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a  b  s  t  r  a  c  t

Molecular  mechanisms  that  are  associated  with  age-related  denervation  and  loss  of  skeletal  muscle  mass
and function  (sarcopenia)  are  described  for female  C57Bl/6J  mice aged  3, 15,  24,  27  and  29  months  (m).
Changes  in  mRNAs  and  proteins  associated  with  myofibre  denervation  and  protein  metabolism  in age-
ing muscles  are  reported,  across  the  transition  from  healthy  adult myofibres  to sarcopenia  that  occurs
between  15  and  24  m.  This  onset  of  sarcopenia  at 24  m, corresponded  with  increased  expression  of  genes
associated  with  neuromuscular  junction  denervation  including  Chnrg,  Chrnd,  Ncam1,  Runx1,  Gadd45a  and
Myog.  Sarcopenia  in quadriceps  muscles  also  coincided  with  increased  protein  levels  for  Igf1  receptor,
Akt  and  ribosomal  protein  S6  (Rps6)  with  increased  phosphorylation  of  Rps6  (Ser235/236)  and  elevated
arcopenia
rotein degradation
ene variance

Murf1  mRNA  and  protein,  but not  Fbxo32:  many  of  these  changes  are  also  linked  to  denervation.  Global
transcription  profiling  via  microarray  analysis  confirmed  these  functional  themes  and  highlighted  addi-
tional themes  that  may  be a consequence  of pathology  associated  with  sarcopenia,  including  changes  in
fatty acid  metabolism,  extracellular  matrix  structure  and protein  catabolism.  Ageing  was  also  associated
with increased  global  gene  expression  variance,  consistent  with  decreased  control  of  gene  regulation.

©  2014  Elsevier  Ltd.  All  rights  reserved.
. Introduction

The age-related loss of skeletal muscle mass and function,
alled sarcopenia, adversely affects movement, mobility, posture,
etabolism, independence and mortality. The incidence of sar-

openia is reported as 14% by 65–69 years of age, may  reach greater
han 50% by 80 years (Janssen, 2010) and loss of function may  occur
efore loss of muscle mass (Clark and Manini, 2008). Sarcopenia
esults in diminished independence and frailty that increases the
isk of falls and fractures with escalating costs for the global health
ystem (Cruz-Jentoft, 2010). As the human population rapidly ages,

here is a compelling need to better understand the molecular

echanisms that cause sarcopenia in order to design and imple-
ent the best early intervention strategies.
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357-2725/© 2014 Elsevier Ltd. All rights reserved.
The extent of sarcopenia is highly variable and depends on fac-
tors such as ethnicity, diet, health status, gender, activity, lifestyle
and muscle type (Janssen, 2010). The precise reasons for sarcopenia
are not well understood, however the general age related decrease
in hormonal and nervous system capacity are proposed as contrib-
utors (Sayer et al., 2013; Shavlakadze and Grounds, 2003), with
interactions between many systemic and local factors at the tissue
level (McMahon et al., 2010). At the myofibre level, a wide range of
mitochondrial and metabolic changes have been described (Altun
et al., 2010; Calvani et al., 2013; Rennie et al., 2010). We  have a
particular interest in the innervation of myofibres, since electrical
stimulation by a nerve is essential for normal muscle function and
maintenance of muscle mass (Faulkner et al., 2007).

Denervation of myofibres has been demonstrated in old mice
(Chai et al., 2011; Valdez et al., 2010; Yang et al., 2011) and elderly
humans (Aagaard et al., 2010) where it is more pronounced, proba-
bly due to the longer ageing time of more than 30 years for humans

(from ∼60 to >90 years of age) compared with only about 1.5 years
for rodents. The mouse is especially useful as a model of sarcopenia
due to the many genetically modified mouse lines that can help elu-
cidate specific mechanisms in the future. For species comparison,

dx.doi.org/10.1016/j.biocel.2014.04.025
http://www.sciencedirect.com/science/journal/13572725
http://www.elsevier.com/locate/biocel
http://crossmark.crossref.org/dialog/?doi=10.1016/j.biocel.2014.04.025&domain=pdf
mailto:20505881@student.uwa.edu.au
mailto:cgondro2@une.edu.au
mailto:Ross.Tellam@csiro.au
mailto:Hannah.Crabb@curtin.edu.au
mailto:miranda.grounds@uwa.edu.au
mailto:tea.shavlakadze@uwa.edu.au
dx.doi.org/10.1016/j.biocel.2014.04.025


f Bioch

3
5

d
q
2
v
T
t
c
p
a
a

c
r
S
(
t
m
2
s
o
c
a
i
a

2

2

f
F
R
t
t
w
a
c
R
E
o
c
a
y
d

2

e
t
q
i

2

n
a
p
2
t
t
t

M. Barns et al. / The International Journal o

, 15 and 24 m old mice are roughly equivalent to humans aged 20,
0 and 70 years (Flurkey et al., 2007).

We have previously described the time-course of sarcopenia
evelopment in female C57Bl/6J mice, with significant loss of
uadriceps muscle mass by 24 m that is more pronounced by
7–29 m (Shavlakadze et al., 2010b), at a time where there is dener-
ation and altered NMJ  morphology of myofibres (Chai et al., 2011).
he present study used tissues from these same mice to investigate
he mechanisms that lead to this loss of muscle mass: specifi-
ally the expression of genes and proteins that coincide with, or
otentially precede, muscle loss and myofibre denervation were
nalyzed, with the aim to identify biomarkers to monitor the onset
nd progression of sarcopenia.

Denervation results in myofibre atrophy with a net loss of mus-
le protein, through complex interacting signalling pathways that
egulate the balance between protein synthesis and degradation.
ince signalling downstream from the Insulin-like growth factor-1
IGF-1) and insulin receptors is of central importance for regula-
ion of protein metabolism and maintenance of normal muscle

ass (Schiaffino and Mammucari, 2011; Shavlakadze and Grounds,
006), activities of key proteins in this pathway were also mea-
ured in ageing skeletal muscles in the present study. The power
f our study is the comprehensive analysis of many molecular
hanges (using qRT-PCR, immunoblotting and microarrays) at five
ges (from 3 to 29 m),  to define the progression of events that result
n sarcopenia, especially during the transition between healthy
dults and the onset of sarcopenia (15–24 m),  in mice.

. Materials and methods

.1. Mice and tissue collection

Female C57BI/6J mice aged 15, 24, 27 and 29 m were obtained
rom an ageing colony at Royal Brisbane Hospital, Queensland.
emale C57BI/6J mice aged 3 m were obtained from the Animal
esource Centre, Murdoch, Western Australia. All mice were main-
ained on a 12 h light: 12 h dark regimen at 22 ◦C, with free access
o mouse and rat diet (Specialty Feeds, Australia) and water. Mice
ere delivered to the University of Western Australia (UWA) and

llowed to acclimate for one week. All animal procedures were
arried out in accordance with the National Health and Medical
esearch Council of Australia and approval by the UWA  Animal
thics Committee. Mice were anaesthetized with a gaseous mixture
f 2% isoflurane 400 cc/min NO2 and 1500 cc/min O2 and killed by
ervical dislocation. Gastrocnemius and quadriceps were removed
nd snap frozen in liquid nitrogen for mRNA and protein anal-
ses. Quadriceps muscles were embedded for cryo-sectioning as
escribed in (Shavlakadze et al., 2010a).

