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Abstract

Background Sarcopenia, the age-associated decline in skeletal muscle mass and strength, has long been considered a
disease of muscle only, but accumulating evidence suggests that sarcopenia could originate from the neural compo-
nents controlling muscles. To identify early molecular changes in nerves that may drive sarcopenia initiation, we per-
formed a longitudinal transcriptomic analysis of the sciatic nerve, which governs lower limb muscles, in aging mice.
Methods Sciatic nerve and gastrocnemius muscle were obtained from female C57BL/6JN mice aged 5, 18, 21 and
24 months old (n = 6 per age group). Sciatic nerve RNA was extracted and underwent RNA sequencing (RNA-seq).
Differentially expressed genes (DEGs) were validated using quantitative reverse transcription PCR (qRT-PCR). Func-
tional enrichment analysis of clusters of genes associated with patterns of gene expression across age groups (adjusted
P-value < 0.05, likelihood ratio test [LRT]) was performed. Pathological skeletal muscle aging was confirmed between
21 and 24 months by a combination of molecular and pathological biomarkers. Myofiber denervation was confirmed
with qRT-PCR of Chrnd, Chrng, Myog, Runx1 and Gadd45ɑ in gastrocnemius muscle. Changes in muscle mass,
cross-sectional myofiber size and percentage of fibres with centralized nuclei were analysed in a separate cohort of mice
from the same colony (n = 4–6 per age group).
Results We detected 51 significant DEGs in sciatic nerve of 18-month-old mice compared with 5-month-old mice
(absolute value of fold change > 2; false discovery rate [FDR] < 0.05). Up-regulated DEGs included Dbp (log2 fold
change [LFC] = 2.63, FDR < 0.001) and Lmod2 (LFC = 7.52, FDR = 0.001). Down-regulated DEGs included Cdh6
(LFC = �21.38, FDR < 0.001) and Gbp1 (LFC = �21.78, FDR < 0.001). We validated RNA-seq findings with
qRT-PCR of various up- and down-regulated genes including Dbp and Cdh6. Up-regulated genes (FDR < 0.1) were as-
sociated with the AMP-activated protein kinase signalling pathway (FDR = 0.02) and circadian rhythm (FDR = 0.02),
whereas down-regulated DEGs were associated with biosynthesis and metabolic pathways (FDR < 0.05). We identified
seven significant clusters of genes (FDR < 0.05, LRT) with similar expression patterns across groups. Functional enrich-
ment analysis of these clusters revealed biological processes that may be implicated in age-related changes in skeletal
muscles and/or sarcopenia initiation including extracellular matrix organization and an immune response
(FDR < 0.05).
Conclusions Gene expression changes in mouse peripheral nerve were detected prior to disturbances in myofiber in-
nervation and sarcopenia onset. These early molecular changes we report shed a new light on biological processes that
may be implicated in sarcopenia initiation and pathogenesis. Future studies are warranted to confirm the disease mod-
ifying and/or biomarker potential of the key changes we report here.
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Introduction

Based on its symptomatic and histological features, sarcope-
nia, the age-associated loss in skeletal muscle mass and
strength, has long been considered a disease of skeletal mus-
cle fibres only. However, accumulating evidence suggests that
sarcopenia could originate from the neural components con-
trolling muscle strength and hence be defined as a neuromus-
cular disease.1–3, S1 Although current evidence suggests that
motor nerves and presynapses of neuromuscular junctions
(NMJs) could be implicated in sarcopenia pathophysiology,
their role in sarcopenia initiation has not been fully
elucidated.

We hypothesized that sarcopenia initiation and its early
molecular programming could be captured in the major nerve
of the lower limb, the sciatic nerve, reflected by changes in
gene expression in nerves preceding myofiber denervation
or sarcopenia development in muscle. Most previous gene
expression profiling studies investigating the mechanisms of
sarcopenia pathophysiology have been limited by their use
of microarrays for peripheral nerve molecular profiling. Mi-
croarrays cover only a defined set of transcripts, have high
background levels due to cross-hybridization and have a lim-
ited dynamic range due to both background and saturation of
signals. However, studies that utilized next-generation se-
quencing technologies have so far focused on age-related
changes in muscles rather than nerves.4

To circumvent these issues and capture early molecular
events responsible for the initiation of sarcopenia, we per-
formed deep RNA sequencing (RNA-seq)S2 of sciatic nerves,
isolated at different time points from healthy mature adult
(5 months), late middle-aged (18 months), ‘old’ (21 months)
and ‘very old’ (24 months) mice.S3 Our objective was to iden-
tify early changes in gene expression related to the develop-
ment of sarcopenia via transcriptomic profiling of aging sci-
atic nerves in vivo. In agreement with a potential
neurogenic origin of sarcopenia, we identified a series of rel-
evant gene expression changes in mouse peripheral nerve
prior to signs of myofiber denervation and overt clinical onset
of sarcopenia in muscles. Among the early molecular events
that we report at 18 months, we confirm the importance of
biological processes previously linked to sarcopenia while
also reporting new findings that shed light on other patho-
physiological mechanisms that may be implicated in sarcope-
nia initiation and pathogenesis. To our knowledge, this study
is the first to utilize untargeted RNA-seq to investigate the

transcriptome of sciatic nerves in the context of sarcopenia.
Future studies are warranted to validate which genes identi-
fied in the nerves are phenotypic drivers with potential impli-
cations for sarcopenia prevention and therapy.

Methods

Mice and sample collection

Female C57BL/6JN mice, derived from a strain that has previ-
ously been extensively characterized for the development of
sarcopenia,5,6 were obtained from the National Institute on
Aging (NIA) mouse colony 2 weeks before turning 5, 18, 21
and 24 months old. The mice were kept in the Columbia Uni-
versity Medical Center animal facility for 2 weeks and then
were used immediately. Mice had free access to the standard
pellet and water diet and were maintained under a constant
12-h light/dark cycle at an environmental temperature of 21–
23°C. All animal procedures complied with the Guide for the
Care and Use of Laboratory Animals and were approved by
the Columbia University Institutional Animal Care and Use
Committee (Approval ID: AC-AAAN8900).

