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Abstract

Skeletal muscle regrowth after atrophy is impaired in the aged and in this study we hypothesized 

that this can be explained by a blunted response of signaling pathways and cellular processes 

during reloading after hind limb suspension in muscles from old rats. Male Brown Norway Fisher 

344 rats at 6 (young) and 32 (old) months of age were subjected to normal ambulatory conditions 

(amb), hind limb suspension for 14 days (HS), and HS followed by reloading through normal 

ambulation for 14 days (RE); soleus muscles were used for analysis of intracellular signaling 

pathways and cellular processes. Soleus muscle regrowth was blunted in old compared to young 

rats which coincided with a recovery of serum IGF-1 and IGFBP-3 levels in young but not old. 

However, the response to reloading for p-Akt, p-p70s6k and p-GSK3β protein abundance was 

similar between muscles from young and old rats, even though main effects for age indicate an 

increase in activation of this protein synthesis pathway in the aged. Similarly, MAFbx mRNA 

levels in soleus muscle from old rats recovered to the same extent as in the young, while Murf-1 

was unchanged. mRNA abundance of autophagy markers Atg5 and Atg7 showed an identical 

response in muscle from old compared to young rats, but beclin did not. Autophagic flux was not 

changed at either age at the measured time point. Apoptosis was elevated in soleus muscle from 

old rats particularly with HS, but recovered in HSRE and these changes were not associated with 

differences in caspase-3, -8 or-9 activity in any group. Protein abundance of apoptosis repressor 

with caspase-recruitment domain (ARC), cytosolic EndoG, as well as cytosolic and nuclear 

apoptosis inducing factor (AIF) were lower in muscle from old rats, and there was no age-related 

difference in the response to atrophy or regrowth. Soleus muscles from old rats had a higher 

number of ED2 positive macrophages in all groups and these decreased with HS, but recovered in 

HSRE in the old, while no changes were observed in the young. Pro-inflammatory cytokines in 

serum did not show a differential response with age to different loading conditions. Results 
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indicate that at the measured time point the impaired skeletal muscle regrowth after atrophy in 

aged animals is not associated with a general lack of responsiveness to changes in loading 

conditions.
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INTRODUCTION

Sarcopenia, or the loss of skeletal muscle mass with aging (Rosenberg, 1989), has severe 

negative consequences for health and quality of life in the elderly; muscle mass and strength 

are highly correlated and predictive of functional performance, morbidity and mortality in 

older men and women (Bassey et al., 1992; Laukkanen et al., 1995; Metter et al., 2002; 

Rantanen et al., 1999; Rantanen et al., 2000; Szulc, 2010). Moreover, the potential to 

recover muscle mass after an atrophy-inducing event, such as bed rest or malnutrition, is 

reduced in aged subjects, putting them at a greater risk for falls and subsequent illnesses 

(Hebuterne et al., 1997; Hvid et al., 2010; Suetta et al., 2009). English and Paddon-Jones 

have proposed the catabolic crisis model in which the age-related inability to recover muscle 

mass contributes to the decrease in functional capacity (English and Paddon-Jones, 2010). 

They further suggested that interventions should be targeted at preventing the loss of muscle 

mass during disuse as well as aiding in regrowth of muscle in response to a period of 

inactivity. A thorough understanding of the mechanisms involved in the failed regrowth 

response of aged individuals is therefore warranted.

Regrowth of skeletal muscle after an atrophy-inducing event is impaired with aging in 

animals as well as in humans. Muscle size lost due to starvation, glucocorticoid treatment, 

hind limb suspension, and limb immobilization was not recovered to the same extent in old 

as in young rats (Dardevet et al., 1995; Hao et al., 2011; Magne et al., 2011; Mosoni et al., 

1999; Zarzhevsky et al., 2001a; Zarzhevsky et al., 2001b) and the growth response to 

intermittent mobility during atrophy is also inhibited (Gallegly et al., 2004). Similarly, 

muscle hypertrophy in response to overload is impaired in aged animals (Chale-Rush et al., 

