0 2 4 6 7 day 14 2 0 2 4 6 7 day
wB 1 WB14 T 1
D,0 euthanasia D,0 euthanasia
WBM T T T T T " HS14 D. ot HS euthanasia
D,0 euthanasia ? D,0 in drinking water
wr B ! e {1 1 1
D,0 suspension euthanasia -
T T T T HS D,0 Reloading euthanasia
Hs D,0 nsion thanasi REM T T t T T T T
2 suspensiol euthanasia HS D,0 Reloading euthanasia
1: massage D,0 in drinking water T= massage D,0 in drinking water

Fig. 1 Overview of experimental designs. a WB, weight bearing
for 7 days; WBM, weight bearing with massage; HS7, hindlimb
suspension for 7 days; HSM, hindlimb suspension with massage.
b WB14, weight bearing for 14 days; HS14, hindlimb suspension
for 14 days; RE, 14 days of hindlimb suspension followed by

7 days of reloading; REM, 14 days of hindlimb suspension
followed by 7 days of reloading with massage. Grey arrows
indicate when massage was applied through CCL and black ar-
rows with D,O indicate time points of heavy water injections. Rats
received D,O in drinking water after the injections until euthanasia
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for WB14 and HS14 and 9 days for RE and REM
(Miller et al. 2018).

Hindlimb suspension

For hindlimb suspension, a tail device containing a hook
was attached with gauze and cyanoacrylate glue while
the animals were anesthetized with isoflurane (2% by
inhalation) (Lawrence et al. 2020; White et al. 2015).
After the animal regained consciousness, the tail device
was connected via a thin cable to a pulley sliding on a
vertically adjustable stainless steel bar running longitu-
dinally above a high-sided cage. The system was de-
signed in such a way that the rats could not rest their
hindlimbs against any side of the cage (Lawrence et al.
2020; White et al. 2015).

CCL, a massage mimetic, of gastrocnemius muscle

CCL, consisted of 30-min bouts of mechanical loading
over the gastrocnemius muscle at 4.5 N load and 0.5 Hz
as described previously (Lawrence et al. 2020; Miller
et al. 2018; Waters-Banker et al. 2014). For CCL appli-
cation, rats were anesthetized using isoflurane (5% in-
duction, 2% maintenance isoflurane/500 ml oxygen via
a nose cone) and placed left lateral recumbent on a
heated sling with the right hindlimb secured to a small
platform by athletic tape encircling the talocrural joint.
The lateral aspect of the gastrocnemius muscle was
placed facing superiorly for the application of CCL by
a custom-fabricated CCL device (Butterfield et al. 2008;
Lawrence et al. 2020; Miller et al. 2018; Van Pelt et al.
2019). A spring-loaded strut mechanism was designed
to allow a cylinder to roll longitudinally over the
contoured mass of the right gastrocnemius and displace
vertically in response to the normal force exerted up-
wards from the tissue to the roller during an oscillating
movement. A force transducer enabled continuous, real-
time voltage output, calibrated to known loads, permit-
ting tuning of the normal force applied to the roller. The
roller cycled along the length of the gastrocnemius
muscle, compressing both the medial and lateral heads.
Non-massaged groups were anesthetized and placed
lateral recumbent without application of CCL (sham
treatment) for 30 min (Butterfield et al. 2008;
Lawrence et al. 2020; Miller et al. 2018; Van Pelt
et al. 2019).
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Blood and tissue collection

Rats were euthanized by i.p. injection of sodium
pentobarbital followed by exsanguination through
cardiac puncture (Lawrence et al. 2020; Miller et al.
2018). Blood was collected, clotted at room tempera-
ture for 30 min, and then centrifuged at 2000g for
10 min at 4 °C. Serum was aliquoted and frozen at —
80 °C until analyses. Gastrocnemius muscles were
quickly harvested, trimmed of connective tissue and
fat, weighed, and cut midbelly with the distal half
mounted for tissue sectioning, while the remainder
was flash frozen in liquid nitrogen. For rats in the
non-massaged groups (WB, HS7, WB14, HS14,
RE), only the right gastrocnemius muscle was ana-
lyzed, while for WBM, HSM, and REM, both the
non-massaged left (WBM-L, HSM-L, REM-L, re-
spectively) and massaged right muscle were analyzed
to be able to determine effects of massage on the
contralateral side to the massaged limb.

Total RNA isolation

Total RNA was isolated from a frozen section of muscle
(~30-75 mg) in 1 ml TRIzol (Thermo Fisher Scientific,
Rockford, IL, USA) using a handheld homogenizer
(Lawrence et al. 2020; Miller et al. 2019). The homog-
enate was centrifuged at 12,000g for 10 min at4 °C. The
resulting supernatant was removed and 200 pl of chlo-
roform was added. The mixture was shaken by hand
vigorously then centrifuged at 12,000g for 15 min at
4 °C. The upper aqueous layer was isolated, mixed with
500 pl of isopropanol, and then left to incubate at room
temperature for 20 min. After incubation, the mixture
was centrifuged at 12,000g for 10 min at 4 °C to pellet
RNA. The RNA pellet was isolated, rinsed with 1 ml of
75% ethanol, and resuspended in 50 pl of molecular
biology grade H,O. RNA integrity was determined
using the Agilent Bioanalyzer (Agilent Technologies,
Santa Clara, CA, USA) and RNA concentration was
measured using a NanoDrop (Thermo Fisher Scientific)
to then calculate total RNA per milligram muscle
(Lawrence et al. 2020; Miller et al. 2019).

