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Abstract

Aging is accompanied by reduced remodeling of skeletal muscle extracellular matrix (ECM), which is exacerbated during
recovery following periods of disuse atrophy. Mechanotherapy has been shown to promote ECM remodeling through
immunomodulation in adult muscle recovery, but not during the aged recovery from disuse. In order to determine if
mechanotherapy promotes ECM remodeling in aged muscle, we performed single cell RNA sequencing (scRNA-seq) of all
mononucleated cells in adult and aged rat gastrocnemius muscle recovering from disuse, with (REM) and without
mechanotherapy (RE). We show that fibroadipogenic progenitor cells (FAPs) in aged RE muscle are highly enriched in
chemotaxis genes (Csf1), but absent in ECM remodeling genes compared to adult RE muscle (Col1a1). Receptor-ligand (RL)
network analysis of all mononucleated cell populations in aged RE muscle identified chemotaxis-enriched gene expression
in numerous stromal cell populations (FAPs, endothelial cells, pericytes), despite reduced enrichment of genes related to
phagocytic activity in myeloid cell populations (macrophages, monocytes, antigen presenting cells). Following
mechanotherapy, aged REM mononuclear cell gene expression resembled adult RE muscle as evidenced by RL network
analyses and KEGG pathway activity scoring. To validate our transcriptional findings, ECM turnover was measured in an
independent cohort of animals using in vivo isotope tracing of intramuscular collagen and histological scoring of the ECM,
which confirmed mechanotherapy-mediated ECM remodeling in aged RE muscle. Our results highlight age-related cellular
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mechanisms underpinning the impairment to complete recovery from disuse, and also promote mechanotherapy as an
intervention to enhance ECM turnover in aged muscle recovering from disuse.
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Introduction

The recovery of skeletal muscle following disuse atrophy is
impaired in older adults, which results in increased vulnera-
bility to reduced physical function and poor quality of life.1–3

A mechanistic understanding of hampered regrowth in aged
skeletal muscle, along with clinically available interventions
for a vulnerable patient population, are therefore needed. In
the present study, we demonstrate that mechanotherapy in the
form of cycling compressive loading, a massage mimetic, repro-
grams the transcriptomes of numerous muscle stromal cell pop-
ulations in order to promote remodeling of the extracellular
matrix (ECM), thereby creating a microenvironment that is more
favorable to regrowth in aged muscle recovering from disuse
atrophy.

Recovery from atrophy following a period of disuse in adult
muscle is characterized by a transient infiltration of immune
cells,4 removal of cellular and ECM-related debris5 and depo-
sition of newly synthesized ECM components.6 These pro-
cesses are needed for regrowth, but are complicated in aged
muscle because of the impairment to ECM regulation, evi-
denced by a fibrotic morphology7 and elevated passive stiff-
ness.8 ECM in aged muscle is characterized by protein compo-
sitional shifts that ultimately influence the mechanotransduc-
tion of resident cell populations, thereby affecting their func-
tion.8–11 Importantly, promotion of ECM remodeling in aged
muscle results in an enhanced ability for muscle to respond
to loading and increase in size.12 Regulation of skeletal muscle
ECM is dependent on resident and infiltrating cell populations,
which include both fibroadipogenic progenitor cells (FAPs)13,14

and macrophages,15 among others. Disruption of macrophage
and FAP crosstalk results in impaired muscle function and aber-
rant ECM organization.13,16 Indeed, there are increasing reports
of the deleterious role stromal cells may play in aging skeletal
muscle, such as contributing to muscle insulin resistance17 and
dissolution of the satellite cell niche.14 These findings suggest
that aged muscle stromal cells may contribute to the impaired
recovery from disuse atrophy in aged individuals by chang-
ing the ECM. However, neither intracellular crosstalk between

stromal and infiltrating cell populations nor therapies to pro-
mote ECM turnover in aged muscle recovering from disuse have
been reported.

Massage has been used as a mechanotherapy to alleviate
muscle dysfunction and promote well-being for thousands of
years,18–20 but mechanisms underlying the beneficial effects
have only more recently been reported.21–23 Our laboratory has
identified cyclic compressive loading, a massage mimetic, to
be a mechanotherapy for skeletal muscle,24 by enhancing mus-
cle anabolic signaling,25 stimulating satellite cell proliferation,26

and by promoting immunomodulation.22,23 Indeed, mechanoth-
erapy attenuates skeletal muscle immune cell accumulation fol-
lowing damage-induced eccentric exercise, leading to acceler-
ated recovery and increased muscle function in rabbits.23 Simi-
lar findings have been shown in humans using massage therapy
following a damaging bout of exercise, albeit through unknown
cellular mechanisms.21 The clinical potential of mechanother-
apy to augment recovery in aged individuals is promising due to
the vulnerability of this patient population and the decreased
ability to perform more common muscle strengthening exer-
cises to accelerate recovery.

In this study, we hypothesized that mechanotherapy stim-
ulated stromal cell populations to remodel the ECM in aged
muscles recovering from disuse atrophy. We leveraged sin-
gle cell RNA-sequencing of muscle mononucleated cells, his-
tochemical evaluation of the ECM, and in vivo isotope tracing
of intramuscular collagen to demonstrate that mechanother-
apy is immunomodulatory to aged muscle recovering from dis-
use atrophy, by mechanically reprogramming both stromal and
infiltrating cell populations to transcriptomes favorable to ECM
remodeling. Functionally, we demonstrate that mechanother-
apy causes turnover of numerous ECM components, thereby cre-
ating a microenvironment more permissive to recovery. Alto-
gether, our results highlight intercellular mechanisms con-
tributing to the age-related impairment to ECM remodeling dur-
ing the recovery from disuse, and also identifies mechanother-
apy as a novel intervention to promote ECM remodeling in aged
muscles recovering from disuse atrophy.



Hettinger et al. 3

Experimental Procedures

Study Design

Animals
Ethical approval for all experimental procedures was provided
by the Institutional Animal Care and Use Committee at the Uni-
versity of Kentucky. Experiments were performed in accordance
with guidelines outlined by the National Research Council’s
Guide for the Care and Use of Laboratory Animals: Eighth Edition and
ARRIVE guidelines. Male Fisher 344 X Brown Norway (F344/BN)
rats at 10- (adult) and 30-months of age (aged) were randomly
assigned to the following groups: weight bearing (WB), recovery
after atrophy (RE) and recovery after atrophy with mechanoth-
erapy (REM). Six rats were used for scRNA-seq experiments with
each group containing one rat and the N was considered as indi-
vidual cells. For histological evaluation of the ECM, n = 6-8 mus-
cles were used for each group.