.1.1. Histology and immunohistochemistry
Quadriceps cryo-sections were stained with haematoxilin and

osin (H&E) or immuno-stained with Desmin antibody, 1:300 dilu-
ion (abcam, ab8592). Myofibres with non-peripheral nuclei were
uantified only in the rectus femoris part of the quadriceps using 4

ndividual images taken at 10× magnification from each muscle.

.1.2. Quadriceps RNA extraction and qRT-PCR
Quadriceps muscles (n = 4–6 per group) were ground in liquid

itrogen and the resulting powder split into two portions for RNA
nd protein extraction. Procedures for RNA extraction and cDNA
reparation have been described elsewhere (Shavlakadze et al.,

013b). Primers purchased from Qiagen are listed in Supplemen-
ary Table S1. Gene expression in skeletal muscle was normalized
o the geometric mean of Hprt1 and Ppia expression values using
he GeNorm algorithm (Vandesompele et al., 2002). The mRNA
emistry & Cell Biology 53 (2014) 174–185 175

levels for these genes were similar at all five ages (Supplementary
Fig. S1A and B).

2.1.3. Protein extraction and immunoblotting
Protein fractions (soluble and insoluble in 1% NP40) were

extracted from quadriceps muscles. Muscle powder was  homog-
enized with a Polytron homogenizer in ×5 (v/w) ice-cold PBS,
1% NP40, 1 mM EDTA, supplemented with complete EDTA-free
protease and phosphatase inhibitor tablets (Roche, Mannheim,
Germany) and centrifuged (13,000 × g, 20 min). The supernatant
represents the 1% NP40 soluble protein fraction. The resultant pel-
lets were solubilized by sonication in a buffer containing 20 mM
HEPES and 4% SDS supplemented with protease and phosphatase
inhibitor tablets (Roche, Mannheim, Germany), followed by cen-
trifugation (19,600 × g, 10 min) (Shavlakadze et al., 2013a). Protein
was quantified with the DCTM protein assay (Bio-Rad) and sam-
ples were resolved on 4–15% SDS-PAGE TGX gels (Bio-Rad, NSW,
Australia) and transferred onto nitrocellulose membrane using a
Trans Turbo Blot system (Bio-Rad, NSW, Australia). Immunoblot-
ting was performed with antibodies to p-Akt(Ser473) (#9271),
t-Akt (#9272), p-ribosomal protein S6(Ser235/236) (#4858), and
t-ribosomal protein S6 (#2217), all from Cell Signaling (all 1:1000
in 5% BSA) and antibodies to Murf1/Trim3 (0.1 �g/ml in 5%
BSA) (AF5366, R&D systems) and Fbxo32 (1:1000 in 5% BSA)
(SAB2501208, Sigma Chemical Co., St Louis, MO,  USA). The ‘p’
and ‘t’ prefixes signify ‘phosphorylation’ and ‘total’, respectively.
HRP-conjugated secondary antibodies were from Thermo Fisher
Scientific, MA,  USA. Chemiluminescence signal was captured with
ChemiDoc MP  Imaging System (Bio-Rad). Resultant images were
quantified using ImageJ software. A common sample was  loaded
on each gel to normalize for detection efficiencies across mem-
branes. All immunoblot images in the figures represent samples
immunoblotted onto the same membrane.

2.1.4. Statistical analyses
Gene expression data obtained by qRT-PCR and protein expres-

sion data obtained by immunoblotting were analyzed using
one-way ANOVA followed by Fisher’s Least Significant Difference
(LSD) as the Post Hoc test for statistical analysis for direct compar-
isons between individual means. The significance threshold was  set
at P ≤ 0.05. Data are shown as mean ± standard error of mean.

2.2. Variance analysis of microarray and qRT-PCR data

The log2 RMA  normalized microarray data were filtered to
remove control probes and probes with low average expression
intensities (<8). Variances for each probe were calculated across the
dataset and within each age group and a simple median centered
Levene test was  used to test for differences in variances between the
age groups. Variance ratios (�2

g /�2
t ) per age group for each probe

were then calculated and pairwise F-ratios estimated. The same
approach was  used for the qRT-PCR gene expression data.

2.3. Gastronemius RNA extraction for microarray analyses

Total RNA was extracted from gastrocnemius muscles using Tri-
zol reagent (Invitrogen). Samples from four animals were extracted
at each of the four ages, i.e. 3, 15, 24 and 29 m.  The RNA was
quantified spectrophotometrically and its integrity validated by
the OD260/OD280 absorption ratio (>1.8) and by visualization on
an agarose gel. The quality of RNA was assessed by Agilent 2100

Bioanalyzer, RNA 6000 Nano LabChip kit and Agilent 2100 Expert
Software (Agilent Technologies, Inc., Santa Clara, CA, USA). All
samples with RIN scores >7.5 were selected for the microarray
experiment.
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Fig. 1. Quadriceps femoris muscle weights in female C57Bl/6J mice aged 3 to
29 months (m)  (A), quadriceps muscle cross sections from 3 and 24 m old mice
immunostained with desmin (B and C) and proportion of myofibres with non-
peripheral myonuclei in quadriceps (D). Muscle weight data (A) are mean ± s.e.m
for  6–11 mice/group and means without a common letter are significantly different
at  P ≤ 0.05, ANOVA with Fisher’s LSD tests. Desmin immunostaining (B and C) depicts
myofibres with uniform appearance at 3 m (B) and atrophic, misshaped myofibres
at  24 m (C and arrows). Scale bar, 50 �m.  The proportion (%) of myofibres with
non-peripheral myonuclei/total number of myofibres (D) was  quantified in cross-
sections of the rectus femoris part of the quadriceps stained with H&E. Note: In all
76 M. Barns et al. / The International Journal o

.4. Microarray transcript profiling

The murine MGGE AGHS1C 8 × 60 K Agilent SurePrint G3 GE
icroarray was employed for transcriptional analyses of the sam-

les by Agilent services. The microarray contains 39,430 Entrez
enes and 16,251 lncRNA (murine RefSeq build 37). The target
abeling was performed using Cy3 and the Agilent Amplification
it PLUS (Agilent, #5184-3523) according to the manufacturer’s

nstructions. The microarray slides were washed, scanned using
n Agilent microarray scanner (G2505B) and signal intensities
xtracted using Agilent feature extraction software.