At 5 (mature adult negative control), 18 (late middle-aged),
21 (old) and 24 (very old) months, mice (n = 6 per age group)
were euthanized via deep anaesthesia followed by decapita-
tion. We dissected both the right and left sciatic nerves fol-
lowing the method described by Bala and colleaguesS4 to en-
sure harvesting the maximum length of sciatic nerve from a
point close to its origin in the sacral area through the popli-
teal fossa of adult mice. Freshly dissected sciatic nerves im-
mediately underwent RNA extraction. For one of the legs,
the lower portion was cut at the knee joint and was
snap-frozen in liquid nitrogen and stored at �80°C for later
RNA extraction. For muscle morphological analyses, fresh fro-
zen gastrocnemius (innervated by the sciatic nerve) and
quadriceps (selected to assess a muscle with innervation by
a different nerve, i.e., the femoral nerve) muscles were ob-
tained from a separate cohort of C57BL/6JN female mice
(same age groups: 5, 18, 21 and 24 months) from the same
NIA mouse colony (n = 6 per age group). Mice were weighed
immediately after euthanasia and freshly dissected gastroc-
nemius and quadriceps muscles were weighed individually
before being flash frozen and stored at �80°C. Other flash
frozen organs collected from the same mice (e.g., brain, liver
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and kidney) are now available at the NIA rodent tissue bank
to other investigators.

Histology

Frozen gastrocnemius and quadriceps muscles were cut at
the muscle mid-belly in two pieces before embedding in
moulds (Fisherbrand™ Disposable Base Molds, Thermo Fisher
Scientific) with Thermo Fisher Scientific Scigen Tissue-Plus™

O.C.T. Compound (Cat # 23-730-571). Cryosections (10 μm
thick) of the mid-belly region of muscles were prepared.
Then, frozen sections of gastrocnemius and quadriceps mus-
cles were stained with an automated stainer set-up following
the haematoxylin and eosin (H&E) staining method policy and
standard operating procedures of the Histology Laboratory in
the Department of Pathology at Columbia University Medical
Center.

Image acquisition and analysis

H&E-stained muscles were imaged using a Leica DMi8 mi-
croscope (with a 3.1-MP Leica EC3 camera). Pictures of
the muscles were taken using the Leica LAS EZ imaging
software. For each animal (n = 4 per age group), seven pic-
tures were taken at ×20 magnification. Gastrocnemius and
quadriceps muscle mid-belly cross-section fibres were man-
ually measured using the freehand section tool in ImageJ
software to encircle individual myofibers. The minimal
‘Feret’s diameter’ (i.e., the minimum distance of parallel
tangents at opposing borders of the muscle fibre, mea-
sured in microns)S5 was calculated for each whole myofiber
present in a picture. Approximately 300–600 myofibers
were measured per animal. The number of myofibers with
centralized nuclei was counted and expressed as a percent-
age of the total myofiber number. Image and morphomet-
ric examinations were performed by three independent,
blinded investigators.

Analysis of muscle weights and histology

A one-way analysis of variance (ANOVA) was used to test for
any potential differences in the muscle weights (in grams,
normalized to body weight or non-normalized) across age
groups followed by Tukey’s test. We report significant differ-
ences (P < 0.05) for any pairwise comparison. For the histo-
logical analyses, potential differences across age groups in
the number of centralized nuclei (expressed as a percentage
of the total myofiber number) were assessed using the
Kruskal–Wallis test followed by Dunnett’s post hoc test (with
5 months serving as the reference group). In addition, we
evaluated whether the distributions of the minimal ‘Feret’s
diameter’ (measured in microns) differed across age groupsS5

by performing the Kolmogorov–Smirnov test. Separate tests
were performed for the gastrocnemius and quadriceps mus-
cles. All analyses were two-sided with alpha = 0.05 and were
performed in R (Version 4.1.1).

RNA extraction

Sciatic nerve
Total RNA was isolated from freshly dissected sciatic nerves
using the Invitrogen PureLink™ RNA Mini Kit (Cat #
12183018A) following the manufacturer’s protocol for
≤10 mg of fresh soft animal tissue (without the optional DN-
Ase treatment). All samples had total RNA concentration and
RNA integrity numbers (RINs) assessed prior to sequencing or
quantitative reverse transcription PCR (qRT-PCR). RINs were
evaluated using an Agilent 2100 Bioanalyzer. After excluding
two samples with low RIN (6.2) and low mapping, RINs
ranged from 7.2 to 9.6 (Table S1). Exclusion of these two
samples resulted in a total of 22 samples included in the final
analysis.

Gastrocnemius muscle
The gastrocnemius muscles were dissected from the leg on
dry ice and 50 mg of tissue was flash frozen in duplicate.
The tissue samples were then placed in a pre-chilled
Eppendorf tube and homogenized with a Qiagen
TissueRuptor II (Cat # 9002755) with disposable probes
(Qiagen, Cat # 990890). Total RNA extraction was performed
using TRIzol–chloroform extraction followed by column cen-
trifugation using the Invitrogen PureLink™ RNA Mini Kit fol-
lowing the manufacturer’s instructions. Then, samples were
treated with DNAse followed by wash buffer and eluted in
water. Total RNA was quantified using the RiboGreen™ RNA
Quantitation Kit (Thermo Fisher, Cat # R11490).

Library preparation and RNA sequencing

Libraries were constructed at the Columbia Biomedical Core
Facility. Briefly, mRNA was enriched from total RNA via
poly-A pull-down using the Illumina TruSeq Stranded mRNA
kit according to the manufacturer’s instructions. Libraries
were 2 × 100 base-pair (bp) paired-end sequenced for each
sample on an Illumina HiSeq4000 using 75-cycle High Output
Kits (target 60 million reads per sample; see Data S1) at the
Columbia University Genome Center. The data discussed in
this publication have been deposited in NCBI’s Gene Expres-
sion OmnibusS6 and are accessible through GEO Series Acces-
sion Number GSE198669 (https://www.ncbi.nlm.nih.gov/
geo/query/acc.cgi?acc=GSE198669).
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RNA sequencing analysis, quality control and
identification of differentially expressed genes

We used RTA (Illumina) for base calling and bcl2fastq2 (Ver-
sion 2.17) for converting BCL to fastq format, coupled with
adaptor trimming. Quality control of the raw and trimmed
reads was performed using FastQC and MultiQC.S7, S8 We
aligned trimmed reads that passed quality control (Phred
score > 30) to the mouse reference genome and tran-
scriptome annotation (mm10, UCSC) using STAR aligner (Ver-
sion 2.5.2b)S9 and quantified the reads that aligned uniquely
to the transcriptome using featureCounts (v1.5.0-p3).S10 Se-
quencing yielded libraries with an average size of 39 million
reads after alignment (Data S1). We removed one sample
with an RIN < 7.0 from downstream analysis and a sample
with low percentage of mapped reads (37%), resulting in a to-
tal of N = 22 samples included in final analyses.

We used the DESeq2 (Version 1.34.0) package for R
(Version 4.1.1; R-project.org/)S11 for further quality control,
exploratory data analysis and differential expression analysis.
For sample-level quality control, we conducted principal com-
ponent analysis (PCA) of the RNA-seq data by first normaliz-
ing the counts for each sample using size factors obtained
from DESeq2, log-transforming the normalized counts (using
the regularized-logarithm [rlog] transformation) and comput-
ing the principal components of the resulting matrix using the
plotPCA function of DESeq2 (Figure S1).