Hindlimb Suspension
Following a week of acclimation, F344/BN rats were either
allowed to ambulate freely around their cage (WB) or were sub-
jected to hindlimb suspension (HS) for 14 days followed by 7 days
of free ambulation with (REM) or without mechanotherapy (RE).
HS was performed as previously described.25,27–29 Briefly, a metal
wire with ring attachment was secured to the base of the tail
using cyanoacrylate glue and surgical gauze while the rats were
anesthetized (2% isoflurane by inhalation). Rats were placed in
single-housed custom-built cages with tall walls and a metal rod
traversing the length of the cage, and were raised gradually for
the first 24 hours to minimize stress, and monitored daily until
termination of HS. Following 14 days of HS the rats were anes-
thetized (2% isoflurane by inhalation), the suspension appara-
tus was removed, and rats were allowed to ambulate freely for a
total of 7 days to begin muscle mass recovery. These times points
were chosen to be able to compare our results to our previous
study in adult and aged rats.25,30,31

Mechanotherapy
Mechanotherapy in the form of cyclic compressive loading,
a massage mimetic, was performed on gastrocnemius mus-
cles recovering from disuse using procedures described pre-
viously.22,25,27,28 Briefly, mechanotherapy consisted of four 30-
minute bouts of cyclic compressive loading at 4.5 N load and
0.5Hz duty cycle to the right gastrocnemius muscle every other
day during the recovery period starting at the time of reloading.
During the mechanotherapy, rats were anesthetized (2% isoflu-
rane by inhalation) and placed left lateral recumbent on a heated
sling prior to securing the hindlimb to the stage by taping the
talocrural joint. A spring-loaded cylinder with attached force
transducer was then set to roll over the right hindlimb, which
allows for real-time visual feedback of mechanotherapy load
and frequency. Rats not receiving mechanotherapy were anes-
thetized (2% isoflurane by inhalation) and placed on a heated
pad for a total of 30 minutes every other day (total of 4 bouts)
to control for potential confounding effects of anesthesia. After-
wards, all rats were allowed to recover on a heated pad before
returning to their cages. This protocol was chosen as it was
shown previously to increase muscle fiber cross sectional area
and myofibrillar protein synthesis in adult but not aged rats.25,30

Deuterium Oxide Labeling
Rats were provided with deuterium oxide (D2O) to isotopi-
cally label intramuscular collagen as described previously.25,27,32

Briefly, rats in the WB group received a bolus of D2O via IP injec-
tion (99%; equivalent to 5% of the body water pool), followed by
provision of D2O-enriched drinking water (8%) for the remain-
der of the experiment (Figure 1A). Rats in both the RE and REM
group received a bolus of D2O via IP injection (99%; equivalent to
5% of the body water pool) two days prior to termination of HS
and were provided with D2O-enriched drinking water (8%) for
the remainder of the experiment (Figure 1A).

Tissue Collection
Rats used for scRNA-seq were euthanized four hours after the
last bout of mechanotherapy or sham treatment by intraperi-
toneal injection (IP) (Somnasol

TM
, Euthansia III solution; 150 mg

g−1) and exsanguination. Gastrocnemius muscles were imme-
diately harvested and subjected to cell isolation as described
below. Rats used for (immuno)histochemistry and collagen syn-
thesis analyses were euthanized 24 h after the last bout of
mechanotherapy by IP injection (Somnasol

TM
, Euthansia III solu-

tion; 150 mg g−1) and exsanguination. Blood was collected by
cardiac puncture before exsanguination and subjected to cen-
trifugation (2000 g, 10 min, 4◦C) for serum isolation, and stored
at -80◦C for future analyses. Gastrocnemius muscles were har-
vested and placed on cards, flash frozen in liquid nitrogen, and
stored at −80◦C for future analyses.

Single Cell RNA Sequencing

Cell Isolation, Flow-Cytometry, and scRNA-Sequencing
Live mononuclear cells were isolated from the right gastrocne-
mius muscle as previously described.33 Briefly, right gastrocne-
mius muscle was immersed in wash media (WM; Ham’s F-10
(Gibco, Gaithersburg, Maryland) + 10% Horse serum (Thermo
Fisher, Florence, KY) and 1X penicillin/streptomycin (Gibco))
immediately after dissection and minced using sterilized instru-
ments. The minced muscle homogenate was incubated in mus-
cle dissociation media (MDM; WM + 800 U/ml Collagenase II
(Gibco)) at 37◦C for 1 h with agitation. The homogenate was pel-
leted by centrifugation (500g, 5 min) and incubated in fresh MDM
supplemented with dispase (11 U/ml; Sigma, St. Louis, MO) at
37◦C for 30 min with agitation. The single cell suspension was
pelleted by centrifugation (500 g, 5 min), passed through 70- and
40-μm Nylon cell strainers to remove non-cellular material, and
placed in a fluorescence-activated cell sorting (FACS) tube con-
taining propidium iodide (PI) and WM to identify dead cells. Iso-
lation of live mononuclear cells was performed by gating out cel-
lular debris using forward/side scatter and with/without PI using
an iCyt FACS (Sony Biotechnology, Champaign, IL, USA). The
mononuclear cell pellet was washed and resuspended in PBS
with 0.04% BSA in accordance with 10X Genomics recommen-
dations (10X Genomics, Pleasanton, CA, USA). Concentration
of cells was determined using a hematocytometer and viabil-
ity was determined using acridine orange/ethidium homodimer.
Cells were loaded in the 10X Genomics Chromium Controller to
target capture of approximately 10,000 cells per lane using the
Single Cell 3’ reagent kit per the manufacturer’s instructions.
Libraries were made using version 3.0 chemistry and sequenced
on an Illumina HiSeq platform (Novogene, Sacramento, CA),
yielding a minimum 200 million reads per sample.

Data Processing and Visualization
Sequencing, quality control and visualization of reads was per-
formed using the Partek Genomics Suite (Partek, St. Louis, MO,
USA) for scRNA-seq as recommended by manufacturer’s instruc-
tions. Briefly, FASTQ files were imported into Partek Flow and
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Figure 1. Transcriptional heterogeneity of muscle resident cell populations during the recovery from disuse atrophy. (A) experimental design of 10- (adult) and 30-
month (aged) F344/BN rats randomized into weight-bearing (WB), reloading following hindlimb suspension (RE), and reloading supplemented with mechanotherapy
(REM) groups. +M: mechanotherapy. Euth; euthanasia. N = 1 rat gastrocnemius/group. (B) Quality assessment (QA) of cells based on total read counts (doublets) and

percentages of expressed mitochondrial reads per cell. Cells colored in blue included for analysis. Cells colored in gray did not pass QA filters (<20% mitochondrial
gene expression). (C) Following QA, UMAP visualization of ambient actin alpha 1 (Acta1; green) infiltrated within mononuclear cell populations from muscle harvesting.
Mononuclear cells included for analysis (colored) versus cells removed based on QA and ambient RNA infiltration (grey). (D) Unsupervised graph-based clustering and
(E) supervised clustering of aggregate samples (51,582 cells total from all groups combined) visualized UMAP. Discrepancies in clustering highlighted by dashed circles.