The target labelling, hybridisations, fluidics and chip scan-
ing were performed according to the manufacturer’s instructions.
uality control measures, pre-processing and analyses were
erformed using the statistical computing language R and Bio-
onductor (Gentleman et al., 2004). All microarray images and
uality control measurements were within recommended limits.
he quality of the arrays was assessed through standard meas-
res: pseudo-images of the arrays (detects spatial effects), scatter
lots of the arrays versus a pseudo-median reference chip, and
ther summary statistics including histograms and box-plots of raw
og intensities, signal-to-noise ratios, box-plots of normalized log
atios. Transcription intensities (log2 scale) were estimated after
ormalization using RMA  (Irizarry et al., 2003a, 2003b). Briefly, the
ackground was corrected by convolution and the data were then
uantile normalized and summarized by median polish. Prior to
esting for differential expression, the data were filtered to remove
ontrol spots and spots with no signal in over 50% of the slides.
uplicated probes were pooled into a single average intensity read,

hus leaving around 15,000 features to be tested in each age con-
rast.

Differential expression between each pair of adjacent ages was
ested on a gene by gene basis using a moderated t-test with inten-
ities adjusted using an Empirical Bayes approach (Smyth, 2004).
his approach was used to focus the analysis on the progressive
hanges in gene expression compared with the immediately earlier
ge. A covariance structure to account for within array variability
as also fitted in the model. Features were considered significantly
ifferentially expressed for a false discovery rate adjusted P-value
f 0.01, using the Benjamini–Hochberg correction. A minimum fold
hange of 2 was used as an additional filter. Thus, the analysis of the
icroarray data used a conservative approach. Data were deposited

n NCBI’s Gene Expression Omnibus (GSE53959). Supplementary
ile S1 is an HTML report containing all pre-processing analyses,
nnotated lists of differentially expressed genes between adjacent
ges with gene intensity level (log2 scale) and P-value, links to NCBI,
ene Ontology and KEGG pathway analyses and quality control

mages. Fold changes were defined as the older age relative to the
ounger age in each age contrast.

.5. Functional enrichment analyses

Functional enrichment profiles for the differentially expressed
enes in each age contrast were derived for each of the Gene
ntology (GO) categories: Cellular Component, Molecular Func-

ion and Biological Process, as well as enriched KEGG pathways
Supplementary File S1). The gene function analyses used conser-
ative approaches. Differentially expressed genes were mapped
rom their Entrez identifier to their most specific GO term and
hese were used to span the tree structure and test for enriched
unction terms. Profiles for each category were also constructed
or the differentially expressed genes for different tree depths. To

void over-inflated P-values, the background consisted exclusively
f the array probes used in the analyses after the removal of control
robes, non-expressed probes and un-annotated probes. Statisti-
al significance of the functional term enrichment was determined
histograms (Figs. 1–6 and Supplementary Fig. S1) a decreasing interval between bars
(on the X-axis) indicates a decreasing age gap between the older groups.

using a weighted scoring algorithm implemented in the topGO R
package (Alexa and Rahnenfuhrer, 2013). For completeness, three

additional methods (Fisher, Kolmogorov–Smirnov and elimination)
were also included in Supplementary File S1 but are not discussed in
the manuscript as they provided overlapping information. Enriched
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eans  without a common letter are significantly different at P ≤ 0.05, ANOVA with 

O terms include those with a significance value of P < 0.01. KEGG
athway enrichment was measured in a similar manner but with a
ypergeometric test to compute P-values.

To identify higher level functional themes, the Database For
nnotation, Visualization And Integrated Discovery (DAVID) with

 background containing all murine annotated genes present on
he microarray was used (Huang da et al., 2009). Differentially
xpressed genes were independently analyzed according to their
irection of change in each age contrast. DAVID groups annotations

nto clusters based on overlaps of genes associated with each func-
ion term. This generates a Functional Annotation Cluster that gives

 clearer overview of enriched gene function information asso-
iated with large datasets. Default parameters were used in the
nalysis. The geometric mean of the P-values for the terms in each
unctional Annotation Cluster was calculated. Values less than or
qual to 0.1 were considered significant. The enrichment score for
ach cluster was defined as the LOD score. Functional Annotation
lusters were then manually grouped into Functional Themes.

. Results

.1. Quadriceps muscle weights and morphology
We  have extensively described the age related morphological
hanges in limb muscles of female C57Bl/6J mice used in this study
Chai et al., 2011; Shavlakadze et al., 2010b; Tohma et al., 2011).
n brief, the quadriceps muscle mass was lower at 24 m compared
driceps muscles aged 3 to 29 m. Data are mean ± s.e.m. from 4 to 6 mice per group.
’s LSD tests. Y-axis represents arbitrary units.

with 15 m and further decreased by 27 and 29 m,  demonstrating
progressive loss of muscle mass with ageing (Shavlakadze et al.,
2010b) (Fig. 1A). Mis-shaped, flattened atrophic myofibres with
peripheral myonuclei were observed in quadriceps from mice aged
≥24 m (Fig. 1C): these were not present in young muscles (Fig. 1B).
Myofibres with non-peripheral (central or displaced) myonuclei
were counted in quadriceps muscle cross-sections (Fig. 1D) as
these may  indicate regenerated myofibres. Number of myofibres
with displaced nuclei increased in very old (29 m)  muscles, how-
ever this number was  relatively low (∼5% of the total myofibre
number). In our study, in old female C57Bl/6J quadriceps, there
was no conspicuous indication that necrosis or regeneration was
occurring, since areas of fragmented sarcoplasm with inflamma-
tion and young myotubes were not observed histologically. Thus,
myofibres with displaced nuclei may  reflect very low levels of
necrosis/regeneration, or denervation may  be responsible for the
internalization of nuclei.

3.2. Expression of genes regulated by innervation in ageing
quadriceps muscles

To substantiate our cellular observations of increased numbers
of denervated NMJs in old extensor digitorum longus (EDL) mus-

cles of C57Bl/6J female mice (Chai et al., 2011), we performed
qRT-PCR quantification of nicotinic acetylcholine receptor (nAChR)
gamma  and delta subunits (Chrng and Chrnd),  neural cell adhesion
molecule 1 (Ncam1), runt-related transcription factor-1 (Runx1),
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Fig. 3. Igf1r mRNA (A) and protein (B and C) in quadriceps muscles aged 3–29 m. Igf1r
mRNA (�-subunit) was quantified in 4–6 mice per group (A). For immunoblots, equal
loading was  confirmed by staining membranes with Ponceau S (B). Igf1r protein (�-
subunit) (C) was quantified relative to a Ponceau S stained band from the same
membrane located at ∼23 kDa (B). Protein quantification is based on 4 mice/group.
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rowth arrest and DNA damage-inducible 45�  (Gadd45�) and Myo-
enin (Myog) in quadriceps (Fig. 2A–F), because expression of these
enes increases in denervated muscles (Adams et al., 1995; Bongers
t al., 2013; Dedkov et al., 2003; Kostrominova et al., 2000; Wang
t al., 2005; Zhu et al., 1994).