We removed 4716 (20.1%) rows of the DESeqDataSet that
had no counts or only a single count across all included sam-
ples (N = 22). We additionally specified that at least 4 sam-
ples have a count of 10 or higher, resulting in removal of an
additional 2770 genes (11.8%). In total, 7486 (31.97%) of
23 416 unique genes were filtered out, resulting in 15 930
genes analysed in the DESeqDataSet. DESeq2 fits negative bi-
nomial generalized linear models for each gene and deter-
mines differential expression for pairwise comparisons by ap-
plying the Wald test for significance testing. Adjusted P-
values were calculated by the Benjamini–Hochberg false dis-
covery rate (FDR). We considered genes that had an absolute
value of a log2 fold change (LFC) > 1.0 with FDR q-
value < 0.05 to be differentially expressed genes (DEGs).

Validation of differentially expressed genes with
quantitative reverse transcription PCR

SYBR® Green reverse transcription PCR
For select genes in sciatic nerve identified as differentially
expressed by DESeq2, we validated the RNA-seq results using
qRT-PCR. We also performed qRT-PCR of the genes Chrnd,
Chrng, Gadd45ɑ, Myog and Runx1 in gastrocnemius muscle
to confirm NMJ denervation. Qiagen QuantiTect Primers
(Table S2) were reconstituted in Tris-EDTA (TE) buffer
(pH 8.0). The reverse transcription reaction was performed

using the Promega GoScript™ Reverse Transcriptase kit (Cat
# PRA5000) for a reaction volume of 20 μL. This was followed
by SYBR® Green RT-qPCR reaction using KiCqStart™ SYBR®
Green qPCR ReadyMix™ (Millipore Sigma, Cat # KCQS00).
Briefly, 5 μL of reaction mix was prepared using 2.5 μL of
qPCR ready mix, 1.25 μL of sample cDNA and 1.25 μL of
primers. The RT-PCR reaction was run on Bio-Rad CFX384
Touch Real-Time PCR System as per kit instructions for three
technical replicates.

Quantitative reverse transcription PCR data analysis
RT-PCR results were analysed in RStudio (Version 3.6.0). Data
were cleaned by excluding samples with cycle threshold (Ct)
values > 35 and only 1 read per technical replicate. Raw Ct
values were then normalized to the geometric mean of
housekeeping genes (Ppia and Hprt, Figure S2; raw Ct values
for each gene are shown in Figure S3). The resulting delta Ct
(dCt) values were further normalized to the 5-month age
group, which served as the reference, to create delta–delta
Ct (ddCt) values. Only the raw dCt values were plotted for as-
says with many non-detects in the reference group (e.g.,
Myog in nerve). For the muscle assays, a one-way ANOVA
was used to test for any statistically significant differences be-
tween the groups followed by post hoc analysis using the
Dunnett test. We report significant differences in ddCt com-
paring each group (18, 21 and 24 months) to the reference
group (5 months). For the nerve assays, we performed a
one-way ANOVA followed by Tukey’s test and report signifi-
cant differences (P < 0.05) for any pairwise comparison.

Pattern identification

We analysed all pairwise comparisons simultaneously using
the likelihood ratio test (LRT) in DESeq2 to identify any genes
that showed an interesting change in expression across the
different groups (5, 18, 21 and 24 months). We subset the
rlog-transformed normalized counts to contain only genes
significant with adjusted P-value < 0.05 and explored clusters
of genes with similar expression patterns across sample
groups using the ‘degPatterns’ function from the DEGreport
R package. Gene lists associated with each identified cluster
were used as input for functional enrichment analysis.

Functional and pathway enrichment analysis

Genes with |LFC| > 1.0 and FDR < 0.1 in the Wald test were
explored using gene ontology (GO) functional enrichment
analysis and KEGG (Kyoto Encyclopedia of Genes and Ge-
nomes) pathway enrichment analysis performed using the
database for annotation, visualization and integrated discov-
ery (DAVID) (https://david.ncifcrf.gov/).S12–S15 Pathways or
GO terms were considered significant at FDR-adjusted q-
values < 0.05.
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To investigate the biological relevance of clusters of DEGs
associated with main expression patterns, we performed
GO functional enrichment analysis using GOrilla, a publicly
available GO enrichment tool (http://cbl-gorilla.cs.technion.
ac.il).S16 GOrilla compares a target gene list (in this case,
genes assigned to a given cluster) to a background set of
genes (N = 2547 genes significant in the LRT with
FDR < 0.05) and assesses the significance of enrichment for
GO terms using the hypergeometric test.

Results

Gastrocnemius and quadriceps muscle weights and
morphology

To assess potential sarcopenia onset in the C57BL/6JN mouse
colony used for this study, we analysed the weights of two
muscles: the gastrocnemius (innervated by the sciatic nerve)
and the quadriceps (to evaluate a muscle innervated by an-
other nerve, i.e., the femoral nerve). These were evaluated
from a separate cohort of mice from the same NIA mouse col-
ony (as these muscles were no longer available in the mice
that had sciatic nerve RNA submitted for sequencing). Gas-
trocnemius weight (normalized to body weight) did not sig-
nificantly differ across mice aged 5, 18, 21 and 24 months
(global P = 0.062, one-way ANOVA) (Figure 1A), but there
was a significant difference in the normalized weight of the
quadriceps (global P = 0.0027, one-way ANOVA); Tukey’s mul-
tiple comparisons test revealed a significant decrease in the
normalized quadriceps weight of mice aged 21 months
(P = 0.018) and 24 months (P = 0.002) compared with 5-
month-old mice (Figure 1A). This suggests that with advanc-
ing age, the quadriceps was not fully capable of maintaining
its mass in relation to increasing body weight (Figure S4).S17

However, we did not detect any significant age-related
changes in the non-normalized weights of either the gastroc-
nemius (global P = 0.232, one-way ANOVA) or the quadriceps
(global P = 0.197, one-way ANOVA), though we did observe a
progressive, non-significant increase in the raw gastrocne-
mius weight with advancing age and a non-significant de-
crease in the raw quadriceps weight of mice aged 21 and
24 months compared with 5-month-old mice (Figure 1B).
Collectively, these results demonstrate that although the
quadriceps may have been less adapted to perform its
weight-bearing task in heavier mice, overall, we did not ob-
serve overt decline in muscle mass in these mice. These re-
sults also support previous reports of only moderate or very
small decreases in muscle mass in aging rat and mouse
models compared with humans.S18