(F) Bubble plot of genes selected for supervised-based classification corresponding to each identified cell population using selected markers. Average gene expression is
denoted by heat map and the non-zero percent of cells expressing the gene is denoted by bubble size. (G) The percentages of each cell population per sample identified
by supervised-based cell classification.
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reads were mapped to the rn6 rat assembly. Low quality cells
were removed based on number of read counts, high percent-
age of mitochondrial reads (>10%), and low number of detected
genes per cell (minimum of 500 genes). For data normaliza-
tion, reads were normalized by counts per million and log trans-
formed. Noise reduction was performed for genes considered
to be background by excluding genes that had a value of 0 in
at least 99.9% of cells. Dimensionality reduction was performed
using PCA, and visualization performed by UMAP. Bubble plots
to visualize the specificity of genes to various cell populations
were generated by measuring the average expression value of
the gene of interest (indicated by heat map) and also by the per-
centage of cells within a given population expressing the gene of
interest (indicated by bubble size). The mononuclear cell isola-
tion method results in the release of muscle fiber-related RNA
that is considered ambient in this experiment, and therefore
cells containing high expression of muscle fiber-specific genes
were excluded from analyses. Following QC, a total of 51,582 cells
were obtained for downstream analyses.

In silico Analyses

Cluster Annotation
Cluster annotation was performed using both supervised and
unsupervised methods. Graph-based clustering was performed
following dimensionality reduction, and unique biomarkers for
each cluster were calculated using a rank-sum test that com-
pares cells in a specific cluster to those in all other clusters.
Supervised annotation of clusters was performed using pub-
lished gene expression data and compared to unsupervised
labeling. Dimensionality reduction, graph-based clustering, and
UMAP visualization on cell types of interest was performed to
identify subclusters.

Receptor-Ligand Network Analysis
Receptor-ligand interaction networks were generated using the
unique gene lists per cell population and sample against a
curated receptor-ligand dataset.34,35 Prior to analysis, unique
gene lists were filtered based on a log-fold change of 3.0 or
higher to minimize non-significant cell–cell interactions. Signif-
icant interactions were computed using the number of signifi-
cant interactions between cell populations along with the aver-
age expression of the particular ligand/receptor.

Pathway Activity Scoring
AuCell36 was used to calculate pathway activity scores (Z scores)
from downloaded KEGG datasets (https://www.genome.jp/kegg
/brite.html). Average activity score is indicated by heat map
(higher activity scores are highlighted in red, lower scores high-
lighted in blue). Single cell macrophage expression of selected
pathways is shown by individual bars.

Trajectory Analysis
Monocle 3.0 was used for trajectory inference and pseudotime
analyses37,38 (Partek Flow). Adgre1+ cells (macrophages) from
all samples were subjected to trajectory analysis following data
normalization and preprocessing. Gene count matrices were
log2 transformed and projected into the top 50 principal com-
ponents, followed by dimensionality reduction and visualization
using UMAP. States, branch points, and pseudotime values were
calculated and added to the trajectory plot.

Collagen Synthesis

Fractional Synthesis Rate
Collagen fractional synthesis rate (FSR) was determined as pre-
viously described.25,27,39 Briefly, muscles were ground to a pow-
der in liquid nitrogen, placed in homogenization buffer (0.15 M
NaCL, 0.1% Triton X-100, and 0.02 M Tris-HCl pH 7.4), and cen-
trifuged prior to differential salt extraction. The supernatant
was removed and KCl (0.7 M) was added to the pellet followed
by a second centrifugation. The remaining collagen pellet was
washed with 0.5 M acetic acid followed by acetic acid-pepsin
(0.1% w/v). Isolated and purified collagens were added to 250 μl 1
M NaOH and incubated for 15 min at 50◦C with gentle agitation.
Proteins were hydrolyzed by adding 6 N HCl overnight at 120◦C.
The pentafluorobenzyl-N,N-di (pentafluorobenzyl) derivative of
alanine was measured on an Agilent 7890A GC (Agilent, Santa
Clara, USA) coupled to an Agilent 5975C MS (Agilent). Body water
enrichment was calculated by placing 125 μl of serum into the
inner well of o-ring screw cap and then placed onto a heat block
overnight. The following day, 2 μl of 10 M NaOH and 20 μl ace-
tone was added to samples and D2O standards, vortexed, and
left to incubate overnight at RT. Extractions were performed
using hexane and the organic layer was isolated and placed into
gas spectrometry vials for analysis using electron impact mode.
The newly synthesized fraction of collagens was calculated by
dividing the enrichment of alanine-bound collagens by the true
precursor enrichment, while using plasma D2O enrichment with
mass isotopomer distribution analysis adjustment.25,32

Histochemical Analyses

Collagen hybridizing peptide (CHP) staining was performed per
manufacturer’s instructions and modified for rat. Briefly, 8 μm
gastrocnemius muscle sections were fixed in acetone (-20◦C) for
10 min, and then washed in PBS. Stock Collagen 3Helix-Biotin
Peptide (50 μM; B-CHP #BIO-300; 3Helix, Salt Lake City, UT) was
diluted in PBS (20μM), placed on a heating block (80◦C) for 5
min and quickly cooled on wet ice for 1 min. CHP was added to
sections and incubated overnight at 4◦C. Slides were washed in
PBS and incubated in AlexaFlour 488 (1:500) for 30 min at RT. To
visualize CHP relative to the total extracellular area, slides were
co-stained with wheat germ agglutinin (Invitrogen, #W21405;
1:50) for 2 h at RT. Slides were washed, mounted using Vec-
tashield Fluorescent mounting medium (Vector Labs; #H-1000),
and coverslipped. Five regionally representative images contain-
ing a minimum of 500 muscle fibers per muscle were taken using
a Zeiss upright microscope (AxioImager M1, Oberkochen, Ger-
many) and averaged for each rat. Thresholding of CHP and WGA
and muscle fiber counts were performed by a blinded assessor
using Zen 2.0 imaging analysis software. Picrosirius red (PSR)
staining was performed according to previous studies,40 with
modifications for rat muscle. Briefly, muscle sections were fixed
with 4% paraformaldehyde for 30 min at RT, followed by plac-
ing the slides vertical to air dry for 30 min at RT. Sections were
incubated in PSR solution (0.1% PSR in saturated picric acid; Elec-
tron Microscopy Sciences, Hatfield, PA) for 1 h rocking at RT.
Sections were washed, dehydrated with ethanol, and mounted
with xylene-based mounting media. An average of 5-6 represen-
tative images (minimum of 500 fibers per muscle) were taken
on an upright microscope (AxioImager M1, Oberkochen, Ger-
many Zeiss) and subjected to circularly polarized light as previ-
ously described.8,41 Images were analyzed using publicly avail-
able Image J plugin Colored Pixel Counter. The sum of red, green,

https://www.genome.jp/kegg/brite.html
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and yellow pixels was measured and reported relative to total
pixels in the image.

Statistical Analyses

CHP, WGA, PSR-Polarization, and collagen FSR data were
assessed for normality and equal variance using GraphPad
Prism; all data presented were normally distributed and passed
tests for equal variance. A one-way ANOVA with condition as a
variable was used to detect statistical significance in each age
group, followed by a Tukey’s post hoc test for multiple compar-
isons; the effect of age on muscle ECM has been reported previ-
ously.8 Statistical significance was assumed at P < 0.05. The gene
specific analysis feature of Partek Flow, followed by FDR step-up
(q<0.05) to control for multiple comparisons, was used to gen-
erate differentially expressed genes between selected compar-
isons.