Determination of protein and RNA fractional synthesis
rate

For the determination of protein synthesis rates, muscle
tissue was homogenized 1:10 in isolation buffer
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(100 mM KCI, 40 mM Tris HCI, 10 mM Tris Base,
5 mM MgCI2, 1 mM EDTA, 1 mM ATP, pH="17.5)
with phosphatase and protease inhibitors (HALT, Ther-
mo Fisher Scientific) using a bead homogenizer (Next
Advance Inc., Averill Park, NY, USA). After homoge-
nization, subcellular fractions were isolated via differ-
ential centrifugation (Drake et al. 2014; Drake et al.
2015; Drake et al. 2013; Lawrence et al. 2020; Miller
et al. 2019). Once protein pellets were isolated and
purified, 250 pul 1 M NaOH was added and pellets were
incubated for 15 min at 50 °C while slowly mixing.
Protein was hydrolyzed by incubation for 24 h at 120 °C
in 6 N HCl. The pentafluorobenzyl-N,N-
di(pentafluorobenzyl) derivative of alanine was ana-
lyzed on an Agilent 7890A GC coupled to an Agilent
5975C MS (Drake et al. 2013, 2014, 2015; Lawrence
et al. 2020; Miller et al. 2019).

For ribosomal turnover, we isolated RNA from ~ 15—
25 mg of frozen muscle using a TRIzol kit as described
above. The isolated RNA was hydrolyzed overnight at
37 °C with nuclease S1 and potato acid phosphatase.
Hydrolysates were reacted with pentafluorobenzyl hy-
droxylamine and acetic acid and then acetylated with
acetic anhydride and 1-methylimidazole. Dichlorometh-
ane extracts were dried, resuspended in ethyl acetate,
and analyzed on an Agilent 7890A GC coupled to an
Agilent 5975C MS. For GC-MS analysis, we used a
DB-17 column and negative chemical ionization, with
helium as the carrier and methane as the reagent gas.
The fractional molar isotope abundances at m/z 212
(M0) and 213 (M1) of the pentafluorobenzyl triacetyl
derivative of purine ribose were quantified using the
MassHunter software. All analyses were corrected for
abundance with an unenriched pentafluorobenzyl
triacetyl purine ribose derivative standard (Lawrence
et al. 2020; Mathis et al. 2017; Miller et al. 2019;
Sieljacks et al. 2019).

To determine body water enrichment, 125 pl of serum
was placed into the inner well of o-ring screw cap and
inverted on an 80 °C heating block overnight. Two
microliters of 10 M NaOH and 20 ul of acetone were
added to all samples and to 20 ul 0-20% D,O standards
and then capped immediately (Lawrence et al. 2020;
Miller et al. 2018, 2019). Samples were vortexed at low
speed and left at room temperature overnight. Extraction
was performed by the addition of 200 pl hexane. The
organic layer was transferred through anhydrous Na,SO4
into GC vials and analyzed via electron ionization (EI)
mode (Lawrence et al. 2020; Miller et al. 2018, 2019).

Calculations

The newly synthesized fraction (f) of proteins was cal-
culated from the enrichment of alanine bound in muscle
proteins over the entire labeling period, divided by the
true precursor enrichment (p), using plasma D,O enrich-
ment with MIDA adjustment (Busch et al. 2006;
Lawrence et al. 2020; Miller et al. 2018, 2019). Simi-
larly, RNA synthesis (~85% of total RNA exists as
ribosomal RNA) was determined by deuterium incorpo-
ration into purine ribose of RNA (Lawrence et al. 2020;
Mathis et al. 2017; Miller et al. 2019; Sieljacks et al.
2019) with MIDA adjustment of the equilibration of the
enrichment of the body water pool with purine ribose.
If there was a significant change in protein or RNA
mass, we used our previously published equations that
account for non-steady-state conditions (Lawrence et al.
2020; Miller et al. 2015, 2018). The mass of protein or
RNA at time #, P(f), obeys the differential equation:

dP
o, ksyn_kdegp(t) (1)
dt

where kqy, is the synthesis rate, with dimensions of mass
over time, and kqe, is the degradation constant, with
dimensions of inverse time. From this relationship:

ksyn = kdegPeq (2)

Western analysis for determination of protein
abundance

A portion (~30 mg) of gastrocnemius muscle
representing both lateral and medial parts was homog-
enized and centrifuged, and protein concentration
(BCA) was determined of the supernatant. For quan-
tification of protein abundance, samples were sepa-
rated by SDS-PAGE using 4-15% polyacrylamide
gels (Bio-Rad) and then transferred to a PVDF (Bio-
Rad) membrane. Transfer efficiency and equal load-
ing among lanes were then determined by staining
membranes with Ponceau S (Sigma-Aldrich) and im-
aging. After blocking membranes (5% non-fat dry
milk in TBS-T) for 1 h, proteins of interest (below)
were probed with primary antibody overnight at 4 °C.
Membranes were then serially washed in TBS-T, in-
cubated with appropriate secondary antibody in
blocking buffer for 1 h and again serially washed in
TBS-T. For all proteins except FAK and p-FAK, HRP
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activity was detected by enhanced chemilumines-
cence substrate (SuperSignal West Dura, Thermo
Fisher Scientific). Images were taken for quantifica-
tion by densitometry using a FluorChem E imager
(ProteinSimple, San Jose, CA). Protein content was
quantified and corrected for local background using
the AlphaView analysis software (ProteinSimple).
Membranes were then stripped (Restore Western Blot
Stripping Buffer, Thermo Fisher Scientific), checked
for adequate stripping, and re-probed (Lawrence et al.
2020). For FAK and p-FAK, we used previous pro-
cedures specific to protein quantification on an Od-
yssey (Licor) infrared imaging system (Lawrence
et al. 2020; Miller et al. 2018).