We also analysed cross-sections of H&E-stained gastroc-
nemius and quadriceps muscles. Myofibers with centralized

myonuclei were counted as these may indicate continuous
muscle degeneration and regeneration as observed in
aging.S19 The number of centralized nuclei in gastrocnemius
myofibers (expressed as a percentage of total myofiber
number) was significantly higher in 24-month-old mice
compared with 5-month-old mice (Figure 1C, P = 0.0076).
In the quadriceps, there was an increase in percentage of
myofibers with centralized nuclei that did not reach statis-
tical significance (P = 0.06). However, as has been reported
previously,5 the number of myofibers with centralized nu-
clei was relatively low (<4% of the total myofiber number).
The presence of centralized myonuclei beginning at
21 months can be seen in representative images of muscle
cross-sections (Figure 1D, yellow arrowheads). We also
qualitatively observed signs of low-grade inflammation, pri-
marily in perivascular areas, in the cross-sections of mice
aged 24 months, and to a lesser extent in mice aged
21 months, but not in younger mice (Figure 1D, blue ar-
rowheads). This low-grade inflammation, which has been
implicated in sarcopenia pathogenesis, was well illustrated
by Sciorati and colleagues.S20

Abnormal distribution of myofiber size is indicative of
pathological changes in muscles.S5 Therefore, we expected
muscles to show an abnormal proportion of small and large
muscle fibres in the size-distribution histograms of older
mice. To assess this, we sampled 300–600 muscle fibres
per animal (n = 4 per mice age group; ≥1200 myofibers
assessed per group). For each myofiber present in a
cross-sectional image, we calculated the minimal ‘Feret’s di-
ameter’ (i.e., the minimum distance of parallel tangents at
opposing borders of the muscle fibre, measured in microns).
The minimal ‘Feret’s diameter’ distributions for 5-month-old
and 24-month-old mice were significantly different for both
gastrocnemius and quadriceps (P = 0.047 and 0.011, respec-
tively; Figure S5). In gastrocnemius, the 24-month-old age
group showed the largest coefficient of variation (CV) in
minimal ‘Feret’s diameter’ (CV = 0.26 at 24 months; 0.24
at 5 months). Taken together, the increase in centralized
myonuclei, skewed distribution in myofiber size assessed
by minimal ‘Feret’s diameter’, and the observation of
mis-shaped myofibers and inflammation in gastrocnemius
and quadriceps cross-sections suggest pathological muscle
aging starting at 21 months and progressing towards sarco-
penia onset at 24 months in the C57BL/6JN mice used for
this study. This pathological muscle aging was more ad-
vanced in the quadriceps muscle where a significant loss of
muscle mass normalized to total body weight was measured.
This confirms that our study of the sciatic nerve and corre-
sponding gastrocnemius muscle between 18 and 24 months
in C57BL/6JN females positions us ideally to investigate early
molecular pathways occurring in peripheral nerves before
overt sarcopenia and loss of mass in muscles innervated by
this specific nerve.
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Quantitative reverse transcription PCR of genes
associated with neuromuscular junction
denervation in gastrocnemius muscle

To validate myofiber denervation, which was previously
demonstrated to correlate with the onset of sarcopenia in
a C57BL/6J mouse strain, we performed qRT-PCR quantifi-
cation of nicotinic acetylcholine receptor gamma and delta
subunits (Chrng and Chrnd), runt-related transcription
factor-1 (Runx1), growth arrest and DNA damage-inducible
45ɑ (Gadd45ɑ) and Myogenin (Myog) in gastrocnemius
muscle. It has been previously established that increased
expression of these genes in aging muscle is concomitant
with the transition to sarcopenia in 24-month-old female
C57BL/6J mice.5 We observed significantly increased ex-

pression in Chrnd and Runx1 at 24 months compared with
5-month-old mice (P = 0.013 and 0.045, respectively) and a
marginally significant increase (P < 0.1) in expression of
Gadd45ɑ comparing 24-month-old mice with 5-month-old
mice (P = 0.088) (Figure S6). There was an increase in
Chrng and Myog expression at 24 months that was not sta-
tistically significant.

Identification of differentially expressed genes in
sciatic nerve by RNA sequencing

The number of DEGs (|LFC| > 1.0, FDR < 0.05) identified
using DESeq2 is shown in Table 1. The full DESeq2 results,
including the list of all genes and their associated LFC and

Figure 1 Analysis of gastrocnemius and quadriceps muscle weights and morphology in a separate cohort of female C57BL/6JN mice aged 5–24 months.
(A, B) Boxplots of muscle weight data in grams for n = 6 mice per age group, shown normalized to total body weight in grams (A) or without normal-
ization to total body weight (B). P-values indicate significantly different mean muscle weights (P < 0.05, analysis of variance with Tukey’s test). (C) The
proportion (%) of myofibers with non-peripheral myonuclei/total number of myofibers was quantified in haematoxylin and eosin (H&E)-stained
cross-sections of gastrocnemius and quadriceps. P-values indicate significant differences (P < 0.05, Kruskal–Wallis with Dunnett’s post hoc test) in
the number of centralized myonuclei (expressed as a percentage of the total myofiber number) comparing each age with the reference group
(5 months). (D) Images of H&E-stained myofiber cross-sections depict myofibers with uniform appearance at ages 5 and 18 months, and centralized
myonuclei (yellow arrowheads) and low-grade inflammation in perivascular areas (blue arrowheads) at 24 months that is less pronounced at
21 months. Scale bar is 100 μM. For (C) and (D), n = 4 animals per group, with 300–600 myofibers assessed per animal across 7 images.
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P-values, are shown in Data S2. Because we were interested
in the earliest transcriptional changes that may precede
initiation of myofiber pathology, we focused on the contrast
between 18-month-old and 5-month-old mice. Comparing
these two groups, a total of 51 DEGs were identified,
including 28 up-regulated and 23 down-regulated DEGs
(Figure 2 and Table 2, listed in order of ascending P-value).
The most up-regulated genes (according to LFC)
were leiomodin-2 (Lmod2, LFC = 7.52; FDR q-value = 0.001)
and titin (Ttn, LFC = 6.80; FDR q-value = 0.014). The
most down-regulated genes (according to LFC) were
guanylate-binding protein 1 (Gbp1, LFC = �21.78; FDR
q-value = 1.33E-24) and cadherin-6 (Cdh6; LFC = �21.38;
FDR q-value = 1.33E-24). Volcano plots showing results of
the other pairwise comparisons are shown in Figure S7.