Results

The Transcriptional Landscape of Skeletal Muscle
Recovering from Disuse Atrophy

We performed single cell RNA sequencing (scRNA-seq) on gas-
trocnemius muscles from F344/BN rats at 10 (adult) and 30 (aged)
months of age to characterize the transcriptional landscape
of mononuclear cells during recovery from atrophy with and
without mechanotherapy, as previously described27,30,31 (Figure
1A). Following two weeks of hindlimb suspension (unloading) to
induce disuse atrophy of the gastrocnemius muscle, rats were
allowed to ambulate freely (reloading: RE) for a period of 7 days,
with or without mechanotherapy (REM) (Figure 1A). Seven days
of recovery was chosen to be able to compare findings from
the current study to our previously published studies.30,31 We
also included ambulatory WB rats at each age to determine
whether aging alone was associated with differences in gene
expression of cells responsible for ECM regulation. Following
muscle harvesting, cellular isolation, removal of debris and dead
cells, live cells were isolated via fluorescent-activated cell sort-
ing (FACS)33 (Figure 1A). Following sequencing and alignment,
cells were filtered for “quality”, based on mitochondrial read
percentages (>20%) and reads/cell as recommended by Partek
Genomics (Figure 1B). Low quality cells share similar features
of high mitochondrial read percentages, lower detected genes
per cell, and higher numbers of read counts per cells (indica-
tive of doublets), and therefore can be removed before down-
stream analyses (Figure 1B). Moreover, as the isolation of mus-
cle mononuclear cells results in release of myofiber-related RNA
that becomes “sticky” during isolation, removal of mononucle-
ated cells enriched with ambient muscle RNA (Actin alpha 1
(Acta1); green) is essential prior to downstream analyses (Figure
1C). Lastly, myonuclei were also excluded due to loss of cytoplas-
mic transcripts during muscle mincing (Figure 1C; Acta1; green
on left panel, grey on right panel). Following quality assess-
ment, a total of 51,582 cells across 6 conditions were obtained
for downstream analyses.

To visualize the data, we performed dimensionality reduc-
tion using principal component analysis (PCA), followed by clus-
tering of the aggregated dataset comprised of all samples, and
data visualization using uniform manifold approximation pro-
jection (UMAP). Graph-based clustering (unsupervised) identi-
fied a total of 17 clusters across all groups (Figure 1D), which
we compared to manual cluster identification (supervised) using
frequently reported gene markers35,42–44 (Figure 1E). To ensure

that clustering was not the result of batch effect, individual
PCAs, UMAP visualization and cluster annotation were per-
formed on each sample individually prior to analyzing the aggre-
gate dataset (data not shown). Using cell-specific gene mark-
ers, we identified a total of 13 cell populations including peri-
cytes (Rgs5+), endothelial cells (ECs; Flt1+), tenocytes (Tnmd+),
FAPs (Pdgfra+), monocytes (Itgal+), T cells (Cd3e+), natural
killer cells (Nkg7+), mast cells (Mcpt1l1+), satellite cells (Pax7+),
macrophages (Adgre1+), antigen presenting cells (Cd7+), gran-
ulocytes (S100a8+), and smooth muscle cells (Myh11+) (Figure
1E). We identified discrepancies between graph-based (unsuper-
vised) and manual cell population annotation (supervised) in
ECs, FAPs, and pericytes by comparing results from supervised
and unsupervised annotation strategies (Figure 1B, 1C; indicated
by dashed circles). Graph-based annotation of cells did not iden-
tify transcriptional differences between ECs and pericytes, com-
bining them into a single cluster, demonstrating an inability
of unsupervised clustering to detect transcriptional differences
between the two cell populations (Figure 1B, 1C; indicated by
dashed circles). Moreover, a total of 8 subclusters were identi-
fied within FAPs, demonstrating the precision and sensitivity of
supervised clustering compared to unsupervised clustering in
this study (Figure 1B, 1C; indicated by dashed circles). For refer-
ence, a bubble plot is provided for evidence that the gene mark-
ers selected for supervised annotation are highly specific for
the identified cell populations (Figure 1F; bubble size indicates
percent of cells expressing, heatmap indicates average expres-
sion). In the absence of myofibers, the predominant cell pop-
ulation isolated from the single cell suspension was FAPs, fol-
lowed by ECs, macrophages, and tenocytes depending on the
sample, while there were no statistically significant differences
in proportions among samples (Figure 1G). Together, the abun-
dance of high-quality cells in our dataset combined with rigor-
ous data processing provides a useful compendium of transcrip-
tionally annotated muscle mononuclear cell populations in rats
conserved with age, reloading, and mechanical stimulation.

Mechanotherapy Reprograms the FAP Transcriptome in
Aged Rats During Recovery

We first focused our analysis on FAPs due to the observation of
transcriptional heterogeneity identified in this study, and due
to numerous reports implicating FAPs in the development of
dysregulated ECM turnover, diabetes, fibrosis, and other muscle
pathologies.13,14,16,17 Using gene set enrichment analysis (GSA),
we characterized FAP subclusters to numerous processes includ-
ing Collagen Biosynthesis, Matrix Metalloproteinase (MMP) Activa-
tion, Laminin Interactions, and Interleukin 6 (IL-6) Signaling (Figure
2A), which can broadly be summarized by both immuno- (Csf1;
red) and ECM- (Col1a1; green) modulatory processes (Figure 2B).
In order to determine whether age, reloading, or the use of
mechanotherapy contributed to the transcriptional heterogene-
ity within FAPs, we subdivided the aggregate dataset and ana-
lyzed FAPs by each age and condition (Figure 2C). We found
that the cluster of FAPs enriched with chemoattractant gene
expression was specific to aged RE and aged REM FAPs only, as
each of the other conditions annotated to clusters enriched in
Col1a1 expression (Figure 2A-C). To determine whether a sub-
set of FAPs was responsible for the observed transcriptional
heterogeneity, we performed sub-cluster analysis and rean-
notation of the aggregate FAP sample (Figure 2D). We found
3 populations of FAPs, similar to previous reports,13,35 which
could be segmented transcriptionally by unique expression of
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Figure 2. Mechanotherapy reprograms aged FAPs to gene expression similar to adult FAPs during recovery. (A) Unsupervised graph-based clustering of FAPs (37,175)
for all samples. Reactome pathway analysis of each cluster using the top genes per cluster (FC>1.5; q-value<1.0E-5). (B) FAPs displayed by average gene expression of
Col1a1 (green) and Csf1 (red), (C) by sample, and (D) by FAP subcluster populations. (E-H) Volcano plots of DEGs in FAPs (FC>2, -2; q-value<0.05). Upregulated in red,
downregulated in blue and non-significant in gray. (I-L) Violin plots of Col1a1, Col3a1, Nfkb1, and Cxcl3 gene expression. (M) PCA of FAPs colored by age (left panel),

group (middle panel), and highlighted by aged RE and aged REM (right panel).

adipogenic lineage marker35,44,45 dipeptidyl peptidase-4 (Dpp4;
blue; Figure 2D), mesenchymal lineage marker13 growth differ-
entiation factor 10 (Gdf10; green; Figure 2D), and immunomod-
ulatory marker35 chemokine ligand 14 (Cxcl14; red; Figure
2D). Further analyses revealed that two Cxcl14 subpopulations

clustered separately based on ambulatory and recovery condi-
tions, suggesting a specific role of Cxcl14+ FAPs in the recovery
from atrophy (Figure 2C, 2D).