Primary antibodies and dilutions used were as fol-
lows: phospho-ERK™20T¥1204 (Ce]l Signaling Tech-
nology; CST no. 4370, Beverly, MA, USA), 1:1000;
ERK (CST no. 4695), 1:1000; phospho-AktSe™73
(CST no. 4058), 1:500; Akt (CST no. 4685), 1:500;
phospho-FOXO3AS5?*% (CST no. 9466), 1:500;
FOXO3A (CST no. 12829), 1:500; phospho-eEF23¢
(CST no. 2331), 1:1000; eEF2 (CST no. 2332),
1:1000; phospho-FAK™7 (CST no. 3283), 1:1000;
FAK (CST no. 3285), 1:1000; phospho-S6K 187
(CST no. 9234), 1:500; S6KI1 (CST no. 9202),
1:1000; phospho-rpS65°23323¢ (CST no. 4858),
1:1000; rpS6 (CST no. 2217), 1:1000; phospho-
4EBP1™3746 (CST no. 9459), 1:1000; 4EBP1 (CST
no. 9452), 1:1000; MuRF-1 (ECM Biosciences no.
MP3401), 1:1000; phospho-UBF-15"*%% (Abcam, no.
ab182583, Cambridge, MA, USA), 1:500; UBF-1
(Thermo Fisher Scientific no. PA5-36153), 1:500;
and c-Myc (CST no. 13987), 1:1000. For every pro-
tein except FAK and p-FAK goat anti-rabbit, HRP-
linked secondary antibody (CST no. 7074) at 1:5000
was used. FAK and p-FAK primary antibodies were
reacted with goat anti-rabbit highly cross-absorbed
infrared-labeled secondary antibody (Licor, Lincoln,
NE, USA) at 1:15,000. The ratio of phosphorylated
over total protein is not presented here, because it is
mostly determined by changes in the abundance of
total protein levels, particularly in HS, thereby artifi-
cially inflating the ratios, as described by us in Law-
rence et al. (2020) and Miller et al. (2018).

Myosin heavy chain (MyHC) determination

Mean and fiber-type-specific CSA was determined
as described (Murach et al. 2017) with modifications
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for rat muscle (Lawrence et al. 2020; Miller et al.
2018). Gastrocnemius cross-sections were incubated
with primary antibodies for MyHC I (1:100, BA.DS5,
Developmental Studies Hybridoma Bank (DHSB),
Iowa City, IA), MyHC Ila (1:2, SC.71, DSHB),
MyHC IIb (1:2, BF-F3, DHSB), and laminin (1:50,
Sigma) overnight at 4 °C. Sections were then seri-
ally washed with PBS prior to application of appro-
priate secondary antibodies (Lawrence et al. 2020).
Sections were washed, post-fixed in absolute meth-
anol, cover slipped, and imaged using an upright
fluorescent microscope (Axio Imager MI, Zeiss). A
total of 5 regionally representative images totaling at
least 600 total muscle fibers of both medial and
lateral gastrocnemius muscle were imaged and quan-
tified for fiber-type-specific CSA. Quantification
and fiber-type distribution of laminin-outlined
MyHC expressing fibers was performed using the
MyoVision automated analysis software (Wen et al.
2018); MyHC IIx expressing fibers were inferred
from unstained fibers.

Statistical analyses and scientific rigor

For experiment no. 1, we mimicked our study in adult
rats (Lawrence et al. 2020) by comparing massage
performed during WB and HS separately to indepen-
dently explore the effects of massage on unperturbed
and disuse loading states (i.e., HS versus HSM and
WB versus WBM using two-tailed independent sam-
ple ¢ tests). For experiment no. 2, we compared all
groups using a one-way ANOVA with Holm—Sidak
post hoc. For both experiments, when there was a
massage treatment, we compared both the massaged
limb and the contralateral non-messaged limb to the
appropriate non-massaged control with a two-tailed
independent sample ¢ tests. Prior to any statistical
analyses, the data were tested for normal distribution
and equal variances to determine the appropriate sta-
tistical test. All statistical analyses and figures were
created using GraphPad Prism 8 (San Diego, CA,
USA). All values reported are mean + standard error
(SE) and statistical significance was assumed at
p <0.05. For analyses on muscle tissues, the assessors
were blinded to the groups to which the animals were
assigned. Assignment to groups was performed using
block randomization technique to ensure equal sam-
ple size (Suresh 2011).
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Results
Effects of massage during normal ambulation

There were no differences in body weight (Fig. 2a),
muscle wet weight (Fig. 2b), mean fiber CSA (Fig.
2c), fiber-type-specific CSA (Table 1), fiber-type
distribution (Table 2), or myofibrillar protein syn-
thesis (Fig. 2d) when comparing WBM with WB. In
contrast, WBM had lower RNA concentration (Fig.
2e) and total RNA content (Fig. 2f), compared with
WB. The lower ribosomal content with massage was
most likely driven by the higher ribosome degrada-
tion in WBM compared with WB (Fig. 2h), since
there were no differences in ribosome biogenesis
between the groups (Fig. 2g). Levels of intracellular
signaling proteins involved in the regulation of an-
abolic processes such as protein translation,
proteasomal degradation, and ribosome biogenesis
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Fig. 2 Massage during normal ambulatory weight bearing (WB)
stimulates ribosome degradation, but has no effect on myofibrillar
protein synthesis, ribosome biogenesis, muscle mass, or muscle
fiber CSA in the massaged limb. Body weight (a), muscle wet
weight (b), mean fiber CSA (c), myofibrillar fractional synthesis
rate (FSR) (d), RNA concentration (e), total RNA content (f), and

were not different between WB and WBM
(Table 3).