To explore the biological roles of up- and down-regulated
DEGs, we performed functional and pathway enrichment

analyses on the DEGs comparing 18-month-old (n = 5) and
5-month-old (n = 6) mice using DAVID. To expand the list of
genes analysed to uncover potential pathways and hypothe-
ses for future validation, we input into the analysis genes
with |LFC| > 1.0 and FDR < 0.1. Up-regulated DEGs (54)
were associated with KEGG pathways related to the
AMP-activated protein kinase (AMPK) signalling pathway
(FDR q-value = 0.02) and circadian rhythm (FDR q-value = 0.02)
(Table 3). When restricting the analysis to only the 28
up-regulated DEGs (FDR < 0.05) listed in Table 2, only the
AMPK signalling pathway remained statistically significant
(FDR q-value = 0.0037; Data S3). ‘Circadian rhythm’ was
also a significant GO Biological Process (BP) term (FDR q-
value = 7.8E-4) of the 54 up-regulated genes with
FDR< 0.1 and was borderline significant (FDR q-value = 0.055)
for the 28 DEGs with FDR < 0.05. Other significant GO BP
terms included ‘sarcomere organization’ (FDR q-
value = 1.0E-6) and ‘muscle contraction’ (FDR q-
value = 1.8E-6), among others (Data S3).

The 28 down-regulated DEGs (FDR < 0.1) comparing mice
aged 18 months (n = 5) with mice aged 5 months (n = 6) were
associated with various pathways related to biosynthetic pro-
cesses, including terpenoid backbone biosynthesis (FDR q-
value = 4.8E-5) and steroid biosynthesis (FDR q-value = 0.0034)
as well as metabolic pathways (FDR q-value = 0.0055; Table 3
and Data S3). Circadian rhythm was also enriched (P = 0.03,
though it did not reach statistical significance after adjust-
ment, FDR q-value = 0.29) among down-regulated genes
including neuronal PAS domain protein 2 (Npas2) and the
principal circadian clock gene encoding Aryl hydrocarbon re-

Table 1 Number (%) of differentially expressed genes (DEGs) out of
15 930 genes analysed

# DEGs FDR < 0.05

Contrast LFC > 1.0 LFC < �1.0

18 vs. 5 months 28 (0.176%) 23 (0.144%)
21 vs. 5 months 20 (0.126%) 6 (0.038%)
24 vs. 5 months 46 (0.289%) 16 (0.1%)
21 vs. 18 months 18 (0.113%) 7 (0.044%)
24 vs. 18 months 16 (0.1%) 6 (0.038%)
24 vs. 21 months 0 (0.0%) 1 (0.006%)

Abbreviations: FDR, false discovery rate; LFC, log2 fold change.

Figure 2 Volcano plot of differentially expressed genes (of 15 930 genes analysed) in sciatic nerve comparing 18-month-old mice (n = 5) with 5-month-
old mice (n = 6). The dashed line is the false discovery rate (FDR) q-value = 0.05. The 51 genes significant at |log2 fold change| > 1.0 and FDR q-
value < 0.05 (Wald test) are plotted in red.
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ceptor nuclear translocator-like protein 1 (Arntl). These two
genes displayed similar gene expression patterns across age
groups (Figure 3). There was no difference in KEGG pathway
analysis results of down-regulated genes when restricting
the analysis to the 23 down-regulated DEGs with
FDR< 0.05. Significant GO BP terms of down-regulated genes

included ‘sterol biosynthetic process’ (FDR q-value = 3.5E-12),
‘cholesterol biosynthetic process’ (FDR q-value = 4.4E-9),
‘cholesterol metabolic process’ (FDR q-value = 5.3E-9),
‘steroid biosynthetic process’ (FDR q-value = 2.9E-8), ‘steroid
metabolic process’ (FDR q-value = 6.2E-7), ‘isoprenoid biosyn-
thetic process’ (FDR q-value = 4.8E-6) and ‘lipid metabolic
process’ (FDR q-value = 5.5E-4). Again, these same GO BP
terms remained significant when limiting to the 23 DEGs with
FDR < 0.05 (Data S3).

Validation of differentially expressed genes in
sciatic nerve via quantitative reverse transcription
PCR

We performed qRT-PCR on a set of DEGs to validate the
RNA-seq results. As shown in Figure 4, gene expression in
the sciatic nerve measured by qRT-PCR agreed with our
RNA-seq findings. Compared with 5-month-old mice, there
was an increase in expression of D site albumin promoter bind-
ing protein (Dbp, P = 0.022) and the principal clock gene period
circadian regulator 2 (Per2, P = 0.013) in 18-month-old mice
(Figure 4A,B). We also confirmed that the genes guanylate-
binding protein 1 (Gbp1) and 24-dehydrocholesterol reductase
(Dhcr24) were down-regulated in 18-month-old mice com-
pared with 5-month-old mice (P = 0.043 and P < 0.0001, re-
spectively) (Figure 4C,D). qRT-PCR results for 13 additional
genes we validated are shown in Figure S8.

Pattern identification and functional enrichment
analyses of clusters of differentially expressed
genes

To investigate biologically relevant changes in gene expres-
sion across age groups, we analysed all pairwise comparisons
of the normalized RNA-seq counts simultaneously using the
LRT, which identified 2547 genes significant at FDR < 0.05.
Using the ‘degPatterns’ function in R, we identified groups
of genes within this list with similar expression patterns across
age groups (henceforth referred to as ‘clusters’). We identi-
fied seven clusters of genes containing 119–674 genes per
cluster (Figure S9) and explored the biological relevance of
these clusters using functional enrichment analysis assessing
enrichment of clusters for GO BP terms (Figure 5).

Cluster 1, containing 341 genes, was significantly enriched
with genes associated with various biosynthetic and meta-
bolic processes as well as ‘extracellular matrix organization’
(FDR q-value = 1.13E-03) and ‘extracellular structure organi-
zation’ (FDR q-value = 6.67E-04). Cluster 2 contained 536
genes associated with ‘anterograde axonal transport’ and
‘organelle disassembly’, but these did not reach statistical
significance after adjustment for multiple comparisons.
Cluster 3 (674 genes) was associated with 146 GO BP terms

Table 2 The 51 differentially expressed genes identified in sciatic nerve
comparing 18-month-old mice (n = 5) with 5-month-old healthy,
mature adult control mice (n = 6), including 28 up-regulated genes and
23 down-regulated genes

Gene Log2 fold change FDR q-value

Up-regulated Dbp 2.63 5.55E-11
Kcnq1ot1 3.06 7.56E-05
Myf6 5.93 2.20E-04
Myh1 6.04 2.52E-04
Nnat 3.98 4.06E-04
Ppp2r2c 2.43 4.83E-04
C130026I21Rik 5.18 6.81E-04
Lmod2 7.52 1.07E-03
Per2 2.57 1.38E-03
Mb 4.75 4.03E-03
Lars2 3.98 9.59E-03
Mylk4 6.61 9.76E-03
Ttn 6.80 1.36E-02
Akr1cl 5.76 1.41E-02
Tmem45b 2.05 1.41E-02
Slc2a4 2.99 1.41E-02
Fabp3 3.75 1.41E-02
Zbtb16 2.43 1.41E-02
Mybpc1 4.99 2.09E-02
Pfkfb1 2.71 2.09E-02
Rn45s 3.74 2.29E-02
Plin4 2.24 2.45E-02
Malat1 2.41 2.49E-02
Ttll7 2.80 2.71E-02
Tmem52 4.68 2.90E-02
Col24a1 1.95 3.21E-02
Lep 2.88 3.47E-02
Tcap 5.08 3.84E-02