We further determined differentially expressed genes (DEGs)
within FAPs in response to age, recovery and mechanotherapy,



8 FUNCTION, 2022, Vol. 3, no. 3

by performing pseudo-bulk RNA-seq analysis of both the whole
FAP population, along with the identified subclusters (Figure 2E-
2H, Figure S1; FC +/− 2; q<0.05). Analysis of the bulk FAP pop-
ulation revealed a small number (86 up- and 60 downregulated)
of DEGs between adult and aged muscle under ambulatory con-
ditions. In adult muscle, there was a higher number of upreg-
ulated genes compared to down regulated with RE compared
to WB (Figure 2F; 232 up- and 157 downregulated). By contrast,
there was a substantial number of genes downregulated in aged
RE muscle compared to aged WB conditions (Figure 2G; 461 up-
and 1,622 downregulated genes). We found that mechanother-
apy shifted the FAP transcriptome in the aged such that the
number of upregulated DEGs was higher than the down regu-
lated DEGs, compared to recovery alone (Figure 2H; 162 up- and
84 downregulated genes). Comparison of subclusters driving the
observed differences in DEGs revealed that the Cxcl14+ fraction
was solely responsible for the changes observed at the whole FAP
population level (Figure S1), as there were no differences in the
Dpp4+ nor Gdf10+ FAP fractions (data not shown), suggesting a
specific role of immunomodulation in FAPs during the recovery
from disuse atrophy.

We next performed targeted analyses of both ECM and
inflammatory signaling genes relevant for ECM remodeling,
to investigate the biological consequences of changes to the
Cxcl14+ FAP transcriptome. There was a 2.5-fold reduction in
Col1a1 gene expression between aged and adult FAPs under
ambulatory conditions, but there were no differences between
adult WB and RE FAPs (Figure 2I). In contrast, FAP Col1a1 gene
expression was 3.2-fold lower in aged RE compared with aged
WB, but was 2.3-fold higher in aged REM compared to aged RE
alone (Figure 2I). For Col3a1 gene expression, there were no dif-
ferences between adult and aged WB, nor between adult WB and
RE (Figure 2J). In contrast, Col3a1 was 3.9-fold lower in aged RE
compared to aged WB, but was 1.5-fold higher in aged REM com-
pared to aged RE (Figure 2J). Notably, many of the top upregu-
lated DEGs in FAPs between aged RE and aged WB were related
to fibrosis, including connective tissue growth factor (Ccn2), tis-
sue inhibitor of MMPs 1 (Timp1), and lysyl oxidase (Lox)46–48 (Fig-
ure S2). Timp1 was 4.3-fold and Lox was 2.3-fold higher in aged
RE FAPs compared to WB, respectively (Figure S2). Mechanoth-
erapy was associated with 1.6-fold lower gene expression of
both Timp1 and Lox expression in the aged, compared to RE
alone (Figure S2). Ccn2 expression was 3.6-fold higher in FAPs in
aged compared to adult under WB conditions, which remained
higher under both RE and REM conditions in the aged (Fig-
ure S2). Inflammatory genes were higher in aged RE compared
to aged WB, including a 6.8- and 2.4-fold higher expression of
nuclear factor kappa B subunit 1 (Nfkb1) and chemokine ligand
3 (Cxcl3), respectively (Figure 2K, 2L); mechanotherapy was asso-
ciated with 1.8-fold lower gene expression of both Nfkb1 and
Cxcl3 in aged FAPs recovering from disuse compared to RE (Figure
2K, 2L).

Last, we performed PCA of the aggregate FAP cluster, in order
to determine whether mechanotherapy stimulates the FAP tran-
scriptome in aged REM muscle similar to that of younger mus-
cle. There was a clear distinction between the FAP clustering of
aged and adult FAPs, highlighting the influence of age on the
transcriptional landscape of FAPs (Figure 2M; left panel). How-
ever, the aged RE group was solely responsible for the variance in
gene expression between adult and aged FAPs (Figure 2M; mid-
dle panel). Indeed, we found that mechanotherapy promoted a
shift in the FAPs transcriptome more similar to that of adult RE
muscle (Figure 2M; right panel). Collectively, these data demon-
strate that in adult muscle during recovery from atrophy, FAPs

appropriate gene expression towards ECM remodeling. In con-
trast, FAPs in muscle from aged rats recovering from atrophy
exhibit gene expression related to immunomodulation, which is
redirected towards ECM regulation following mechanotherapy.

Skeletal Muscle Intercellular Communication with
Aging, Recovery, and Mechanotherapy

We used receptor-ligand (RL) network analysis across experi-
mental conditions to infer intercellular communication based
on previous work demonstrating an impaired immune response
in aged muscle recovering from disuse,49,50 and our study iden-
tifying chemotaxis in aged RE FAPs. We identified the predomi-
nant transcriptional signaling axes between cells through inte-
gration of known RL interactions34,35 with expression matrices
of annotated mononuclear cell populations, and filtration for
highly significant interactions (FC +/-3; q<0.01). We found that
the predominant signaling axis in adult WB muscle was between
FAPs, pericytes, and ECs (Figure 3A; Data File S1; # of RL pairs
indicated redundantly by edge thickness and heatmap). Notably,
the most abundant RL pair in adult muscle under WB condi-
tions was between FAP expression of Wnt-5a (Wnt5a) and per-
icyte expression of melanoma cell adhesion molecule (Mcam),
suggesting that FAPs may be involved in coordinating the migra-
tion of pericytes51 (Figure 3A; Data File S1). In adult muscle recov-
ering from disuse, the signaling milieu expanded from FAPs, per-
icytes and ECs to include satellite cells (SCs), macrophages, nat-
ural killer cells (NKs) and antigen presenting cells (APCs) (Figure
3B, Data File S2). Indeed, the top RL pair between top interac-
tors in adult RE muscle was between vitronectin (Vtn) expres-
sion from pericytes and tumor necrosis factor receptor 1 (Tnfrsf1)
expression from FAPs, potentially suggesting pericyte mediated
expansion of the Cxcl14+ FAP fraction (Figure 3B; Data File S2).
Following mechanotherapy in adult muscle, the top interac-
tion was also between FAPs and pericytes, characterized by FAP
expression of Col3a1 and pericyte expression of integrin alpha
A1 (Itga1), highlighting the mechanical influence of mechanoth-
erapy on cellular mechanosensors (Figure 3C, Data File S3).