Effects of massage during hindlimb suspension

There were no differences in body weight (Fig. 3a),
muscle wet weight (Fig. 3b), mean fiber CSA (Fig. 3c),
fiber-type-specific CSA (Table 1), or fiber-type distribu-
tion (Table 2) comparing HSM with HS7. However,
HSM displayed a trend (p = 0.051) for higher myofibril-
lar protein synthesis rate (Fig. 3d) and had significantly
lower myofibrillar protein degradation rate (Fig. 3e)
compared with HS7. There were no differences in RNA
concentration (Fig. 3f), total RNA content (Fig. 3g), or
ribosome biogenesis (Fig. 3h), but there was significantly
higher ribosome degradation in HSM compared with
HS7 (Fig. 3i). Levels of intracellular signaling markers
were not different between HS and HSM (Table 3).
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muscles of WB (n=7) and WB massaged limb, WBM (n = 8).
Values are mean = SEM. Two-tailed independent sample ¢ tests
were used to determine statistical significance between WB and
WBM. *p <0.05, different from WB
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Table 1 Gastrocnemius fiber-type CSA in response to massage

WB WBM HS7 HSM WBM-L HSM-L
Type I 2133 + 191 2296 + 211 1786 + 92 1820 + 71 2251 £ 117 1777+109
Type ITA 2095 + 217 2143 £ 193 1584 £ 150 1766 + 184 2052 + 143 1729+ 171
Type IIX 3386 + 134 3379 + 254 2480 + 96 2582 + 182 2840 + 151* 2572 £204
Type 1IB 4070 + 291 4156 + 234 3327 £ 189 3708 £ 177 3860 £ 119 2870+ 147
Hybrid 2136 £ 172 1991 £ 113 1786 £ 111 1878 £ 93 1801 + 103 1840+ 181

Cross-sectional area (CSA, umz ) for individual fiber types for WB (n = 7), WB massaged limb WBM (n = 8), HS for 7 days HS7 (n = 8), HS
massaged limb HSM (n =9), WB non-massaged contralateral limb WBM-L (n = 8), and HS non-massaged contralateral limb HSM-L (n =
8). Two-tailed independent sample ¢ tests between the respective control (WB or HS7) and either the massaged limb (WBM or HSM) or
contralateral non-massaged limb (WBM-L or HSM-L) were used to determine statistical significance. Values are mean + SEM. Significance

is assumed at p < 0.05
*Significant difference from WB

Effects of massage during reloading after hindlimb
suspension

HS14, RE, and REM had significantly lower body
weights compared with WB14 (Fig. 4a). Furthermore,
HS14 had significant atrophy of the gastrocnemius as
measured by muscle wet weight (Fig. 4b) and mean
fiber CSA (Fig. 4c), compared with WB14. More-
over, reloading with or without massage resulted in
failed regrowth as evidenced by significantly lower
muscle wet weights in RE and REM compared with
WB14 and no difference with HS14 (Fig. 4b). Also,
muscle fiber CSA was not different between REM
and HS or RE, despite RE having a higher mean fiber
CSA compared with HS14, indicating no effect of
massage on muscle fiber size (Fig. 4c). HS14 had
lower myofibrillar protein synthesis (Fig. 4d) and
higher myofibrillar protein degradation (Fig. 4e) com-
pared with WB14. RE exhibited a reversal of the
effects of HS, as RE had significantly higher

myofibrillar protein synthesis (Fig. 4d) and lower
myofibrillar protein degradation compared with
HS14 (Fig. 4e). Massage did not augment protein
synthesis (Fig. 4d) or protein degradation (Fig. 4e)
during reloading as demonstrated by the lack of dif-
ference between these variables when comparing RE
with REM. No differences were observed across any
group for RNA concentration (Fig. 4f), but disuse
(HS14) and reloading without (RE) and with (REM)
massage displayed significantly lower total RNA con-
tent compared with WB14 (Fig. 3g). HS14 had a
similar rate of ribosome biogenesis (Fig. 4h), but
significantly higher ribosome degradation (Fig. 41)
compared with WB14. RE had significantly lower
ribosome biogenesis rate compared with WB14 (Fig.
4h). In addition, ribosome degradation was higher in
HS14 compared with WB14 and this was reversed
with reloading with and without massage (Fig. 41).
Also, there were no differences in fiber-type distribu-
tion (Table 4).

Table 2 Gastrocnemius fiber-type distribution in response to massage during weight bearing (WB) and hindlimb suspension (HS)

WB WBM HS7 HSM WBM-L HSM-L
Type 1 93+18 16.5+2.7 133+£1.7 126+ 1.4 13.7+23 13.8 £2.0
Type [IA 144 +24 214 +£2.7 199 £ 42 195+ 1.7 169 £3.1 127+1.6
Type [IX 35.5+6.3 278 +£3.5 27.6 £3.7 274 +24 278 £33 31.5+£3.0
Type 1IB 39.6 £6.2 31.9£3.5 371 +1.3 393+19 393 +3.6 402 +35
Hybrid 12+03 24 +06 2.1 +0.5 12+03 24+08 1.9+0.8

Individual fiber-type distribution given as percentages (%) for WB (n = 7), WB massaged limb WBM (n = 8), HS (n = 8), HS massaged limb
HSM (n =8), WB non-massaged contralateral limb WBM-L (n = 8), and HS non-massaged contralateral limb HSM-L (n = 8). Values are
mean + SEM. Two-tailed independent sample ¢ tests between the respective control (WB or HS) and either the massaged limb (WBM or
HSM) or contralateral non-massaged limb (WBM-L or HSM-L) were used to determine statistical significance
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Table 3 Western blot analysis of intracellular signaling pathways in massaged limb (WBM or HSM) and contralateral non-massaged limb