2009; Degens and Alway, 2003; Thomson and Gordon, 2006) indicating that aged muscle 

responds differently to a similar growth stimulus than young muscle. However, previous 

studies have shown contradictory results when investigating cellular mechanisms potentially 

responsible for the impaired growth response. Some reports indicate that translational 

signaling, particularly through the Akt-mTOR related pathway, is impaired or delayed in 

aged animals undergoing hypertrophy (Funai et al., 2006; Haddad and Adams, 2006; Hwee 

and Bodine, 2009; Thomson and Gordon, 2006), while others show no differences with 

young (Chale-Rush et al., 2009; Hornberger et al., 2005); also, the potential to sense 

mechanical activity was not changed with age (Hornberger et al., 2005). Very few studies 

have directly compared mechanisms in muscles from young and old to identify potential 

differences during regrowth after atrophy. In a human study, it was concluded that a 

decrease in the proliferative response of satellite cells in combination with a change in the 

regulation of myostatin was responsible for the impaired regrowth in the aged, but 
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intracellular pathways involved in protein synthesis and degradation were not studied 

(Suetta et al., 2013). In rats, data are sparse and contradictory; while the impaired regrowth 

response after immobilization was associated with a lower level of IGFBP5 and attenuated 

p70s6k levels in the aged, changes in Akt phosphorylation were not different from young 

(Morris et al., 2004; Spangenburg et al., 2003). During muscle recovery from starvation, 

protein synthesis levels in muscles from aged rats increased to the same extent as young rats, 

while proteolysis was not returned to baseline in the aged, despite similar responses in 

protein degradation markers after refeeding (Mosoni et al., 1999). Similarly, the lack of 

muscle recovery after immobilization in aged rats was not associated with a lack of 

normalization of proteasome-mediated degradation markers and the caspase-dependent 

apoptosis pathway, but these findings were not compared to young animals (Magne et al., 

2011). Thus, it is currently unclear how intracellular mechanisms differ in muscles from 

aged and young rats during regrowth after hind limb suspension-induced atrophy. In 

addition, inflammation-related events and autophagy-mediated changes have not been 

investigated under impaired regrowth conditions. Therefore, the purpose of our current study 

was to determine if there are differences between young and old muscle in the regrowth 

response after atrophy. We hypothesized that muscles from aged rats exhibited a blunted 

recovery in intracellular pathways changed in response to disuse-induced atrophy.

METHODS

Animals and experimental procedures

All procedures were performed in accordance with institutional guidelines for the care and 

use of laboratory animals and were approved by the Institutional Animal Care and Use 

Committee of the University of Kentucky. Male Fischer 344 X Brown Norway rats (6 

months and 32 months) were purchased from the National Institute on Aging. This strain of 

rat was chosen because it has increased longevity and decreased cumulative lesion incidence 

compared with other strains; therefore, aging aspects can be studied in the relative absence 

of disease (Lipman et al., 1996). The different ages were chosen to reflect a mature rat, post 

long bone growth (young: 6 months) and an old rat at about 50% mortality (old: 32 months). 

Rats of both ages were divided into 3 groups (n=8–10 per group): non-suspended 

ambulatory controls (amb), hind limb suspended for 14 days (HS), and rats that were hind 

limb suspended for 14 days and subsequently reloaded and allowed to move around the cage 

freely for 14 days (HSRE). Rats were allowed free access to food and water at all times and 

were housed in a 12:12hr light:dark cycle. Hind limb suspension was performed as 

previously described with minor modifications (Dupont-Versteegden et al., 2006; Hofer et 

al., 2008). Briefly, a tail device containing a hook was attached with gauze and cynoacrylate 

glue while the animals were anesthetized with isoflurane (2% by inhalation). After the 

animal regained consciousness, the tail device was connected via a thin cable to a pulley 

sliding on a vertically adjustable stainless steel bar running longitudinally above a high-

sided cage. The system was designed in such a way that the rats could not rest their hind 