Loss of innervation is associated with the expression of all nAChR
ubunits and promotes re-expression of the embryonic � subunit
Adams et al., 1995; Hall and Sanes, 1993). In line with this evi-
ence, there was a striking (∼12-fold) increase in Chrng mRNA
xpression at 24 m compared with 15 m (P ≤ 0.005) (Fig. 2A). The
mount of Chrng mRNA decreased from 24 to 29 m (P ≤ 0.05), but
as still higher in old groups compared with young (3 and 15 m)

Fig. 2A). Chrnd mRNA also increased (2.2-fold higher) from 15 to
4 m (P ≤ 0.05) and decreased thereafter in older muscles (Fig. 2B).
cam1 mRNA levels were higher in all old groups compared with
5 m (P ≤ 0.05) (Fig. 2C).

Up-regulation of Runx1 in denervated muscle has a protective
ole from severe muscle atrophy (Wang et al., 2005). In our study,
unx1 mRNA increased substantially from 15 to 24 m (P ≤ 0.005)
nd remained high in all old groups compared with young (3 and
5 m)  (Fig. 2D). Gadd45a, which promotes denervation induced
yofibre atrophy (Bongers et al., 2013) was also induced in ageing

uadriceps muscles between 15 and 24 m (Fig. 2E).
We  next measured expression of the myogenic regulatory fac-

ors, Myogenin (Myog) and MyoD1 (Myod1) in ageing quadriceps,
ince expression of both genes increases in surgically denervated
uscles (Dedkov et al., 2003; Eftimie et al., 1991; Kostrominova

t al., 2000; Moresi et al., 2010). Myog mRNA increased from 15 m
o 24 m (P ≤ 0.05) and remained elevated from 24 to 29 m (Fig. 2F).
yod1 mRNA increased only in very old (29 m)  muscles, albeit with

igh individual variation within the group (P ≤ 0.05) (Supplemen-
ary Fig. S1C).

Thus, significantly increased expression of Chrng,  Chrnd,  Ncam1,
unx1, Gadd45a and Myog in ageing quadriceps muscles coincides
ith the transition to sarcopenia, from 15 to 24 m,  in the female
57Bl/6J mice.

.3. Factors involved in protein homeostasis

We  analyzed mRNA and protein expression for the IGF-1 recep-
or (Igf1r) �-subunit, expression and phosphorylation of Akt and
ps6 that constitute the anabolic signalling pathway, and expres-
ion of two E3-ubiquitin ligases, muscle RING finger protein-1
Murf1) and muscle atrophy F-box protein 32 (Fbxo32), involved
n the proteasomal protein degradation pathway (Glass, 2003;
chiaffino and Mammucari, 2011).

.3.1. IGF-1 receptor
Igfr1 mRNA decreased at 24 m compared with 15 m (P ≤ 0.005),

owever muscles of older (27 and 29 m)  mice had similar levels to
 and 15 m old mice (Fig. 3A). Igf1r protein levels did not reflect
hanges in the mRNA and were higher at all old ages (24, 27, 29 m)
ompared with 15 m (P ≤ 0.05) (Fig. 3B and C).

.3.2. Akt and RpS6
We  measured mRNAs for two Akt genes, Akt1 and Akt2 (Nader,

005) in quadriceps and found that Akt1 mRNA levels were similar
t 3–27 m,  but increased at 29 m (P ≤ 0.05) (Fig. 4A). In contrast, Akt2
RNA decreased from 3 to 15 m (P ≤ 0.05) and, although there was

 trend for increased Akt2 expression in older muscles, the levels
ere not significantly different between 15 and 29 m (Fig. 4B). We
ext measured protein levels for total (t-Akt) and phosphorylated

kt (p-Akt) in ageing quadriceps muscles (Fig. 4C–E). Amounts of
-Akt (Ser473) relative to t-Akt (antibody detects both total Akt1
nd Akt2), which reflect activation of this protein, were similar at
ll ages (Fig. 4C and D). T-Akt protein (standardized to Ponceau S
All  data (A and C) are mean ± s.e.m and means without a common letter differ,
P  ≤ 0.05, ANOVA with Fisher’s LSD tests. Y-axis represents arbitrary units.

stained band located at ∼23 kDa, Fig. 4C) decreased from 3 to 15 m
(P ≤ 0.05) and increased from 15 to 24 m to levels similar to 3 m
(P ≤ 0.05), remaining unchanged at later ages (Fig. 4C and E).

Rps6 mRNA levels were similar at all ages, except for 24 m,  where
expression decreased (P ≤ 0.005) compared with 15 m (Fig. 5A).
Amounts of phosphorylated Rps6 (p-Rps6(Ser235/236)) relative to
total Rps6 (t-Rps6) were substantially lower at 15 m compared with
3 m (P ≤ 0.05) (Fig. 5B and C), however in muscles aged ≥24 m,
p-Rps6(Ser235/236) levels increased relative to 15 m and were sim-
ilar to those in 3 m old muscles (Fig. 5B and C). T-Rps6 protein levels
standardized to a ∼ 23 kDa Ponceau S stained band were similar at
all ages except for 15 m,  where t-Rps6 was  lower compared with
younger and older muscles (P ≤ 0.005) (Fig. 5B and D). This result
contrasts with the age-related changes in Rps6 mRNA expression
(Fig. 5A).

3.3.3. Murf1 and Fbxo32
We quantified mRNA and protein for Murf1 and Fbxo32 in

quadriceps muscles at the five ages. Murf1 mRNA levels were 1.3-
and 1.6-fold higher at 24 and 29 m respectively, compared with
15 m (P ≤ 0.05) (Fig. 6A). Expression levels were similar at 3, 15
and 27 m, but low relative to 24 and 29 m (P ≤ 0.05) (Fig. 6A).

Murf1 protein was  quantified in the 1% NP40 insoluble fraction
enriched with contractile proteins (Clarke et al., 2007; Shavlakadze
et al., 2013b), because Murf1 facilitates degradation of myosins
(Clarke et al., 2007; Cohen et al., 2009). The increase in Murf1 mRNA
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ig. 4. Akt mRNA and protein in quadriceps muscles aged 3–29 m. Akt1 (A) and Ak
onfirmed by staining membranes with Ponceau S (C). p-Akt(Ser473) was quantifie
rom  the same membrane located at ∼23 kDa (C). Protein quantification is based on
iffer, P ≤ 0.05, ANOVA with Fisher’s LSD tests. Y-axis represents arbitrary units.

rom 15 to 24 m was reflected by a similar increase in Murf1 pro-
ein associated with the 1% NP40 insoluble fraction (P ≤ 0.0001)
Fig. 6B and C). Murf1 protein levels were similar at all other
ges.

Fbxo32 mRNA expression also displayed age-related changes,
nd was higher at 15 m compared with all other ages (P ≤ 0.005)
Fig. 6D). Fbxo32 protein amounts were less affected by age,
lthough a decrease was seen between 27 and 29 m (P ≤ 0.05)
Fig. 6E and F).