Down-regulated Cdh6 �21.38 1.33E-24
Gbp1 �21.78 1.33E-24
Parpbp �20.76 1.31E-19
Trpm5 �20.66 5.62E-17
Ankl1 �19.13 1.08E-15
Abca12 �20.84 7.05E-15
Adamts18 �19.44 3.73E-13
Tnfrsf9 �19.98 8.83E-12
Dhcr24 �2.00 5.32E-11
Cdc25c �18.17 2.25E-10
Hmgcs1 �1.95 1.92E-07
Sqle �2.18 4.56E-07
Npas2 �3.16 8.23E-04
Fdps �1.80 1.05E-03
Cyp51 �2.11 1.19E-03
Arg1 �7.90 7.22E-03
Hmgcr �1.73 8.39E-03
Arntl �2.08 8.41E-03
P2rx1 �6.83 9.59E-03
Spta1 �7.53 1.12E-02
Tnip3 �7.27 1.12E-02
Mvd �2.35 1.12E-02
Sc4mol �1.71 2.61E-02

Note: Differentially expressed genes in this table are sorted by
ascending false discovery rate (FDR) q-value.
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(FDR < 0.05). Genes in Cluster 3 were associated with GO BP
terms such as ‘immune system process’ (FDR q-value = 6.9E-
10), ‘immune response’ (FDR q-value = 1.73E-07) and ‘regula-
tion of immune system process’ (FDR q-value = 2.93E-07).
Cluster 4 (529 genes) was associated with 80 GO BP terms
(FDR < 0.05). Significantly enriched GO BP terms included
‘muscle system process’ (FDR q-value = 2.05E-04), ‘striated
muscle contraction’ (FDR q-value = 1.73E-04), ‘muscle con-
traction’ (FDR q-value = 1.26E-04) and various metabolic pro-
cesses. None of the GO terms in Cluster 5 (165 genes)
reached statistical significance after adjustment for multiple
comparisons. The 119 genes in Cluster 6 were associated with
62 GO BP terms mainly related to immune system processes
and the defence response (e.g., ‘response to external biotic
stimulus’, ‘response to bacterium’, ‘response to stress’ and
‘response to chemical’). Lastly, the 183 genes in Cluster 7
were involved in ‘translation’ (FDR q-value = 5.47E-15) and

related processes as well as cell cycle processes. The full re-
sults of this analysis are available in Data S4.

Discussion

Sarcopenia is the pathological age-associated progressive de-
cline in skeletal muscle mass and strength.7 Although sarco-
penia has long been considered a disease of skeletal muscle
fibres only, accumulating evidence suggests that sarcopenia
may originate in the nervous system through a loss of alpha
motor neuron axons and the fibre type grouping that results
from the concomitant remodelling of motor units, as re-
viewed by Gustafsson and Ulfhake.8 Molecular and structural
alterations at the NMJ have also been observed,8,9 but it is
unclear whether alteration of motor units or NMJs is one of
the first stages leading to sarcopenia.

Table 3 Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis of 54 up- and 28 down-regulated differentially expressed genes with
false discovery rate (FDR) < 0.1, comparing 18-month-old mice (n = 5) with 5-month-old mice (n = 6)

KEGG pathway Gene count P-value FDR q-value Genes

Up-regulated AMPK signalling pathway 4 5.50E-04 2.00E-02 Pfkfb1, Lep, Ppp2r2c, Slc2a4
Circadian rhythm 3 7.00E-04 2.00E-02 Bhlhe41, Per2, Per3
Fructose and mannose
metabolism

2 4.50E-02 5.40E-01 Pfkfb1, Aldob

Down-regulated Terpenoid backbone
biosynthesis

4 1.30E-06 4.80E-05 Hmgcr, Hmgcs1, Fdps, Mvd

Steroid biosynthesis 3 1.80E-04 3.40E-03 Dhcr24, Cyp51, Sqle
Metabolic pathways 8 4.30E-04 5.50E-03 Dhcr24, Hmgcr, Hmgcs1, Arg1, Cyp51, Fdps,

Mvd, Sqle
Circadian rhythm 2 3.00E-02 2.90E-01 Arntl, Npas2

Note: For up-regulated genes, only shown are pathways significant at P-value < 0.05. Abbreviation: AMPK, AMP-activated protein kinase.

Figure 3 Expression of Arntl (A) and Npas2 (B) in sciatic nerve of mice aged 5, 18, 21 and 24 months. Plot of normalized DESeq2 counts of Arntl and
Npas2 in sciatic nerve of mice aged 5 (n = 6), 18 (n = 5), 21 (n = 6) and 24 (n = 5) months. False discovery rate (FDR) q-values denoted on the graph
are for comparisons significant (FDR < 0.05) in the Wald test.
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This study demonstrates that gene expression changes in
the sciatic nerve relevant to sarcopenia can be detected prior
to clinical onset of myofiber denervation and sarcopenia
in muscle. We showed that expression of genes previously
implicated in sarcopenia, such as the principal clock gene
Arntl (also known as Bmal1),10 is differentially expressed (|
LFC| > 1.0, FDR < 0.05) in nerve as early as 18 months of
age compared with healthy, mature adult controls. Pathway
enrichment analysis revealed that up-regulated DEGs at
18 months were associated with the AMPK signalling path-
way whereas down-regulated DEGs were associated
with biosynthesis and metabolic pathways. Both up- and
down-regulated DEGs were associated with circadian rhythm
genes, suggesting that this is a particularly important path-
way in aging sciatic nerve.

Our hypothesis that alterations in peripheral nerves occur
prior to the clinical expression of sarcopenia is supported
by a previous longitudinal study in C57BL/6J mice (aged be-
tween 4 and 24 months) that measured significant accumula-
tion of a series of proteins implicated in cytoskeleton dynam-
ics/axonal transport and autophagic protein degradation

pathways in the sciatic nerve starting at 18 months,1 whereas
in the same mice, loss of muscle mass and denervation at the
NMJ was only clearly substantiated by 24 months of age.5,11

Furthermore, prior work has reported signs of sarcopenia in
C57BL/6J mice (such as changes in muscle volume, weights,
cross-sectional area and measures of muscle function) as
early as ~20 months of age,12 yet most studies utilizing the
naturally aging C57BL/6J mouse model of sarcopenia study
mice older than 24 months of age,13 obscuring the study of
molecular mechanisms early in the disease course. Here, we
report altered expression of several key genes in the nerve
as early as 18 months.