limbs against any side of the cage. Rats in the HSRE group were released from the tail 

suspension device after 14 days of unloading and they were allowed to maintain normal 

ambulation for 14 days (reloading). At the end of the experimental period, rats were 

anesthetized with sodium pentobarbital and serum was collected through a cardiac puncture; 
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soleus muscles were then dissected, weighed and frozen. Muscles were either frozen in 

liquid nitrogen and stored at -80°C for biochemical analyses or were embedded in a freezing 

medium, frozen in liquid nitrogen-cooled isopentane, and stored at -80°C for 

immunohistochemical and histological analyses.

Serum analysis

Serum IGF-1 was determined using a radioimmunoassay (RIA; ALPCO Diagnostics, Salem, 

NH) as described previously (Delahunty et al., 2006). The analytical sensitivity of the assay 

is 0.02 ng/ml and 10 μl serum was used to determine IGF-I concentration (ng/ml). Serum 

IGFBP-3 was determined using the IGFBP-3 (Mouse/Rat) ELISA kit (ALPCO Diagnostics, 

Salem, NH) according to the manufacturer’s instructions. The analytical sensitivity of the 

assay is 0.018 ng/ml and 5 μl serum was used to determine IGFBP-3 concentration (ng/ml). 

Serum insulin levels were determined using the Rat/Mouse Insulin ELISA (Millipore, Saint 

Charles, MO) according to the manufacturer’s instructions. The analytical sensitivity of the 

assay is 0.2 ng/ml and 10 μl serum was used to determine the insulin concentration (ng/ml). 

Serum levels of tumor necrosis factor (TNF)-α, interleukin-6 (IL-6) and regulated-on-

activation normal T cell-expressed and secreted (RANTES) were measured using a 

multiplex kit (EMD Millipore, Billerica, MA) according to the manufacturer’s 

recommendation. The analytical linear range of the assay is 4.88 – 20,000 pg/ml.

Immunohistochemistry

Cross sectional area determination—Mean fiber cross sectional area (CSA) was 

determined as described in (Jackson et al., 2012) and adapted for rats. Briefly, cross sections 

from the mid belly area of soleus muscles were cut on a cryostat (7μm), air dried, and stored 

at -20°C until further analysis. Sections were rehydrated in phosphate buffered saline (PBS) 

and incubated in dystrophin antibody (1:50, Vector Laboratories, Burlingame, CA) for 1 

hour at room temperature and overnight at 4°C. Secondary antibody (1:200, directly 

conjugated Texas Red goat anti-mouse, Rockland Immunochemicals, Gilbertsville, PA) was 

applied and sections were coverslipped. Images were captured using a Zeiss AxioImager MI 

upright fluorescent microscope (Zeiss, Göttingen, Germany) and analysis was performed 

using AxioVision software (Zeiss). CSA was determined by manually tracing the dystrophin 

stained sarcolemma of about 200 fibers in 4 different areas of the muscle.

Immune cell detection—Soleus cross sections (7μm) were fixed in ice-cold acetone and 

blocked in 3% H2O2 in PBS and horse serum, followed by incubation in primary antibody 

overnight at 4°C. For detection of immune cells the following antibodies were used: 

neutrophils (CD43, 1:200, Serotec, Raleigh, NC), ED1 macrophages (CD68, 1:200, Serotec) 

and ED2 macrophages (CD163, 1:200, Serotec). The Tyramide Signal Amplification (TSA, 

Invitrogen, Carlsbad, CA) system was used for horse radish peroxidase signal amplification 

and detection using Cyanine-3 (Cy-3) according to the manufacturer’s instructions. Muscle 

sections were then reacted with DAPI (10nM: 4′, 6-diamidino-2- phenylindole, Invitrogen) 

to identify nuclei.
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Apoptotic index and caspase activities

Cell death ELISA—Cytosolic fractions of muscles were obtained as previously described 