(WBM-L or HSM-L) in response to massage

WB WBM HS7 HSM WBM-L HSM-L
Total Akt 0.94 = 0.04 1.00 = 0.12 1.23 £0.12 1.28 £ 0.09 1.09 = 0.07 1.31 £0.05
Phospho-Akt 097 £0.14 1.31 £0.23 1.12 £ 0.07 1.00 = 0.15 1.01 £0.15 1.10 £ 0.17
Total FOXO3A 1.04 £ 0.15 0.92 +£0.09 1.05 = 0.09 1.01 £0.09 0.98 + 0.08 1.19 £ 0.06
Phospho-FOXO3A 1.08 £0.13 1.10 = 0.09 1.20 £ 0.08 1.30 £ 0.12 1.33 £0.09 1.32 £ 0.08
Total FAK 4.74 + 0.61 438 £0.70 425 +0.73 4.68 £ 0.59 3.89 £ 0.56 4.92 +0.52
Phospho-FAK 0.87 £ 0.05 1.15+£0.15 1.00 £ 0.12 1.11 £0.09 0.92 +£0.12 0.94 £ 0.08
Total ERK1/2 1.01 £0.07 1.07 £ 0.03 1.19 + 0.09 1.26 £ 0.04 1.24 £0.10 1.11 £0.06
Phospho-ERK1/2 1.07 £ 0.05 1.08 = 0.05 1.08 + 0.05 1.09 = 0.05 1.08 = 0.05 1.13 £ 0.06
Total eEF2 1.19+£0.10 1.18 £ 0.07 1.14 £ 0.05 1.06 = 0.07 1.24 £ 0.08 1.13 £ 0.04
Phospho-eEF2 1.05 £ 0.07 1.15 +0.06 091 = 0.09 1.03 = 0.07 1.08 = 0.08 1.16 £ 0.12
Total S6K1 1.11 £ 0.06 1.03 £ 0.09 0.95 £ 0.06 1.05 £ 0.04 1.12 £ 0.02 1.04 £ 0.05
Phospho-S6K1 1.51+£0.21 147 £0.25 091 £0.17 0.63 = 0.07 1.76 £ 0.39 0.74 £ 0.20
Total 4EBP1 0.90 + 0.02 091 = 0.04 1.18 £ 0.08 1.18 £ 0.07 0.87 = 0.04 1.09 + 0.07
Phospho-4EBP1 0.82 +£0.08 0.77 £ 0.07 1.19 £0.14 1.10 £ 0.07 0.72 £ 0.07 122 £0.11
Total rpS6 1.08 £ 0.15 1.10 £ 0.18 0.89 £0.15 0.87 £0.10 0.84 + 0.04 0.77 £ 0.13
Phospho-rpS6 1.33 £0.16 1.17 £0.19 0.80 = 0.16 0.72 £0.19 1.15+0.09 0.63 £ 0.17
Total MuRF-1 1.04 £0.11 1.02 = 0.09 1.06 + 0.09 1.10 = 0.09 1.05 = 0.06 1.06 + 0.06
Total UBF-1 0.81 £0.13 091 +0.08 0.72 £ 0.07 0.85+0.08 0.79 £ 0.12 0.78 £ 0.11
Phospho-UBF-1 1.28 £0.11 1.15+0.08 0.97 +£0.12 1.06 = 0.06 1.28 £0.13 1.01 £ 0.10
Total c-Myc 1.44 +£0.13 1.16 £ 0.19 1.30 £0.21 1.31 £0.21 1.11 £0.19 097 £ 0.18

Total and phosphorylated analysis of signaling proteins for WB (n =7), WB massaged limb WBM (n = 8), HS for 7 days HS7 (n=8), HS
massaged limb HSM (n = 8), WB non-massaged contralateral limb WBM-L (n = 8), and HS non-massaged contralateral limb HSM-L (n =
8). Two-tailed independent sample ¢ tests between the respective control (WB or HS) and either the massaged limb (WBM or HSM) or
contralateral non-massaged limb (WBM-L or HSM-L) was used to determine statistical significance. All values are in arbitrary density units.

Values are mean + SEM. Representative images for the data within this table are in Supplemental Fig. 1

Cross-over effects of massage during WB

Massage of the right gastrocnemius had no impact on
the muscle wet weight (Fig. 5a) or mean fiber CSA
(Fig. 5b) in the non-massaged left gastrocnemius
(WBM-L) compared with WB right gastrocnemius.
WBM-L had significantly smaller type II1X-specific
CSA (Table 1) compared with WB, but no other
differences were observed in any other fiber-type-
specific CSA (Table 1) or fiber-type distribution
(Table 2). WBM-L displayed no differences in myo-
fibrillar protein synthesis compared with WB (Fig.
5¢). However, WBM-L had less ribosomes compared
with WB as measured by RNA concentration (Fig.
5d) and total RNA content (Fig. Se). The lower ribo-
some content in WBM-L was associated with no
difference in ribosome biogenesis (Fig. 5f), but sig-
nificantly higher ribosome degradation (Fig. 5g)

compared with WB. Levels of intracellular signaling
proteins assessed were not different between WB and
WBM-L (Table 3).

Cross-over effects of massage during HS

The contralateral non-massaged left limb (HSM-L)
in the animals that received massage compared with
animals who did not receive massage during disuse
(HS7) displayed no differences in muscle wet
weight (Fig. 6a), mean fiber CSA (Fig. 6b), fiber-
type-specific CSA (Table 1), or fiber-type distribu-
tion (Table 2). However, HSM-L exhibited a signif-
icantly lower myofibrillar protein degradation rate
(Fig. 6d) compared with HS7. No differences were
observed in myofibrillar protein synthesis rate (Fig.
6¢), RNA concentration (Fig. 6¢), or total RNA
content (Fig. 6f) between HSM-L and HS7. Despite
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Fig. 3 Massage during hindlimb
suspension (HS) alters myofibril-
lar protein turnover and ribosomal
turnover, without any effect on
muscle mass or size. Body weight
(a), muscle wet weight (b), mean
fiber CSA (c), calculated myofi-
brillar kg, (d) and myofibrillar
kgeg (€), RNA concentration (f),
total RNA content (g), and calcu-
lated RNA kg, (g, h) and RNA
kaeg (i) from gastrocnemius mus-
cles following 7 days of HS (HS7, d
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no differences in ribosome content, HSM-L
displayed a significantly elevated ribosome degrada-
tion rate (Fig. 6h). There were no differences in any
intracellular signaling markers assessed between
HSM-L and HS7 (Table 3).