.4. Microarray transcriptional profiling of ageing skeletal
uscles

Microarrays were used to investigate age-related changes
n gene expression in gastrocnemius muscles from the same
emale C57Bl/6J mice aged 3–29 months. This approach com-
lements the targeted gene expression analyses for quadriceps
uscles, and has the potential to identify additional functional

hemes associated with the onset and progression of sarcopenia.
upplementary File S1 (http://www.ncbi.nlm.nih.gov/geo/query/
cc.cgi?acc=GSE53959) lists details of the differentially expressed
enes for each adjacent age contrast, as well as enriched Gene
ntology (GO) Molecular Function (MF), Cellular Content (CC) and
iological Process (BP) categories for each of the 3 age contrasts
15 vs 3 m;  24 vs 15 m,  and 29 vs 24 m).  Also included are enriched
EGG pathways.

A much larger number of genes (835) was differentially

xpressed between 29 and 24 months compared with the two  ear-
ier age contrasts (375 and 170 genes, respectively) (Supplementary
able S2). The transcriptional changes occurring between 29 and
4 m also corresponded with the period of greatest loss of muscle
mRNA was quantified in 4–6 mice per group. For immunoblots, equal loading was
tive to t-Akt (D) and t-Akt (E) was quantified relative to a Ponceau S stained band
e/group. Data (A, B, D and E) are mean ± s.e.m and means without a common letter

mass, suggesting that transcriptional deregulation was associated
with the physiological consequences of sarcopenia and/or general
ageing.

To obtain a high level perspective of the gene expression
changes, the DAVID functional analysis tool (Huang da et al., 2009)
was used to group significantly enriched terms into Functional
Annotation Clusters. Clusters with enrichment scores (- log10 mean
of cluster term P-values) greater than 1.0 were considered sig-
nificant. The full analysis is available in Supplementary Table S3.
Functional Annotation Clusters were then manually grouped into
Functional Themes consisting of related clusters (Table 1). Most
apparent in this analysis was the presence of an extracellular matrix
(ECM) theme in all three age contrasts, suggesting progressive tis-
sue remodeling with age. There were also strong themes relating
to development and transcriptional regulation that became more
apparent in the older age contrasts. In particular, there were five
clusters associated with regulation of transcription in the contrast
between 29 and 24 m.  Protein catabolism emerged as a theme in the
two oldest age contrasts coincident with the loss of muscle mass
in this mouse model (Shavlakadze et al., 2010b). There was also a
strong metabolism theme in the comparison of muscles between
29 m and 24 m.

Gene Ontology (GO) enrichments were independently exam-
ined using the combined up- and down-regulated genes in each age
contrast (Supplementary Table S3). In the age contrast between 24
and 15 m there was confirmation of a strong development theme
e.g. embryonic limb morphogenesis (Biological Process (BP) GO-

0030326, P = 0.0002); regulation of canonical Wnt  receptor signalling
(BP GO-0060828, P = 0.035); regulation of smoothened signalling
pathway (BP GO-0008589, P = 0.006); hindlimb morphogenesis (BP
GO-0035137, P = 0.01).

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE53959
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE53959
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Fig. 5. Rps6 mRNA and protein in quadriceps muscles aged 3–29 m.  Rps6 mRNA (A)
was  quantified in 4–6 mice/group. For immunoblots, equal loading was  confirmed by
staining membranes with Ponceau S (B). p-Rps6(Ser235/236) was quantified relative
to t-Rps6 (C) and t-Rps6 (D) was  quantified relative to a Ponceau S stained band from
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Table 1
Summary of the DAVIDa functional annotation clusters grouped into Functional
Themes.

Age contrast
months (m)

Up- or
down-regulated

Functional Themesb (Functional
annotation cluster number
(enrichment scorec))

15 vs 3 m Up-regulated Apoptosis (Cluster 1 (2.15))
Extracellular matrix (Cluster 2
(1.58); Cluster 4 (1.48))
Oxido-reductase activity and lipid
synthesis (Cluster 3 (1.51)) Glucose
metabolism (Cluster 5 (1.3))

15 vs 3 m Down-regulated Extracellular matrix (Cluster 1
(2.66); Cluster 2 (2.57); Cluster 3
(1.93)) Development (Cluster 4
(1.66); Cluster 6 (1.33)).

24 m vs 15 m Up-regulated Regulation of growth and signal
transduction (Cluster 1 (1.57))
Development (Cluster 2 (1.5),
Cluster 3 (1.3)). Extracellular matrix
(Cluster 4 (1.27)) Protein catabolism
(Cluster 5, 1.25))

24  m vs 15 m Down-regulated Apoptosis (Cluster 1 (1.43))
29  vs 24 m Up-regulated Regulation of transcription (Cluster

1 (2.68); Cluster 2 (1.73); Cluster 3
(1.64); Cluster 10 (1.14); Cluster 11
(1.12)) Fatty acid and glucose
metabolism (Cluster 4 (1.61);
Cluster 7 (1.27)) Metabolism
(Cluster 6 (1.49); Cluster 7 (1.27))
Protein catabolism (Cluster 5 (1.53);
Cluster 12 (1.04)))

29  vs 24 months Down-regulated Regulation of transcription (Cluster
2 (1.48); Extracellular matrix
(Cluster 3 (1.32); Cluster 5 (1.05))
Development (Cluster 6 (1.04))

a Database for Annotation, Visualization and Integrated Discovery (DAVID)
(Huang da et al., 2009). The full analysis can be found in Supplementary Table S3.

b Functional Themes were defined as a grouping of related Functional Annotation
Clusters.  This higher level process displays similar functional annotations together
based on overlaps of genes associated with each function term and therefore gives
a  clearer overview of gene function information associated with large datasets. The
direction of gene expression change is the later age compared with the younger age.
he same membrane located at ∼23 kDa (B). Protein quantification is based on 4
ice/group. Data (A, C and D) are mean ± s.e.m and means without a common letter

iffer, P ≤ 0.05, ANOVA with Fisher’s LSD tests. Y-axis represents arbitrary units.

An additional enriched GO term in this age contrast (24 and
5 m)  included extracellular region part (Cellular Component (CC)
O-0044421, P = 7.6e−07), which contained a number of genes
ncoding secreted or membrane–bound proteins involved in NMJ
unction or growth regulatory functions. One gene related to NMJ
unction was Prss12 (neurotrypsin; down-regulated 2.7-fold at
4 m)  which encodes a synaptic serine protease that cleaves agrin
Stephan et al., 2008). Over-expression of Prss12 in motoneurons
esults in disruption of NMJ  function and precocious sarcopenia
Butikofer et al., 2011), while humans lacking functional neu-
otrypsin suffer from severe mental retardation (Molinari et al.,
002; Stephan et al., 2008). Therefore, neurotrypsin dosage is
ikely to be an important determinant of NMJ function. qRT-
CR analysis of Prss12 expression in quadriceps (Supplementary
ig. S1D) was consistent with the pronounced decrease at 24 m
n gastrocnemius identified in the microarray analysis (P ≤ 0.05).
c P-value LOD scores for enriched terms in each Functional Annotation Cluster.
Values greater than 1.0 were considered significant.