In the aged, the predominant signaling interactions under
WB conditions included ECs, pericytes, macrophages, APCs, and
T cells, with macrophages to APCs represented as the top inter-
actors (Figure 3D, Data File S4). In aged WB muscle, granulo-
cyte expression of secretory leukocyte protease inhibitor (Slpi)
and macrophage expression of Cd4 was the top RL pair (Figure
3D, Data File S4), suggesting stimulation of the innate immune
response, which is frequently reported in aged tissues.52 In aged
RE muscle, the top interactors were macrophages to T cells,
macrophages to NKs, and macrophages to APCs, demonstrating
a pronounced inflammatory environment in aged muscle recov-
ering from disuse (Figure 3E, Data File S5). The top RL pair in
aged RE muscle was macrophage expression of interleukin 27b
heterodimer Epstein-barr virus induced gene 3 (Eib3) and T cell
expression of the IL-27 receptor alpha (Il27ra) (Figure 3E, Data File
S5), suggesting a role for macrophage mediated skewing of the
T cell compartment in the aging recovery from disuse.53 Impor-
tantly following mechanotherapy in aged muscle, the signaling
milieu of aged REM resembled that of adult RE and adult REM, as
the top interactors were ECs to pericytes (Figure 3F, Data File S6).
Indeed, the top interaction of aged REM ECs and pericytes was
EC-derived delta-like canonical notch ligand 4 (Dll4) and peri-
cyte expression of notch receptor 3 (Notch3), potentially suggest-
ing mechanotherapy-promoted vascularization in aged muscle
recovering from disuse (Figure 3F; Data File S6). A full atlas of RL
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Figure 3. Receptor-ligand interaction analysis reveals age-related differences to chemotactic signaling during the recovery from disuse. Receptor-ligand network

analysis of adult (A-C) and aged (D-F) muscle between weight-bearing (WB), recovery following disuse (RE), and recovery with mechanotherapy (REM) conditions (cutoff
for significant interactions: q-value<0.001). The number of significant interactions is indicated both by color intensity and edge thickness. The top five RL interactions
for each age and condition indicated to the right of interaction plot. Blue arrow indicates top cellular interactors with directionality indicating ligand→receptor.

interactions for mononuclear cell populations, age, and condi-
tion is provided in Supplemental Data Files S1-S6. Together, RL
analyses allow us to infer a homeostatic FAP-pericyte-EC axis
which remains intact in adult muscle regardless of recovery or
mechanotherapy conditions. In aged tissue, however, the home-
ostatic axis of FAP-pericyte-EC is perturbed by immune cell sig-
naling,49,50 and is reestablished by mechanotherapy application.

Mechanotherapy Reconditions Macrophage Dynamics
in Aged Muscle During Recovery

We next focused our analyses on macrophages, as RL signaling
in aged muscle in this study indicated an immune cell involve-
ment and because an impaired immune cell response to aged
muscle following from disuse has been recently reported.49,50

Dimensionality reduction and visualization of macrophages
revealed transcriptional segregation of cells based on expres-
sion of “M2” macrophage marker, Cd163, and phagocytic-
related genes (data not shown). However, the use of the
“M1/M2” designation is regarded as an oversimplication of
macrophage plasticity, and macrophages are instead described
by the preferred metabolic pathway.54 Therefore, we utilized
the KEGG database (https://www.genome.jp/kegg/brite.html)
and used pathways of interest to calculate pathway activity
scores,36 which included the Pentose Phosphate Pathway and
Oxidative Phosphorylation, corresponding to inflammatory54 and
anti-inflammatory macrophages,55 respectively (Figure 4A). We
also included gene sets annotated to IL-17 Signaling, Phago-
some, and ECM Regulators, to infer both inflammatory status
and cellular function between ages and conditions (Figure 4A).
In adult RE macrophages, we found few differences in path-
way activity scores compared to adult WB macrophages (Figure

4A). Mechanotherapy in adult macrophages resulted in higher
pathway activity in both Pentose Phosphate and Oxidative Phos-
phorylation, along with higher scores for ECM Regulators gene
sets (Figure 4A). In aged RE macrophages, we found a robust
rise in IL-17 Signaling pathway activity with concomitant rises
in Phagosome pathway activity, suggestive of a pro-inflammatory
microenvironment (Figure 4A). Following mechanotherapy, we
found that IL-17 Signaling was lower in aged REM macrophages,
with a corresponding rise in pathway activity related to Pentose
Phosphate, Oxidative Phosphorylation, and ECM Regulators (Figure
4A). Together, these data suggest an inflammatory macrophage
response in aged RE muscle that is reconditioned towards a
restorative transcriptional phenotype by mechanotherapy.

Last, we performed trajectory inference analysis37 to deter-
mine whether mechanotherapy aligns aged macrophages with
a trajectory similar to that of adult RE macrophages (Figure
4B-4D). Construction of lineage trajectories and initiation of
pseudotime from ambulatory conditions identified a total of
three trajectories (Figure 4B). Of the three trajectories identi-
fied, one of the identified trajectories was formed solely by aged
RE macrophages, while the other two trajectories were equally
comprised of the remaining macrophage populations (Figure
4B). Targeted analyses of the “drivers” for lineage and pseudo-
time progression revealed the three trajectories were formed
based on unique expression of ECM remodeling (Fibronectin
(Fn1); green), inflammation (Nuclear Factor Kappa B Subunit 1
(Nfkb1); red), and proliferative conditions (Jun Proto-Oncogene
(Jun); blue) (Figure 4C). In aged RE macrophages, a single trajec-
tory defined by inflammatory conditions was identified, which
was reprogrammed by mechanotherapy towards trajectories
defined by ECM remodeling and proliferation (Figure 4C and D).
Collectively, these data demonstrate the ability of mechanoth-
erapy to reduce gene expression related to pro-inflammatory

https://www.genome.jp/kegg/brite.html
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Figure 4. Mechanotherapy reprograms macrophage dynamics in the aged similar to that of adult macrophages recovering from disuse. (A) Pathway “activity scores”

between ages and conditions calculated using AuCell36 and visualized by heatmap (high “activity” shown in red, low “activity” shown in blue). Trajectory inference
analysis using Monocle 3.0 displayed by sample (B), by “drivers” of pseudotime trajectories (C), and highlighted by aged RE and REM samples (D).

signaling of macrophages during recovery from disuse in aged,
and instead enrich for genes involved in ECM remodeling in
macrophage transcriptomes.