(McMullen et al., 2009). Soleus muscles were homogenized using a Polytron in isolation 

buffer: 220 mM D-mannitol, 75 mM sucrose, 0.1% fatty acid-free bovine serum albumin, 

0.5 mM EGTA, and 2 mM HEPES, pH 7.4 (1:10 wt/vol). The homogenate was centrifuged 

at 700 g at 4°C for 10 min, and the supernatant was centrifuged again at 8,000 g at 4°C for 

10 min. PMSF (1mM) and leupeptin (1μg/ml) were added to the supernatant and protein 

concentration was determined according to the Bradford method (Bradford, 1976). Cell 

death detection ELISA kit (Roche Applied Science, Indianapolis, IN) was used to 

quantitatively determine DNA fragmentation by measuring the cytosolic histone-associated 

mono- and oligonucleosomes as described previously (Leeuwenburgh et al., 2005; 

McMullen et al., 2009). Apoptotic index was expressed as absorbance at OD405, measured 

using Spectra Max M2 Fluorescent Microplate reader (Molecular Devices, Sunnyvale, CA), 

normalized to micrograms of protein.

Caspase activity measurement—Caspase activities for caspase-3, -8, and -9 were 

measured in the cytosolic fraction of the muscle homogenate using fluorometric substrates 

as described previously (McMullen et al., 2009). The following substrates were used for 

caspase-3, -8, and -9 respectively, Ac-DEVD-AMC, Ac-IETD-AMC, Ac-LEHD-AMC 

(Peptides International, Louisville, KY), and the fluorescence of free AMC was measured 

and compared to a standard curve for free AMC (Sigma, St Louis, MO). For determination 

of caspases 100 μg protein was incubated for 2 hours in caspase buffer (100mM HEPES, 

10% sucrose, 10 mM DTT, 0.1% CHAPS, 1 μg/ml leupeptin, 1 mM PMSF). Fluorescence 

was determined with an excitation wavelength of 380 nm and an emission wavelength of 

460 nm for AMC using a Spectra Max M2 Fluorescent Microplate reader (Molecular 

Devices). Values were expressed as nmoles AMC per μg of protein.

Western analysis

Subcellular fractionations—Fractionations from soleus muscles were obtained 

according to (Siu et al., 2005a; Xiao et al., 2011). Briefly, muscles were pulverized and 

homogenized in lysis buffer (10 mM NaCl, 1.5 mM MgCl2, 20 mM HEPES, pH 7.4, 20% 

glycerol, 0.1% Triton X-100 and 1 mM dithiothreitol) and centrifuged for 5 minutes at 4°C. 

Supernatants were collected as the cytosolic fractions. The nuclear pellet was resuspended in 

lysis buffer and 5M NaCl was added to lyse the nuclei. The mixture was rotated for 1 hour at 

4°C and centrifuged at 14,000rpm for 15 minutes at 4°C. The supernatant containing the 

nuclear protein was collected. Purity of the fractions was confirmed with histone and 

CuZnSOD antibodies for nuclear and cytosolic fractions, respectively. Cytosolic and nuclear 

fractions were supplemented with 1 mM PMSF, 1 μg/ml leupeptin, 1 μg/ml aprotinin and 1 

μg/ml pepstatin. Protein concentration of the subcellular fractions was determined using the 

Bradford assay (Bradford, 1976). Cytosolic and nuclear fractions were used for Western 

analysis of apoptosis repressor with CARD domain (ARC), apoptosis inducing factor (AIF) 

and endonuclease G (EndoG), while the nuclear fraction was used to assess AIF and EndoG 

localization.
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Western analysis—Western analysis was performed as described previously (Xiao et al., 

2011) and adapted as follows. For ARC, AIF and EndoG the subcellular fractions as 

described above were used. For phospho-p70s6k, total p70s6k, phospho-Akt, total Akt, 

phospho-GSK3β, and total GSK3β, soleus muscles were homogenized in RIPA buffer 

(Boston Bioproducts, Ashland, MA) with 10μl/ml protease inhibitor cocktail (Roche, 