Cross-over effects of massage during RE

There were no differences in muscle wet weight
(Fig. 7a), mean fiber CSA (Fig. 7b), myofibrillar protein
synthesis rate (Fig. 7¢), or myofibrillar protein degrada-
tion rate (Fig. 7d) in REM-L versus RE. However,
REM-L had higher RNA concentration (Fig. 7e) and
total RNA content (Fig. 7f) compared with RE. Further-
more, the increased ribosome content was associated
with significantly higher ribosome biogenesis (Fig. 7g)
and lower ribosome degradation (Fig. 7h) in REM-L
compared with RE.
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Discussion

The primary goal of this study was to determine if
massage during disuse atrophy and reloading in aged
rats has similar anabolic benefits as those previously
observed in adult rats (Lawrence et al. 2020; Miller
etal. 2018). Herein, we show that the impact of massage
on aged muscle was context dependent. In particular, we
show that massage does not augment protein turnover,
ribosome turnover, or muscle regrowth during reloading
in aged rats. However, aged muscle that was massaged
during disuse atrophy had greater protein synthesis and
less protein degradation compared with muscle that did
not receive massage, although this did not translate into
measurable preservation of muscle mass or size. A novel
finding of this study was that massaged muscle had
higher levels of ribosome degradation during weight-
bearing conditions and reloading and suggests massage
as a mechanotherapy may have an impact on ribosome
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Fig. 4 Massage during reloading (RE) following hindlimb sus-
pension (HS) has no effect on myofibrillar protein turnover, ribo-
some turnover, or muscle mass or size. Body weight (a), muscle
wet weight (b), mean fiber CSA (¢), calculated myofibrillar &gy,
(d) and myofibrillar &y, (), RNA concentration (f), total RNA (g),
and calculated RNA gy, (h) and RNA kg, (i) from gastrocnemius
muscles of WB14 (n = 8), weight bearing for 14 days; HS14 (n =

Table 4 Gastrocnemius fiber-type distribution in response to
massage during reloading (RE)

WB14 HS14 RE REM
Type 1 10.8 £28 102+1.6 103+1.7 11.7+20
Type A 132+20 80+£1.5 11.1£08 127+14
TypelIB 443 +3.0 455+47 483=+35 451+24
TypeIX 299+30 342+28 268+19 283+1.6

Individual fiber-type distribution given as percentages (%) for
weight bearing WB (n=8), hindlimb suspension for 14 days
HS14 (n=8), reloading RE (n=10), and RE massaged limb
REM (n=10). Values are mean + SEM. A one-way ANOVA
with Holm-Sidak post hoc analyses were used to determine sta-
tistical significance

8), HS for 14 days; RE (n=10), 14 days of HS followed by 7 days
of RE; REM (n=10), 14 days of HS followed by 7 days of
reloading with massage through CCL. Values are mean + SEM.
A one-way ANOVA with a Holm—Sidak post hoc test for multiple
comparisons were used to determine statistical significance be-
tween groups: *p < 0.05, different from WB14; *p < 0.05, different
from HS14

turnover in aged muscle. Collectively, our data demon-
strate that massage has limited utility for promoting
anabolism, preserving muscle mass during disuse, or
improving muscle regrowth during reloading in aged
muscle.

Massage elevates protein synthesis and lowers
degradation during disuse

Aged muscle exhibited small, but significant, changes in
protein turnover with massage during disuse, although
muscle atrophy was not decreased. Massage during
disuse was associated with a 14% higher myofibrillar
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Fig. 5 Massage during normal ambulatory weight bearing (WB)
stimulates ribosome degradation, but has no effect on myofibrillar
protein synthesis, ribosome biogenesis, muscle mass, or muscle
size in the contralateral non-massaged limb. Muscle wet weight
(a), mean fiber CSA (b), myofibrillar fractional synthesis rate
(FSR) (¢), RNA concentration (d), total RNA content (e), and

protein synthesis and 17% lower myofibrillar protein
degradation rate compared with normal disuse. The
magnitude of the difference in myofibrillar protein syn-
thesis in aged muscle in response to massage was much
lower compared with the 45% elevation we previously
reported for adult rats (Lawrence et al. 2020). In addi-
tion, muscle from adult rats did not show a difference in
protein degradation with massage, unlike in the aged,
which suggest differences in the regulation of protein
turnover with aging and disuse. Recent work from
Miller et al. (2019) using long-term (14 days) D,O
labeling in F344/BN male rats found that the fast-
twitch predominant plantaris and tibialis anterior
hindlimb muscles displayed elevated myofibrillar pro-
tein synthesis rates in aged compared with adult muscle.
We did not compare gastrocnemius protein synthesis
rates between adult and aged rats, but previous work
in rat gastrocnemius using short-term labeling ap-
proaches has shown elevated myofibrillar protein syn-
thesis rates in aged compared with adult (Fluckey et al.
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calculated RNA kyy,, (f) and RNA kg, (g) from gastrocnemius
muscles of WB (n =7) and WB contralateral non-massaged limb,
WBM-L (n = 8). Values are mean = SEM. Two-tailed independent
sample ¢ tests were used to determine statistical significance be-
tween WB and WBM-L: *p < 0.05, different from WB

1996; Kimball et al. 2004). Thus, it is possible that the
elevation in myofibrillar protein synthesis observed with
advancing age in muscle may also give rise to a con-
comitant increase in myofibrillar protein degradation,
which may help explain the differences observed be-
tween adult and aged muscle in response to massage
during disuse. More work using long-term assessments
of both aspects of protein turnover is clearly needed to
help delineate the effects of massage, disuse, and me-
chanical loading in muscle with aging.