The top up-regulated DEGs (by LFC) are Lmod2 and Ttn,
genes that play roles in sarcomere organization and maintain-
ing sarcomere integrity. Increased expression of genes such
as Myf6, Myh1, Mb, Mylk4, Mybpc1 and Tcap (Table 2) fur-
ther suggests that the expression changes detected are rele-
vant to muscle function. Differential expression of cell–cell
adhesion and junction assembly/organization gene Cdh6
and cytoskeleton and extracellular matrix genes Fabp3, Ttll7,
Col24a1, Adamts18 and Spta1 suggests dynamic changes at

Figure 4 Expression of Dbp (A), Per2 (B), Gbp1 (C) and Dhcr24 (D) in sciatic nerve of mice aged 5, 18, 21 and 24 months (n = 5–6 per age group)
assessed by quantitative real-time PCR (qRT-PCR, left) and RNA sequencing (RNA-seq, right). Left: Relative gene expression assessed by qRT-PCR.
The delta–delta cycle threshold (ddCt) was calculated using Ppia and Hprt housekeeping genes with 5-month-old mice used as the reference. P-values
were calculated from one-way analysis of variance followed by Tukey’s test. Right: Corresponding plot of normalized counts from RNA-seq analysis.
Asterisk denotes statistical significance (false discovery rate q-value < 0.05) in the Wald test.
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the NMJ. Trpm5 was among the top down-regulated DEGs.
TRPM5, an integral component of the plasma membrane,
contributes to postural tone in hindlimbs of mice and motor
output during locomotion.14 The involvement of these DEGs
in sarcopenia development deserves further investigation as

the study of these genes may increase our understanding of
the disease aetiology and identify potential therapeutic
targets.

Functional and pathway enrichment analysis identified cir-
cadian rhythm as a key pathway targeted by the DEGs. We

Figure 5 Gene Ontology Biological Process (GO BP) functional enrichment analysis of the seven clusters of gene expression, denoted in grey, identified
by the ‘degPatterns’ R package. The enrichment score is shown on the y axis, with bars coloured according to �log10(q-value). *GO BP terms signif-
icantly enriched with target genes, false discovery rate (FDR) q-value < 0.05. For Clusters 3 and 4, only GO BP terms significant at FDR < 0.001 are
shown. For Cluster 6, only GO BP terms significant at FDR < 0.01 are shown.
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detected significant down-regulation of Arntl, a core compo-
nent of the principal clock, in sciatic nerve at 18 months of
age. Mice deficient in brain and muscle Arntl have reduced
lifespans and show symptoms of premature aging including
sarcopenia.10 We found dysregulation in other circadian clock
genes, including period circadian regulator 2 and 3 (Per2 and
Per3) and Npas2. Molecular clock disruptions are linked to
aging and the development of many chronic diseases includ-
ing sarcopenia.15 For example, circadian rhythm disruption
was associated with an increased risk of sarcopenia in a study
comparing the risk of sarcopenia between night-shift workers
and those who never worked night shifts.16 Our results sug-
gest that impaired circadian rhythm maintenance may be im-
portant in sarcopenia development.

The AMPK signalling pathway was identified as an impor-
tant pathway among up-regulated DEGs. AMPK activation
positively regulates signalling pathways that replenish cellular
ATP supplies, including autophagy. Indeed, one gene that we
identified through functional pattern analysis was the mi-
tophagy protein BLC2 Interacting Protein 3 (Bnip3). Bnip3 in-
hibition protects against muscle wasting,17 yet we detected
an increase in Bnip3 expression in sciatic nerve at 18 months,
which we confirmed with qRT-PCR (Figure S8). We also de-
tected increased expression of PTEN-induced kinase 1
(Pink1), which encodes an essential pro-survival factor of mi-
tochondria in the face of pathologic oxidative stress.18 Thus,
the up-regulation at 18 months (confirmed with qRT-PCR)
could reflect a compensatory mechanism of damaged mito-

chondria or mitochondria being targeted for degradation
due to aberrant AMPK signalling. Small molecule activators
of PINK1 are in development19 and perhaps could represent
a future therapeutic strategy for sarcopenia. Aging-related
mitochondria dysfunction (e.g., due to the build-up of reac-
tive oxidative stress) may contribute to sarcopenia through
increased apoptosis, reduced capacities for muscle regenera-
tion or motor neuron cell death, as reviewed by Lo and
colleagues20 and Wiedmer and colleagues.21 Furthermore, it
has been shown that mitophagy and cell survival are regu-
lated by the circadian Clock gene in cardiac myocytes,22 sug-
gesting that regulation of mitophagy in the context of sarco-
penia may possibly be accomplished by the differentially
expressed circadian genes we identified. The up-regulation
of mitochondrial genes including Bnip3 and Pink1 suggests
an important role of the mitochondria in sarcopenia onset
in peripheral nerves that deserves further exploration, as well
as the regulation of mitophagy by circadian clock genes.

AMPK activation also negatively regulates ATP-consuming
biosynthetic processes such as protein synthesis. This agrees
with our finding of down-regulation of biosynthetic and
metabolic pathways and a previous study1 that observed an
accumulation of proteins in sciatic nerve (with age, compar-
ing 26- with 3-month-old female C57BL/6J mice) suggesting
age-related dysfunction of degradation mechanisms, which
may possibly reduce synaptic efficacy and muscle
contractability through impaired axonal transport, excitability
and neurotransmitter supply to NMJs. AMPK signalling has

Figure 5 Continued
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also been implicated in several species as a critical modulator
of aging23 and is a candidate for the treatment of
sarcopenia.20,24

Lastly, we performed functional enrichment analysis on
clusters of genes with similar patterns of expression across
age groups. Clusters 1 and 6 as well as 4 and 5 were of partic-
ular interest given their decrease and increase in expression
at 18 months, respectively, which corresponds to the pre-on-
set of myofiber denervation in our C57BL/6JN mice. Cluster 1
genes were associated with biosynthetic and metabolic pro-
cesses as well as with extracellular matrix organization and
extracellular structure organization, suggestive of tissue re-
modelling with age and/or diminished remodelling capacity
with aging.8 The genes in Cluster 6 were associated with
the immune system and defence response. Interestingly,
Cluster 6 genes showed a large decrease in expression at
18 months that could indicate a window of immune vulnera-
bility of the peripheral nervous system to external stimuli
followed by a steady increase thereafter that could reflect im-
mune system senescence associated with excessive proin-
flammatory cytokine production that some have referred to
as ‘inflammaging’.25 Whether the drop in immune defences
observed at 18 months is implicated in sarcopenia onset re-
mains to be determined. Cluster 4 genes were associated
with metabolic processes such as glycogen metabolism,
glucan metabolism and energy reserve metabolic processes
(among others), again suggesting dysfunctional AMPK
signalling.