Indianapolis, IN), 5mM benzamidine, 5mM, N-Ethylmaleimide, 50mM NaF, 25mM B-

glycerophosphate, 1mM EDTA, and 1mM PMSF added and centrifuged 10,000g. For 

quantification of protein abundance, 10–100 μg total protein was loaded and separated on 4–

15% acrylamide gradient gels (Bio-Rad, Hercules, CA), followed by transfer proteins to 

PVDF membranes with 0.22 μm pore size. Membranes were incubated in Odyssey Blocking 

Buffer (Li-Cor, Lincoln, NE) followed by incubation with apoptosis repressor with CARD 

domain (ARC; 1:500; ProSci Incorporated, Poway, CA), endonuclease G (EndoG; 1:500, 

Millipore, Billerica, MA), apoptosis inducing factor (AIF; 1:500; Santa Cruz 

Biotechnologies, Santa Cruz, CA) p70s6K (1:500; Santa Cruz Biotechnologies), pp70s6K 

(Thr389) (1:3,000; Cell Signaling, Danvers, MA), glycogen synthase kinase (GSK)-3β 

(1:1,000; Cell Signaling), pGSK3β (Ser9) (1:1,000; Cell Signaling), AKT (1:1,000; Cell 

Signaling), or pAKT (Ser473) (1:1,000; Cell Signaling), washed, and further incubated with 

highly cross-absorbed infra red-labeled secondary antibodies (1:20,000; Li-Cor). 

Membranes were scanned using Odyssey infrared imaging system (Li-Cor) to detect specific 

antibody binding and quantification. Two different methods were used to ensure equal 

protein loading of lanes. For whole muscle extracts derived from RIPA buffer, actin 

antibody (C-11) (1:2,000; Santa Cruz Biotechnologies) was used and these results are 

depicted in the figures; however, actin staining was not possible for the subcellular 

fractionations and therefore Ponceau S staining of the membranes was utilized to ensure 

equal loading (not shown). Each gel contained samples from every group. Gel-to-gel 

corrections were performed by determining the density of all bands per gel and using it as a 

standard for normalization. To indicate when representative samples did not come from 

continuous sets, we left space between the bands in the Figures.

RNA isolation and analysis

RNA isolation—Total RNA was isolated as described (Dupont-Versteegden et al., 2006) 

with modifications. RNA isolation was performed using Totally RNA isolation kit (Ambion, 

Austin, TX) according to the manufacturer’s instructions. Total RNA was treated with 

DNase (Ambion) and RNA integrity and concentration was determined using the Agilent 

Bioanalyzer (Agilent Technologies, Santa Clara, CA).

Real-time RT-PCR (reverse transcriptase polymerase chain reaction)—
Quantitative real-time RT-PCR was performed using the protocols, chemistries, and the 

amplification and detection systems of Applied Biosystems (Applied Biosystems, Foster 

City, CA). For each sample, cDNA was synthesized from 1 μg of DNase-treated total RNA 

using iScript Reverse Transcriptase (Biorad) according to the manufacturer’s instructions. 

cDNA samples were aliquoted and stored at −80°C. Primer sequences were selected from 

the accession numbers in NCBI database using the Taqman Probe and Primer Design 

function of the Primer Express v1.5 software (Applied Biosystems) and were as follows: β-2 

microglobulin (NM_012512) forward, cgtgcttgccattcagaaaa, reverse, gaagttgggcttcccattctc; 
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muscle atrophy F-box (MAFbx), forward, gacctgcatgtgctcagtgaag, reverse, 

ggatctgccgctctgagaagt; 18S (M11188) forward, ttcggacgtctgccctatcaa, reverse, 

atggtaggcacggcgacta; NADH subunit 1 (X14848) forward, agaacggaaaatcctaggctacatac, 

reverse ccatatgggccttcgttgtt; tubulin (NM_022298) forward, ggcatggaggagggagagtt, reverse, 

ccaacctcctcataatccttctctag; Atg5 (AF43433) forward, agaaggttatgagac, reverse 

tgatgttccaaggcagagc; Atg7 (NM001012097) forward, ccagtctgttgaagttctc, reverse, 

atacatccgctgaggttc; beclin (NM_001034117) forward agcacgccatgtatagcaaaga, reverse 

ggaagagggaaaggacagcat; Murf-1 (Ay05627) forward tgccctgccagcacaac, reverse 

ggattggcagcctggaagat. PCR reactions were assembled using the SYBR Green PCR Master 