Aged muscle often exhibits a blunted protein syn-
thetic response to mechanical stimuli, such as resistance
exercise and other mechanotherapies (Kumar et al.
2009; Miller et al. 2019; West et al. 2018) and this
“anabolic resistance” is often hypothesized to be one
of the primary culprits driving sarcopenia (Barclay et al.
2019; Burd et al. 2013). Our current data support an age-
related anabolic resistance as evidenced by a blunted
elevation in myofibrillar protein synthesis from massage
when comparing the magnitude of changes between
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Fig. 6 Massage during hindlimb suspension (HS) alters myofi-
brillar protein turnover, without an effect on ribosome biogenesis
or muscle mass or size in the contralateral non-massaged limb.
Muscle wet weight (a), mean fiber CSA (b), calculated myofibril-
lar kyy (¢) and myofibrillar k4., (d), RNA concentration (e), total
RNA content (f), and calculated RNA kg, (g) and RNA kg, (h)

adult and aged rats. However, neither the adult rats from
our previous work (Lawrence et al. 2020) nor the aged
rats in this study had an attenuated loss of muscle mass
with massage, suggesting that the current massage treat-
ment regimen is insufficient to overcome the influence
of chronic disuse on protein turnover and loss of muscle
mass in adult or aged muscle. Nevertheless, despite the
lack of effect on muscle loss, massage during disuse in
both adult and aged rats does improve myofibrillar
protein turnover, albeit at differing magnitudes, and
may influence myofibrillar protein quality and/or pre-
serve function. Further work is needed to validate
whether muscle function is preserved or improved by
massage or whether the addition of another anabolic
stimulus would enhance the response.

Massage does not improve muscle recovery
during reloading in aged muscle

Massage had no impact on protein turnover during
reloading and was not associated with higher muscle
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from gastrocnemius muscles following 7 days of HS (HS7, n=8)
and HS non-massaged limb, HSM-L (n =8). Values are mean +
SEM. Independent sample # tests were used to determine statistical
significance between HS7 and HSM-L: #p < 0.05, different from
HS7

mass and CSA. The lack of impact of massage on
myofibrillar protein synthesis (measured as ky,,) dur-
ing reloading is similar to what we had previously
found in adult muscle (Miller et al. 2018). Further-
more, we found no impact of massage on myofibrillar
protein degradation in aged muscle, contrasting the
elevation in protein degradation caused by massage in
our previous work in adult rats (Miller et al. 2018).
Markers of protein degradation, such as Murfl and
Mafbx, are often elevated with mechanical and hy-
pertrophic stimuli in muscle, and inhibition of proper
proteasome activity is detrimental to muscle growth
during an overload stimulus, indicating that protein
turnover is needed to increase muscle size (Baehr
et al. 2014; Fernandez-Gonzalo et al. 2013; Louis
et al. 2007; Marino et al. 2008; White et al. 2015).
Therefore, the inability of massage to alter protein
degradation in aged muscle may partially explain
why massage was unable to further elevate the recov-
ery in muscle mass with reloading, unlike what we
observed in adult rats (Miller et al. 2018).
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Fig. 7 Massage during reloading (RE) following hindlimb sus-
pension (HS) stimulates ribosomal turnover, but has no effect on
myofibrillar protein turnover or muscle mass or size. Muscle wet
weight (a), mean fiber CSA (b), calculated myofibrillar £, (c)
and myofibrillar kg, (d), RNA concentration (e), total RNA

Ribosome degradation dictates ribosome loss
during disuse and is elevated by massage

Disuse atrophy is associated with a decrease in ribosome
content (Haddad et al. 2006; Lawrence et al. 2020;
Miller et al. 2018) which is typically used as a marker
for ribosome biogenesis and translational capacity
(Kirby et al. 2015; West et al. 2018; You et al. 2015).
Furthermore, aged muscle shows an inability to increase
ribosome content with an overload stimulus (Kirby et al.
2015; Stec et al. 2015). Taken together, these data have
led many studies to conclude that decreased ribosome
biogenesis is a primary culprit dictating the loss of
translational capacity and loss of muscle mass with
disuse and aging. However, we previously showed in
adult rats that lower ribosome content from disuse atro-
phy was primarily the result of elevated ribosome deg-
radation and is not due to reduced ribosome biogenesis
(Lawrence et al. 2020). We now show that this paradigm
is similar with aging, as atrophying muscle from aged
rats had highly elevated ribosome degradation and no
difference in ribosome biogenesis compared with
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content (f), and calculated RNA £y, (g) and RNA kg, (h) from
gastrocnemius muscles of RE (n=10) and RE non-massaged
limb, REM-L (n=10). Values are mean + SEM. Independent
sample ¢ tests were used to determine statistical significance be-
tween RE and REM-L: Ap <0.05, different from RE

weight-bearing rats. However, the response to massage
was distinct in aged rats since it increased ribosome
degradation, unlike the reduction in adult muscle
(Lawrence et al. 2020). Elevated ribosome degradation
and lower ribosome content in weight-bearing condi-
tions with massage demonstrates that the ribosome deg-
radation response to the mechanical stimulus is consis-
tent across multiple conditions in aged muscle. The
mechanisms dictating the attenuation of ribosome deg-
radation by massage in adult but not aged muscle remain
unknown, but may be the result of differential responses
in mechanotransduction pathways (as discussed below).
In fact, the role of ribosome biogenesis and degradation
with aging, atrophy, or muscle growth in response to
mechanical loading is not well-defined. Similar to the
patterns of protein synthesis, aged muscle typically has
either an equivalent or elevated basal ribosome content
and biogenesis compared with younger muscle (Kirby
et al. 2015; Miller et al. 2019; Roberts et al. 2010; Stec
et al. 2015; West et al. 2018). While not directly com-
pared within our current study, our data agree that aged
rats have similar total ribosome content compared with
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adult rats (Lawrence et al. 2020). We previously showed
that aged muscle has elevated RNA oxidation, which is
exacerbated by disuse (Hofer et al. 2008). It is possible
that elevated RNA oxidation interferes with the ability
of massage to attenuate ribosome degradation in aged
muscle, but this remains to be investigated. Neverthe-
less, our current results add further support that changes
in ribosome content with disuse and with reloading are
highly dictated by ribosome degradation and are not
simply driven by ribosome biogenesis.