To our knowledge, this is the first report assessing the
transcriptome of sciatic nerves in the context of sarcopenia
using untargeted RNA-seq. The main strengths of this study
include the use of an unbiased bioinformatics analysis, valida-
tion of RNA-seq findings using qRT-PCR and the use of multi-
ple time points during the mouse lifespan preceding distur-
bances in myofiber innervation and overt sarcopenia with
multiple (n = 5–6) biological replicates. In our morphological
assessment of myofiber cross-sections, we measured the
minimal ‘Feret’s diameter’ as this was previously shown
to be the most robust geometrical parameter for
cross-sectional muscle fibre size measurement that is the
least influenced by experimental errors.S5 However, this study
has several limitations. The main limitation of this study is
that although we validated the onset of pathological skeletal
muscle aging (occurring at 21 months, via analysis of gastroc-
nemius and quadriceps muscle weights and morphology) in a
cohort of female C57BL/6JN mice from the NIA mouse colony,
we did not validate the functional onset of sarcopenia (i.e.,
we did not assess muscle mass, strength, function, contractil-
ity etc.) in the cohort of mice utilized for the RNA-seq analy-
ses. In these mice, we validated myofiber denervation at
24 months by replicating previous findings by Barns and
colleagues.5 Specifically, we found that expression of genes
associated with NMJ denervation including Chrnd, Runx1
and Gadd45ɑ is up-regulated in the muscle of our female

C57BL/6JN mice aged 24 months (P < 0.1). We did not detect
significant up-regulation of Chrng or Myog, although there
was a non-significant increase in expression compared with
expression in 5-month-old mice. However, it is not clearly es-
tablished that these markers can validate sarcopenia without
other measures of sarcopenia such as changes in muscle
mass, motor unit losses and muscle contractility changes. Al-
though it has been previously established that increased ex-
pression of these molecular markers of myofiber denervation
in aging muscle is concomitant with the transition to sarcope-
nia in 24-month-old female C57BL/6J mice,5 we note that the
mice used in the study by Barns and colleagues were not
from the NIA colony but from an aging colony from Royal
Brisbane Hospital in Queensland, Australia. The lifespan and
healthspan (including sarcopenia onset) of mouse models of
aging may differ from cohort to cohort due to spontaneous
mutations as well as differences in technical factors such as
differing housing and environmental conditions. Therefore,
future studies should re-assess these markers alongside
validated measures of sarcopenia such as muscle weight,
function, contractile velocity and cross-sectional myofiber
size.1,2,5,26

Given that previous studies have characterized female
C57BL/6J mice, our study was also limited to females to facil-
itate comparison of the results, but future studies should be
performed to thoroughly characterize sarcopenia develop-
ment in male C57BL/6J mice. Thus, the generalizability of
these results is limited to female mice from the NIA C57BL/
6JN mouse colony. Also, the gastrocnemius muscles used
for qRT-PCR to confirm myofiber denervation were dissected
from snap-frozen legs. Although great measures were taken
to ensure there was no contamination from other muscles
(which may show variable susceptibility to aging), it is still
possible that there may be minimal contamination from
nearby muscles such as the plantaris and soleus muscles.
However, we find it reassuring that our qRT-PCR results in
gastrocnemius muscle not only are in alignment with data
reported by Barns and colleagues in quadriceps (with
up-regulation of genes associated with NMJ denervation)
but also are supported by our findings of muscle weights in
mice from the same NIA colony; in mice from the NIA colony
used for our study, we observed less striking increases in
gene expression in markers of myofiber denervation in gas-
trocnemius compared with what was previously reported in
quadriceps (in mice from the Royal Brisbane Hospital). In
agreement, in our mice, the gastrocnemius did not show sta-
tistically significant declines in normalized weight with aging
whereas in quadriceps we observed a significant decrease in
muscle mass normalized to total body weight. Muscle weight
normalized to total body weight reflects the ability of a mus-
cle to maintain muscle mass in relation to body weight and
thus is a measure of how well adapted a muscle is in perform-
ing its weight-bearing task.S17 This further demonstrates that
different muscles are impacted by the aging process to vary-
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ing degrees (which could be impacted by factors such as mus-
cle location, specific function or fibre type composition) and
suggests that the quadriceps may be more susceptible to
age-related muscle pathology in these mice.

Lastly, another limitation is that we performed RNA-seq on
total RNA isolated from the entire sciatic nerve as opposed
to pure motor nerves. Because the sciatic nerve is a
mixed-function nerve, we sequenced some sensory axons in
addition to motor axons. Interestingly, the sympathetic ner-
vous system has recently gained attention for its role in reg-
ulating skeletal muscle motor innervation and its potential
implication in sarcopenia pathogenesis.27 Glial cells, including
Schwann cells that myelinate peripheral axons, are in close
contact with neurons within the sciatic nerve and so we mea-
sured some changes relevant to glia. Glial cells have also
been proposed to play a leading role in neuromuscular aging
and sarcopenia.28 Changes in Schwann cell phenotype and
plasticity have been observed in aged sciatic nerve of
C57BL/6J mice.1,29 Thus, age-related alterations in glial cells
including Schwann cells may affect axonal function and stabil-
ity at the NMJ and contribute to sarcopenia initiation.8 Future
studies could use novel spatial imaging techniques such as
the RNAScope™ to untangle the cellular origin of the key mo-
lecular changes we report here.

In conclusion, we detected gene expression changes in the
nerve as early as 18 months of age, prior to the onset of
myofiber denervation, which we confirmed at 24 months by
up-regulation of Chrnd, Chrng, Gadd45ɑ, Myog and Runx1
in muscle by qRT-PCR, and prior to age-related muscle pa-
thology, which we confirmed at 24 months of age in a sepa-
rate mouse cohort by an increase in fibres with centralized
myonuclei and altered myofiber size distribution. Our results
suggest that pathophysiological processes contributing to sar-
copenia may be unfolding early in the nerve. We identified
several genes and pathways that may represent possible tar-
gets for the prevention and treatment of sarcopenia. In-
creased understanding of how these pathways contribute to
the aging process in nerve and skeletal muscle, and the
mechanisms regulating skeletal muscle denervation at the
NMJ, could be critical in identifying novel treatments and bio-
markers for sarcopenia. Future studies examining longitudi-

nal gene expression profiles in peripheral nerves and the
muscles they innervate at adult, early-sarcopenic and con-
firmed sarcopenic stages will be highly valuable and confirm
the role of nerves in sarcopenia pathogenesis.
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