Ramp1 (receptor activity modifying protein 1; down-regulated
2.5-fold at 24 m)  encodes a single-transmembrane protein local-
ized in the NMJ  motor endplate where it, in conjunction with the
calcitonin-receptor-like receptor (Crlr), form the receptor for cal-
citonin gene-related peptide. Both Ramp1 and Crlr have putative
roles in modulating synaptic transmission at NMJs (Cottrell et al.,
2005; Fernandez et al., 2003; Rossi et al., 2003).

Although there were no enrichments for GO terms directly
relating to NMJs, there were a number of differentially expressed
genes in this age contrast (in addition to those described) that may
be relevant (Supplementary File S1). Emb (embigin; up-regulated
2.6-fold at 24 m),  a transmembrane glycoprotein regulating cell
growth and development is located in the NMJ, promotes forma-
tion of new motor nerve terminal at NMJs and its transcription is
regulated by innervation and promotes NMJ  formation and plas-
ticity (Lain et al., 2009). The up-regulation of Emb  at 24 m may  be
an indicator of compensatory mechanisms for the decline in NMJ
function with age. Sema5a (down-regulated by 2.64-fold at 24 m)
encodes Semaphorin 5A, a membrane-bound protein involved
in axon guidance in non-neural tissues including motor axon
outgrowth in myotomes (Hilario et al., 2009). qRT-PCR analysis of
expression of Sema5a in quadriceps showed no difference between

15 and 24 m although there was a significant decrease between 3 m
and all older ages (P ≤ 0.05) (Supplementary Fig. S1F). Expression
of the related gene Sema3a, implicated in muscle innervation
(Masuda et al., 2013), decreased between 3 and 15 m (P ≤ 0.05) and
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Fig. 6. Murf1 and Fbxo32 (mRNA and protein) in quadriceps muscles aged 3–29 m.  Murf1 (A) and Fbxo32 (D) mRNA was quantified in 4–6 mice per group. Murf1 protein was
detected in 1% NP40 insoluble fraction enriched with myosin heavy chains, which is demonstrated by immunoblotting for the myosin heavy chain (B). The amount of Murf1
protein was  quantified (C) relative to a Ponceau S stained band from the same membrane located between 50 and 37 kDa (B) as per (Shavlakadze et al., 2013b). Fbxo32 protein
was  detected in 1% NP40 soluble fraction and quantified (F) relative to a Ponceau S stained band located at ∼23 kDa (E). Protein quantification is based on 4 mice/group. Data
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A,  C, D and F) are mean ± s.e.m and means without a common letter differ, P ≤ 0.05

rogressively increased after 24 m in quadriceps (Supplementary
ig. S1E). Mdga1 (MAM domain containing glycosylphosphatidyli-
ositol anchor 1; down-regulated 2.2-fold at 24 m)  is expressed by
ultiple tissues including brain, heart and skeletal muscle and it
ay  promote interaction between motoneurons and muscle cells

Fujimura et al., 2006).
Microarray analysis did not identify differential expression of

hrng or Runx1 in gastrocnemius muscle between 15 and 24 m,
hereas there were marked differences in mRNA expression as
easured by qRT-PCR in quadriceps (Fig. 2A and D). The reason for

his disparity may  relate to the relatively low level of expression
f both genes, which is often associated with increased variance,
he differing sensitivities between microarray and qRT-PCR tech-
ologies, combined with differences between composition and
ctivities of the two muscles.

Factors involved in angiogenesis were also regulated during the
ransition from 15 to 24 m.  The protein encoded by Nov (nephrob-
astoma over-expressed), a small cysteine-rich secreted protein
hat binds to the ECM, proposed to act as a stimulator of angio-
enesis (Lin et al., 2003) was down-regulated 3.2-fold at 24 m.
ngptl1 (angiopoietin-related-like 1; down-regulated 2.24-fold at
4 m)  belongs to the secreted angiopoietin vascular endothelial
rowth factor family, several of which promote vascularization
Kadomatsu et al., 2011). Thus the combination of decreased Nov

nd Angptl1 suggests perturbation in angiogenesis.

In addition, the microarray analyses for Gadd45a and Myog (up-
egulated 3.2 and 2.8-fold, respectively at 24 m)  were consistent
ith the qRT-PCR data for quadriceps (Fig. 2E and F). In summary,
VA with Fisher’s LSD tests. Y-axis represents arbitrary units.

the transition from 15 to 24 m may  involve changes in NMJ function,
angiogenesis and control of myogenesis.

Muscle mass relative to body size diminished significantly
between the ages of 24 and 29 m signifying the progression
of ‘pathology’ associated with sarcopenia (Brayton et al., 2012;
Sundberg et al., 2011). Correspondingly, there is an increased num-
ber of differentially expressed genes in this age contrast compared
to the earlier age contrasts (Supplementary Table S2) and enrich-
ment for GO terms relating to regulation of gene transcription
(Molecular Function (MF) GO-0003700, P = 0.003; MF  GO-0043565,
P = 0.005) (Supplementary File S1), which collectively suggest per-
turbation of transcriptional control. The enriched KEGG pathway,
biosynthesis of unsaturated fatty acids (KEGG-01040; P = 0.001)
for this age contrast primarily reflected up-regulation of three
acyl-CoA-thioesterases (respectively 9.0, 7.36 and 3.92-fold up-
regulation at 29 m),  up-regulation of uncoupling protein 3 (Ucp3;
2.1-fold) and down-regulation of stearoyl-coenzyme A desaturase
I (Scd1; 9.78-fold) and suggest altered mitochondrial fatty acid
metabolism. The up-regulation of several genes involved in fatty
acid biosynthesis at 29 m may  signify greater demand for fatty acid
oxidation, perhaps associated with age-related decline in overall
mitochondrial function (Short et al., 2005).

3.5. The effect of ageing on global gene expression variance
The age-related increase in the number of differentially
expressed genes and differential expression of homeobox con-
taining transcription factors at 29 m compared with 24 m
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Fig. 7. Density plot of gene expression data variance ratios (within group variance
divided by total variance) for each age group. (A) Gene expression variance devised
from microarray data. (B) Gene expression variance devised from qRT-PCR expres-
sion data. Aged groups (24, 27 and 29 m)  show higher variation in gene expression
i

(
g
g
P
w
f
2
p
a
f
t
r
S
q
a
r
2
a
g
p

C57Bl/6J female mice occurs in conjunction with increased Igf1r
ntensities compared with the younger groups (3 and 15 m).