Mechanotherapy Promotes ECM Remodeling in Aged
Muscle During Recovery

In order to verify whether the observed transcriptional changes
induced by recovery and mechanotherapy reflect phenotypic
ECM remodeling, we measured mature collagen abundance
(PSR), glycoprotein abundance (WGA), degraded collagen abun-
dance (CHP) and in vivo collagen fractional synthetic rate (FSR)
using stable isotope tracing in a separate cohort on rats (n =
6-8). To identify mature collagen, muscle sections were stained
with picrosirius red (PSR) (Figure 5A) and analyzed under bright
field and polarized light (Figure 5B); green corresponds to colla-
gen in parallel with muscle fibers, red represents collagen net-
works perpendicular to muscle fibers and yellow is intermediate
between green and red (Figure 5B).8,56 The ratio of color den-
sities was not different between groups in adult (Figure 5E) or
aged rats (Figure 5F). However, we found that the amount of total
birefringent (mature) collagen was higher in aged RE animals

compared with aged WB and was lower in aged REM compared
to aged RE, indicative of remodeling (Figure 5F). Muscle sec-
tions were stained with wheat germ agglutinin (WGA) to deter-
mine changes in ECM glycoprotein abundance (Figure 5C, G,
H).57 There were no differences in WGA abundance between any
groups in adult animals (Figure 5G). However, aged rats receiv-
ing mechanotherapy during recovery had a lower abundance of
WGA compared to both WB and RE conditions (Figure 5H). To
determine the amount of degraded collagen, we measured the
abundance of collagen hybridizing peptide (CHP; green, Figure
5D, I, J), which binds to unwound collagen fragments.58 In adult
rats, there was lower CHP abundance following mechanotherapy
compared to ambulatory conditions (Figure 5I), while there were
no differences between adult RE and adult REM rats (Figure 5I).
In aged rats, there was lower abundance of CHP in the mechan-
otherapy group compared to both RE and WB conditions (Figure
5J), further indicative of remodeling. Lastly, there were no dif-
ferences in collagen FSR in adult animals between any of the
groups (Figure 5K) and in aged there was a trend (p = 0.08)
for REM to be higher than WB (Figure 5L). Taken together, no
change in collagen synthesis, lower levels of degraded collagen,
and remodeling of ECM collagen/glycoprotein content suggest
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Figure 5. The effect of mechanotherapy on ECM remodeling in aged muscle during the recovery from disuse. Representative images of aged RE and aged REM picrosir-

ius red under (A) bright-field (inlet indicated) and (B) polarized light, (C) WGA, and (D) CHP. Birefringent collagen is indicated by red, green, and yellow arrows (B).
Quantification of PSR-Pol analysis between adult (E) and aged (F) WB, RE, and REM samples. Quantification of WGA analysis between adult (G) and aged (H) WB, RE,
and REM samples. Quantification of CHP abundance relative to muscle fiber number between adult (I) and aged (J) WB, RE, and REM samples. Quantification of collagen
FSR/day between (K) adult and (L) aged WB, RE, and REM samples. Scale bar is 100 μm. N = 6-8. $ refers to different from WB compared to RE. ∗ refers to different from

RE compared to REM. # refers to different from WB compared to REM. P<0.05. Values are means ± SEM.

mechanotherapy-mediated turnover of the ECM in aged mus-
cle recovering from atrophy, and demonstrate physiological rel-
evance of transcriptional findings.

DISCUSSION

Results presented herein indicate that there is altered transcrip-
tional regulation in aged muscle recovering from disuse atrophy,
due to immunomodulation of ECM-regulating stromal cell pop-
ulations. In addition, mechanotherapy reprograms these cells by
lowering inflammation-related gene expression and elevating

ECM-related gene expression, thereby enhancing ECM remod-
eling in aged muscle during recovery. Resolution of inflamma-
tion and remodeling of the ECM are important for gains in mus-
cle size;5,12,50 our results show transcriptional impairments to
both of these processes in aged muscle during recovery, which
are restored by mechanotherapy. Importantly, as we have pre-
viously shown that mechanotherapy (4.5 N) has no effect on
muscle protein synthesis in the same experimental paradigm
(4 bouts of mechanotherapy, 7 days of recovery,30), these results
suggest remodeling of the ECM may be a prerequisite to changes
in muscle size during recovery in the aged. We conclude that
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the immunomodulatory effect of mechanotherapy is beneficial
for aged skeletal muscle recovering from disuse by mechanically
stimulating cell populations to restore ECM remodeling to levels
similar to that of adult muscle.

The Influence of Age on Cellular Dynamics During the
Recovery from Disuse Atrophy

Our results highlight the complex interplay of non-myogenic
cell populations during the recovery from disuse atrophy, which
is influenced by age. Moreover, we show that the recovery
from disuse atrophy is a far more complex process than sim-
ply increasing myofiber mass, but rather a highly orchestrated
initiation and resolution of inflammation and ECM remod-
eling, both of which create a microenvironment permissive
to gains in muscle size.12,49,50 In our study, we identified
macrophage transcriptomes enriched with pro-inflammatory
factors, with notably reduced expression related to ECM regu-
lation in aged RE muscle compared to adult RE. Indeed, Reidy
and colleagues have shown an impaired macrophage response
in aged muscle recovering from disuse, with a reduction of abso-
lute macrophage abundance, that corresponded with delayed
and/or incomplete recovery.50 It was concluded that aged mus-
cle macrophages are either intrinsically impaired relative to
adult muscle macrophages, or there is a difference in chemotac-
tic recruitment from muscle-resident cell populations in aged
muscle.50 Our study provides a novel explanation extrinsic to
impaired macrophage dynamics in aged muscle, as aged FAPs
display an impairment and/or delay in enhancing chemotactic
signaling to infiltrating immune cells relative to younger skeletal
muscle. While there is evidence of expansion of the FAP popu-
lation pool during the recovery from muscle injury,16,35,59 this
is the first study to implicate FAPs in the recovery from disuse,
particularly at the presented timepoint. Temporal experiments
will be useful in the future to determine if aged muscle FAPs
are responsible for reduced ECM regulation regardless of the
stage of recovery, or rather the cellular kinetics of recovery (i.e.
FAP immunomodulation and/or ECM remodeling) are delayed in
aged relative to adult muscle.

A critical barrier to identifying a mechanistic understanding
of the age-related impairment to the recovery from disuse atro-
phy is the inability to recapitulate the aged microenvironment,
which is reflected by a complex combination of signaling axes
between skeletal muscle fibers, the stromal cellular environ-
ment, and infiltrating cell populations. Moreover, the sequalae of
signaling cascades that occur in each cell population likely occur
temporally in a step-wise fashion, i.e. as a result of intercellular
communication, which cannot be captured by current methods.
RL network analysis was used in our study to bypass these obsta-
cles and infer a pro-inflammatory landscape of mononuclear
cells based on enrichment of known RL pairs. A homeostatic RL
signaling axis was identified between FAPs, pericytes, and ECs,
which predominates across conditions in adult muscle. During
RE in adult muscle, pro-inflammatory signaling axes from the
stroma associates with elevated immune cell gene expression
related to phagocytosis. In aged muscle under both ambulatory
and recovery conditions, enhanced inflammatory signaling of
numerous stromal and infiltrating cell populations associated
with poor muscle mass recovery.30 Following the application of
mechanotherapy, signaling axes in aged muscle resembled that
of younger muscle: there was enhanced interaction between the
endothelium and perivascular cells, which has been reported

to result in improved functional outcomes during the recov-
ery from disuse.60 Taken together, our results not only impli-
cate altered crosstalk between skeletal muscle stromal cell pop-
ulations with circulating immune cells in aged muscle during
recovery, they also demonstrate that the transcriptomes of stro-
mal/circulating cells can be influenced by mechanotherapy.