Massage does not alter intracellular signaling
during weight bearing or disuse

The lack of any changes in intracellular signaling with
massage during WB or HS in aged muscle matches our
previous investigations in adult muscle during disuse
and reloading (Lawrence et al. 2020; Miller et al. 2018).
We harvested muscles 24 h after the last bout of mas-
sage since resistance exercise elevates anabolic signal-
ing for up to 48 h (Bolster et al. 2003; Cuthbertson et al.
2006; MacDougall et al. 1995; Parkington et al. 2004;
Phillips et al. 1997). However, the mechanical stimulus
from resistance training is likely far more robust than
massage and, as such, there may have been transient
changes in intracellular signaling that returned to basal
levels by the time we harvested the tissue. The intracel-
lular signaling response may also be dampened after
multiple bouts of massage as the tissue adapts to the
mechanical stimulus. Both adult and aged muscle were
previously shown to increase the protein abundance of
Murfl 24 h after a single bout of massage (Van Pelt et al.
2019). In the current study, however, Murfl protein
expression was not altered by massage in either
weight-bearing or disuse conditions. Murfl is well
established as a critical component in proteasomal deg-
radation and atrophy (Bodine et al. 2001; Gumucio and
Mendias 2013), yet Murfl and protein degradation sig-
naling are also elevated in response to hypertrophic
stimuli in both rodents and humans for normal remod-
eling adaptations (Baehr et al. 2014; Fernandez-
Gonzalo et al. 2013; Louis et al. 2007; Marino et al.
2008; White et al. 2015). A single bout of massage may
transiently increase protein degradation signaling simi-
lar to other hypertrophic stimuli and initiate muscle
remodeling, but this response is returned to basal con-
ditions after multiple bouts of massage. The lack of
intracellular signaling may also be the result of a more
fibrotic and stiffer extracellular matrix (ECM) in aged

muscle that dampens mechanosensitivity (Brack et al.
2007; Gao et al. 2008; Wood et al. 2014). Adult muscle
has higher expression of integrins compared with aged
muscle and this was associated with higher activation of
ILK after a single bout of massage (Van Pelt etal. 2019).
Additionally, aged muscle was protected from elevated
membrane permeability after a single bout of massage
when compared with adult muscle, which we believe
was the result of increased ECM in the aged (Alnaqgeeb
et al. 1984; Gosselin et al. 1994; Hunt et al. 2019;
Kovanen et al. 1984). It is therefore possible that the
more abundant and stiffer ECM in aged muscle dimin-
ishes the transmission of mechanical loads to the fibers
and dampens mechanosensitivity. It remains to be de-
termined whether an increase in the force applied with
massage may overcome the dampening of
mechanotransduction caused by the stiffer ECM. Higher
doses or different volumes of mechanical stimuli have
been shown to overcome the anabolic resistance in aged
muscle and cause hypertrophy (Bickel et al. 2011). The
massage stimulus we use in this study was originally
developed to mimic the force applied during Swedish
massage in humans and was calculated using allometric
scaling (Butterfield et al. 2008). The 4.5 N load devel-
oped from these methods has successfully caused a
number of beneficial adaptations in adult skeletal mus-
cle including enhanced recovery from eccentric exercise
(Butterfield et al. 2008), immunomodulation (Waters-
Banker et al. 2014), and improved regrowth after disuse
(Miller et al. 2018), but may not be optimal in aged
muscle.

Massage stimulates ribosome turnover in contralateral
non-massaged muscle

A clinically important finding from our previous studies
on massage as a mechanotherapy is the cross-over effect
to the contralateral gastrocnemius and even plantaris
muscle that did not directly receive the massage
(Lawrence et al. 2020; Miller et al. 2018). It is
established that unilateral resistance exercise can cause
increased strength gains in the contralateral musculature
(Carroll et al. 2006; Munn et al. 2004; Munn et al.
2005). It has also been shown that muscle size can be
spared during atrophic conditions via a cross-over effect
of resistance exercise (Andrushko et al. 2018a, b). The
left non-massaged gastrocnemius muscle in our aged
rats undergoing weight-bearing conditions or hindlimb
suspension had similar elevations in ribosome
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degradation in response to massage as the massaged
muscle. Interestingly, the cross-over effect during
reloading conditions differed from disuse and weight-
bearing conditions as the contralateral gastrocnemius
had elevated ribosome content as a consequence of
elevated ribosome biogenesis and reduced degradation.
The exact mechanisms dictating this cross-over effect
remain unknown but may be neurally mediated, con-
trolled by endocrine-like factors (i.e., myokines, extra-
cellular vesicles), or a combination of both (Guay and
Regazzi 2017; Lee and Jun 2019; Ruddy and Carson
2013; Whitham et al. 2018).

Limitations

There are limitations to our approach for measuring
protein and RNA turnover because it is not possible to
make sequential measurements of RNA or protein con-
tent in the same animal. Therefore, we calculated a
change in protein and RNA content from the average
value immediately prior to interventions as has been
performed in the past by others (Bederman et al. 2015)
and us (Lawrence et al. 2020; Miller et al. 2018). Final-
ly, measuring intracellular signaling 24 h after the last
bout of massage may have resulted in missing acute,
transient signaling changes. Yet, the measurements at
24 h did allow us to directly compare with our previous
findings in adult muscle (Lawrence et al. 2020). Future
work is needed to determine the acute (minutes to hours)
intracellular signaling response to massage in adult and
aged muscle.

Conclusions

In summary, massage at the dose provided in this study
is not an effective mechanotherapy for preventing mus-
cle loss during disuse or augmenting muscle growth
during recovery from disuse in aged muscle. The lack
of robust effects of massage in aged muscle warrants
additional research to identify whether different mas-
sage load, frequency, or duration could mimic its ana-
bolic effects in adult muscle.
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