Supplementary File S1 and Table S3) suggested changes in global
ene expression regulation with age. To investigate this aspect, the
ene expression variance associated with the microarray and qRT-
CR data for gastrocnemius and quadriceps muscles, respectively,
as analyzed. A density plot of variance ratios for each age group

rom the microarray data (Fig. 7A) demonstrates that the 24 and
9 m gene expression data have much higher overall variance com-
ared with profiles for younger ages. The variance ratios for each
ge were all significantly different from each other (P = 0, except
or ages 24 m paired with 29 m where P = 0.002). Age 15 m shows
he lowest variance and, in relation to this age group, the variance
atios for other ages are 1.15 (3 m),  2.35 (24 m)  and 2.47 (29 m).
imilar results were also apparent from analysis of variance for the
RT-PCR data for 23 genes (Fig. 7B). In contrast to the array data,
ge 3 m exhibited lower overall variance in relation to 15 m with a
atio of 0.72. Ages 24 and 27 m had, respectively, variance ratios of
.19 and 3.31 compared with 15 m.  The oldest age group (29 m)  had

n even higher ratio of 8.49. Collectively, these data indicate that
lobal gene expression variance increases in old mice and becomes
rogressively more pronounced with senescence.
emistry & Cell Biology 53 (2014) 174–185

4. Discussion

The time course analysis across five ages (3–29 m)  in mice has
significantly advanced our understanding of the interacting molec-
ular mechanisms that are associated with the onset and progression
of sarcopenia. A central theme is myofibre denervation that is pro-
nounced by 24 m (not evident at 15 m),  and also inferred from
age-related changes in the protein metabolism pathways. These
comprehensive results, combined with microarray global analyses
are discussed below.

4.1. Molecular markers of myofibre denervation in ageing
muscles

Transcriptional analyses by qRT-PCR of quadriceps muscles
and microarray of gastrocnemius muscles from female mice aged
3–29 m support the proposal that disturbances in muscle inner-
vation, including loss of NMJs are pronounced by the time loss of
muscle mass (sarcopenia) is evident at 24 m.  Increased expression
of nAChR subunits � and �, Ncam1 and Myog at 24 m, in marked con-
trast with the low levels in fully mature 15 m old muscles, points to
disturbances in NMJs, because these genes are normally suppressed
by innervation (Adams et al., 1995; Dedkov et al., 2003; Hall and
Sanes, 1993; Kostrominova et al., 2000; Wang et al., 2005; Zhu et al.,
1994). The strong induction of Runx1 in old mouse muscles, also
observed in old rat muscles (Ibebunjo et al., 2013), may also indicate
the presence of denervated myofibres: Runx1 expression increases
in surgically denervated muscle (Zhu et al., 1994) and is proposed
to protect myofibres from severe atrophy (Wang et al., 2005). Up-
regulation of Gadd45a from 15 to 24 m detected by qRT-PCR and
microarray also points to muscle denervation. In fact, a recent study
indicates that Gadd45a mediates denervation-induced myofibre
atrophy (the mechanism is not fully understood) and forced expres-
sion of Gadd45a increases expression of the embryonic nAChR �
subunit (Bongers et al., 2013).

In ageing muscle it can be difficult to identify the precise reason
for increased expression of genes regulated by innervation since
degeneration of NMJs, as well as muscle regeneration, can result
in re-expression of such genes, normally suppressed by innerva-
tion (Eftimie et al., 1991; Moresi et al., 2010). In our study in old
female C57Bl/6J quadriceps, there was no histological indication
that necrosis or regeneration was  occurring, and myofibres with
non-peripheral nuclei were not conspicuous before 29 m.  It should
be noted that although non-peripheral (central) myonuclei are used
as a marker to identify regenerated myofibres in mature postnatal
muscle (McGeachie et al., 1993), internalization of myonuclei also
becomes increasingly common in long-term denervated muscles
(Lu et al., 1997).

Microarray analyses of ageing gastrocnemius reinforced the
view (from targeted qRT-PCR analyses for quadriceps muscle) that
the period between 15 and 24 m,  when loss of muscle mass first
became evident (Shavlakadze et al., 2010b), is associated with
disruption of transcription of genes involved in NMJ  function.
These genes encode proteins that impact NMJ  function (Prss12 and
Ramp1) (Butikofer et al., 2011; Cottrell et al., 2005; Fernandez et al.,
2003; Molinari et al., 2002; Rossi et al., 2003; Stephan et al., 2008)
and factors that promote formation of new NMJs (Embigin and
Mdga1) (Fujimura et al., 2006; Lain et al., 2009).

4.2. Protein synthesis and degradation pathways

This study demonstrates that decreased muscle mass in old
and Rps6 protein amounts and increased Rps6 phosphorylation;
with no changes in Akt phosphorylation. Reduced Igf1r has been
proposed as one reason for sarcopenia (Urso et al., 2005) and
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wo studies report reduced Igf1r protein levels in limb muscles of
4–25 m old female C57Bl/6J mice compared with young mice (Li
t al., 2003; Martineau et al., 1999). Both studies used mice that
ere food deprived for 12 h or more (Li et al., 2003; Martineau

t al., 1999), which may  account for the discrepancy with our
tudy where Igf1r protein was increased in quadriceps muscles of
reely fed female C57Bl/6J mice aged 24 m and older, compared
ith 15 m.  Our observation is in agreement with increased Igf1r

n gastrocnemius muscles of freely fed male and female rats aged
0 m,  compared with 6 and 12 m,  respectively (Edstrom et al., 2006;
addad and Adams, 2006). It is possible that accumulation of Igf1r
rotein in old muscles is due to reduced degradation of this pro-
ein. We  did not measure phosphorylation of Igf1r; however other
tudies report no difference in Igf1r phosphorylation in 30 m old
at muscles compared with 6 m (Haddad and Adams, 2006) and,
n mice, intraperitoneal administration of IGF-1 stimulated basal
evels of skeletal muscle Akt phosphorylation with equal efficacy
t 5 and 24 m (Li et al., 2003). Thus, at least in rodents, old skeletal
uscle may  not be deficient in Igf1r protein amount, although the

ates of Igf1r turnover in old muscles require further investigation.
To evaluate signalling downstream from Igf1r, we measured

otal and phosphorylated Akt and Rps6 proteins in quadriceps
uscles at all ages (3–29 m).  Akt is the key protein that medi-

tes signalling downstream from the activated receptors for Igf1
nd insulin. Akt promotes protein synthesis by activating the
ammalian target of rapamycin complex 1 (mTORC1) and may

mpede protein degradation by suppressing expression of E3
biquitin-protein ligases (reviewed in Glass, 2003; Schiaffino and
ammucari, 2011). Rps6 is a downstream target for S6K1 and

ecomes phosphorylated with activation of the mTORC1 pathway
Ruvinsky and Meyuhas, 2006). The lower protein levels of total
kt and total and phosphorylated Rps6 at 15 m compared with 3 m
re likely to be due to muscle maturation, since muscle mass con-
inues to increase after 3 m (Shavlakadze et al., 2010b). Decreased
ctivity of signalling molecules downstream of the Igf1/insulin
eceptors has also been shown in maturing muscles of pigs (Davis
nd Fiorotto, 2009; Suryawan et al., 2007).