Mechanotherapy as an Immunomodulator During the
Recovery from Disuse in Aged Muscle

The use of massage-like therapies to enhance muscle recov-
ery following an insult through immunomodulation has been
reported previously.21,23 Following a bout of damaging eccen-
tric contractions, Butterfield et al. showed that massage-like
cyclic compressive loading attenuated immune cell infiltration
and accelerated the recovery of peak isometric torque in rab-
bits.23 In humans, Crane et al. showed that massage therapy
applied after a damaging bout of exercise attenuated the rise of
pro-inflammatory cytokines and promoted mitochondrial bio-
genesis.21 In our study, we demonstrated that mechanother-
apy has the potential to beneficially affect numerous compo-
nents of the ECM in aged muscle during recovery, while also
providing a cellular systems-level insight into processes under-
lying our phenotypic findings. Indeed, we found that mechan-
otherapy is immunomodulatory to aged skeletal muscle recov-
ering from disuse, in part by repurposing the FAP transcriptome
from chemotaxis-related gene expression to ECM remodeling,
and by introducing a macrophage transcriptome associated with
phagocytic activity. A similar mechanism has been proposed by
Fix and colleagues, who demonstrated that administration of
an immunomodulatory secretory product derived from pluripo-
tent stem cells to aging mouse muscle recovering from disuse,
curbed inflammation, promoted ECM turnover, and enhanced
muscle size.61 Here, we show that ECM remodeling is enhanced
following mechanotherapy treatment during aged recovery, as
evidenced by reduced proteoglycan and collagen abundance.
There are three lines of evidence suggesting mechanotherapy
promotes breakdown of the ECM during remodeling. First, col-
lagen synthesis was unchanged in this study, despite elevated
Col1a1 and Col3a1 gene expression in FAPs from aged REM mus-
cle. Second, mechanotherapy caused reduced WGA, PSR, and
CHP in this study, each are markers commonly used to study
fibrosis.8,57,58 Last, trajectory inference analysis of macrophages
from aged REM muscle indicated that mechanotherapy elevates
phagocytosis-related gene expression within myeloid cells, sug-
gesting elevated uptake of ECM components during recovery. It
is possible that the enhancement to ECM turnover and influence
to macrophage dynamics by mechanotherapy in aged muscle
will enhance muscle size, but at later timepoints than measured
in this study. Evidence for this hypothesis is reflected in our pre-
vious work demonstrating no changes to muscle fiber size at
the same timepoint in aged muscle.30 As ECM turnover and res-
olution of inflammation are elements of the recovery process
which precede gains in myofiber size,12,61 it is possible that the
enhancement to ECM remodeling in aged muscle by mechan-
otherapy, as shown herein, will result in enhanced muscle size
as recovery proceeds. Future studies should be directed towards
investigating whether the effect of mechanotherapy to promote
muscle size recovery is delayed, rather than absent, relative to
that of adult muscle.

The clinical potential of these findings is demonstrated by
the significant burden disuse atrophy places on older adults,
ultimately contributing to delayed rates of hospital discharge
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and poor health outcomes.62–64 Indeed, mechanotherapy may
present as a promising addition to current rehabilitative strate-
gies, ultimately accelerating functionally recovery, which asso-
ciates with decreased mortality.64 The fact that the interven-
tion was so beneficial considering the low frequency and dura-
tion and relatively low force application makes it even more
therapeutically attractive. Since mechanotherapy serves an
immunomodulatory role during muscle recovery,21,25,27 it is pos-
sible that massage-like interventions could be beneficial in sev-
eral different clinical scenarios. Mechanotherapy may have the
potential to enhance recovery processes such as more severe,
regeneration-inducing injuries, in patients undergoing muscle
wasting due to critical illness unable to ambulate, or those with
cachexia unable to perform more traditional rehabilitative ther-
apies. It is well documented that massage-like therapies are well
tolerated in clinical settings,65,66 and as the data from this study
highlight, has potential to promote aspects of recovery, such as
ECM remodeling. Currently ongoing clinical trials to investigate
the efficacy of mechanotherapy on muscle wasting highlight the
translation potential of these findings (ClinicalTrials.gov Iden-
tifier: NCT04131712). Taken together, mechanotherapy in the
form of cyclic compressive loading reprograms ECM regulating
cells in muscle to create a more growth-promoting environment
through its immunomodulatory effect during the recovery from
disuse in aged rats. Future studies should be directed towards
investigating how the observed effects of mechanotherapy on
immune and ECM remodeling processes can be used clinically
to enhance recovery after skeletal muscle insults.

Limitations and Future Directions

There are a few limitations to the current study. First, scRNA-
seq and evaluation of the ECM was measured at a single time-
point, which prevents us from confidently determining whether
aged animals have impaired or delayed recovery compared to
adult muscle. However, the depth of analysis in the current study
highlights previously unexplored aspects of the recovery from
disuse, and opens up new possibilities for effective interven-
tion of aging muscle. Second, it is unclear whether the tran-
scriptional changes observed in muscles receiving mechanoth-
erapy are due to a single bout or a repeated bout effect. However,
the experimental design was selected in order to compare our
current findings to our previous reports,25,30,31 which strength-
ens our conclusions due to the ability to compare to previous
findings. Third, much of the interpretation of intercellular sig-
naling is based on transcriptomics of receptors and ligands and
does not capture cell-cell communication utilizing other mech-
anisms, such as the release of small extracellular vesicles or
direct cell-to-cell contact.67,68 However, the insight gained from
our receptor-ligand analysis not only provides a systems-level
approach to infer intercellular communication, it also presents
a resource to the muscle community on muscle mononuclear
cell crosstalk. Finally, it is clear from the previous literature
that age-related changes in the ECM are greatly affected by
post-translational modifications (PTMs) such as covalent cross-
linking of intramuscular collagen,8,48,69,70 and transcriptomic
analyses do not capture these processes. Despite this, our analy-
ses assessing ECM turnover following mechanotherapy suggests
our transcriptional findings bear physiological consequence in
ECM remodeling.

In summary, we provide evidence for age-related dysregu-
lation to the transcriptional landscape of muscle mononuclear
cell populations critical to ECM remodeling, including FAPs and
macrophages, ultimately contributing to an impaired immune

response and remodeling of the ECM during the aged recovery
from disuse. In addition, we show that mechanotherapy repro-
grams the transcriptomes of non-myogenic cell populations in
aged muscle to similar transcriptional levels as adult muscle,
thereby promoting regulation of the immune response and ECM
remodeling similar to that of adult rats during the recovery from
disuse atrophy.
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Supplementary material is available at the APS Function online.
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