Increased total Akt and Rps6 protein and phosphorylated
ps6(S235/236) in old quadriceps accord with other reports for
ld rodent muscles (Haddad and Adams, 2006; Sandri et al., 2013),
lthough the precise reasons for these increases in ageing atrophic
uscle are not known. Disturbances in NMJs (myofibre denerva-

ion) in old muscle may  be a contributing factor (Machida et al.,
012; Norrby et al., 2012), since Akt and RpS6 protein amounts and
heir phosphorylation are increased in murine muscle surgically
enervated for up to 2 weeks (Machida et al., 2012; Norrby et al.,
012). Whether the increased Rps6 phosphorylation in old murine
uscles seen in our and another recent study (Sandri et al., 2013)

ranslates into increased protein synthesis in not known. However
n ageing Sprague-Dawley rats progressive muscle loss occurs in
onjunction with elevated protein synthesis (Kimball et al., 2004).

An important aspect of our research is the demonstration of a
ime-course for Murf1 and Fbxo32 expression during muscle mat-
ration and ageing. Murf1 is a muscle-specific ubiquitin ligase that
acilitates degradation of thick filaments during muscle atrophy
Clarke et al., 2007; Cohen et al., 2009). The biological role of Fbxo32
s less well understood, however it is proposed that Fbxo32 controls
rotein synthesis by degrading eIF3f and thus suppressing S6K1
ctivation by mTORC1 (Csibi et al., 2010).

Reports on the regulation of Murf1 and Fbxo32 in ageing muscle
re inconsistent, probably due to sampling of limited ages (usually
ne old group) (Clavel et al., 2006; Edstrom et al., 2006; Gaugler

t al., 2011). In addition, most studies measure transcript but not
rotein levels (Demontis et al., 2013). In our study, up-regulation of
urf1 mRNA and protein at 24 m coincided with increased expres-

ion of muscle denervation markers; indicating that Murf1 may  be
emistry & Cell Biology 53 (2014) 174–185 183

transiently up-regulated during earlier stages of myofibre dener-
vation. Decreased Fbxo32 mRNA and protein has been previously
reported in ageing rat muscles (Edstrom et al., 2006), although the
implications of decreased Fbxo32 in ageing muscle are unclear.

Increased Murf1 mRNA in 24 m quadriceps occurred without
a change in Akt phosphorylation, which is a major suppressor of
Murf1 expression (Sacheck et al., 2004; Stitt et al., 2004). Similar
disconnection between Akt phosphorylation and Murf1 and Fbxo32
expression occurs in surgically denervated muscle (Machida et al.,
2012; Norrby et al., 2012), where Murf1 and Fbxo32 mRNA increases
(Moresi et al., 2010) in conjunction with elevated Akt phosphory-
lation (Machida et al., 2012; Norrby et al., 2012). Myogenin has
been proposed to drive Murf1 and Fbxo32 expression in surgically
denervated muscles (Moresi et al., 2010). In our study, Myogenin
mRNA increased at 24, 27 and 29 m.  If myogenin is responsible for
age-related up-regulation of Murf1 at 24 m,  it is not clear why  high
levels of Murf1 are not maintained at older ages. Thus, further stud-
ies are required to identify regulators of Murf1 expression in the old
muscle.

The microarray analyses helped validate the functional themes
investigated using the targeted approaches and revealed additional
themes associated with the emergence of sarcopenia in mice. The
microarray analyses of ageing gastrocnemius muscle indicated that
the Functional Theme Protein catabolism was first discernable in the
15 and 24 age contrast and then again in the age contrast between
24 m and 29 m.  These results are consistent with data showing that
the former period is associated with the transition to loss of muscle
mass (Shavlakadze et al., 2010b).

A common Functional Theme in all age contrasts from the
microarray analysis was  extracellular matrix (ECM) suggesting con-
tinual remodeling of skeletal muscle during ageing. The effects of
ECM on all aspects of skeletal muscle formation and function are
highly complex (Grounds, 2008) and intrinsic muscle cell func-
tion is likely to alter as a consequence of these age-related ECM
changes. Metabolic traits, particularly those involving altered fatty
acid metabolism, were apparent in the contrast between 24 m and
29 m.  This may  reflect inefficiency of lipid metabolism with ageing
caused by altered mitochondrial function, which has been impli-
cated in ageing processes in other studies (Demontis et al., 2013).
In the present study we  did not measure the activity levels of the
ageing mice. General age-associated decline in physical activity
in mice (McMahon et al., 2014) may  contribute to the decline in
mitochondrial function in addition to the ageing process per se.

There were no functional themes associated with oxidative
stress, inflammation nor immune cell infiltration in any age con-
trast, indicating that these factors may  not be primary drivers
of sarcopenia. Other studies in mice also did not identify up-
regulation of genes linked to inflammatory response in old skeletal
muscles (Weindruch et al., 2001).

The striking increase of gene expression variance with age
indicates a systematic age-related decrease in regulation of tran-
scription. Other studies have noted a similar effect in ageing rat
retina (Li et al., 2009), human brain, kidney, skeletal muscle (Somel
et al., 2006), C. elegans (Vinuela et al., 2010) and mouse heart
(Bahar et al., 2006). It is noteworthy for the differentially expressed
genes between 24 and 29 m that there was  enrichment for the
functional theme regulation of transcription in both the up- and
down-regulated genes, which could serve to amplify any gen-
eral increase in gene expression variance. The enrichment of the
Functional Theme development, particularly for genes up-regulated
between 15 and 24 m,  involves a number of homeobox encoding
transcription factors and pioneering transcription factors: these

genes are typically active in early development, however our results
indicate that they also have roles in mature muscle tissues. It is pos-
sible that these core developmental transcription factor changes
are priming altered expression of other transcription factors at the
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ater ages, which in turn may  contribute to the enhanced gene
xpression variance with age. One possibility is that epigenetic
ontrols on gene transcription, particularly developmental tran-
cription factors, are becoming less robust with age.

Overall, the molecular changes in the ageing female C57Bl/6J
uscles strongly reinforce the central role for myofibre dener-

ation that may  also explain changes in expression of proteins
nvolved in regulating protein synthesis and degradation, the
mbalance of which is the primary outcome of sarcopenia. The key
ndings were (1) strong molecular confirmation of myofibre dener-
ation during the transition to sarcopenia (15–24 m)  with some
f these mRNA changes (e.g. Chrng,  Runx1,  Gadd45˛, Myogenin)
epresenting potentially useful biomarkers; (2) decreased muscle
ass occurring in conjunction with increased mTORC1 signalling

Rps6 phosphorylation); (3) transient elevation of Murf1, associ-
ted with myofibrillar protein degradation; (4) no evidence for a
ole of inflammation in sarcopenia development nor pathology; (5)

 role for ECM remodelling; (6) potential role of mitochondria dys-
unction in the pathology but not the initiation of sarcopenia, and;
7) enhanced global gene expression variance with ageing.
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