Mix that required only the addition of cDNA template and primers. Data points were 

generated using four-fold serial dilutions of cDNA. The reactions were performed using the 

ABI PrismTM 7700 Sequence Detection System (Applied Biosystems) and the instrument’s 

universal cycling conditions. RNA abundance for each gene of interest is expressed as a 

ratio normalized to the Geometric mean of NADH subunit 1, tubulin, 18S and β-2 

microglobulin, as described previously (Dupont-Versteegden et al., 2008; Xiao et al., 2011).

Statistical Analyses

For the comparison of all groups a two-way ANOVA was performed with age (6 and 32 

months) as factor A and experimental group (amb, HS, or HSRE) as factor B using 

SigmaStat statistical analysis software. Main effects as well as interaction effects are 

reported as appropriate and in case of statistically significant differences the Holm-Sidak 

pairwise multiple comparison procedure was employed to determine group differences. If 

normality was not achieved for the samples, log transformation was performed before 

applying two-way ANOVA. All values reported are mean ± standard error (SE) and 

statistical significance was assumed at p<0.05.

RESULTS

Muscle size

Soleus muscle weight, muscle-to-body weight (mw/bw) ratio, as well as muscle fiber cross 

sectional area (CSA) were lower in aged rats compared to their young control ambulatory 

animals (Figures 1A, B & C). Muscle weight of soleus muscle showed a significant decrease 

of 44% in young rats and 24% in aged rats with hind limb suspension (Figure 1A). Recovery 

of soleus muscle weight with reloading was severely blunted in the aged rats: muscle weight 

significantly increased by 56% in HSRE compared to HS at a young age, while the 9% 

recovery in the old HSRE rats was not statistically significant (Figure 1A). This finding was 

mimicked by mw/bw ratio which decreased by 33% and showed a statistically significant 

37% recovery with reloading in young rats, while the 12% recovery in the aged (after a 20% 

decrease with suspension) was not statistically significant (Figure 1B). Moreover, a similar 

lack of muscle size recovery with age was observed for muscle fiber cross sectional area 

(CSA). A decrease of 46% with HS was observed in young animals and a statistically 

significant 43% increase with reloading; in aged rats, however, the 31% increase with 

reloading after 41% decrease with suspension was not statistically significant (Figure 1C). 

Taken together these data indicate that the recovery of muscle size after a period of disuse is 

impaired with age.
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Serum insulin, IGF- and IGFBP-3

Since it is known that IGF-1 is anabolic and IGFBP-3 aids in this response (Clemmons, 

2009; Yamada and Lee, 2009; Zdanowicz and Teichberg, 2003) we investigated whether 

these two molecules and insulin were changed in response to different loading conditions in 

young and old rats. Serum insulin was not different at different ages or in response to disuse 

and reloading (Figure 2A). However, serum IGF-1 decreased with disuse in both young and 

old and recovered to ambulatory levels in the young but not the old (Figure 2B). IGFBP-3 

showed a very similar response to IGF-1 in young rats, but did not change at all in the aged 

(Figure 2C). Thus, the response to IGF-1 and IGFBP-3 is different between young and old 

and could potentially explain some of the inhibited recovery of muscle size in the aged. 

Therefore, we investigated the intracellular signaling pathways downstream of IGF-1.

Protein synthesis markers

The Akt/mTOR pathway is a key regulator of muscle growth (Bodine et al., 2001a) and 

therefore we investigated components of this pathway. pAkt was not changed in response to 

hind limb suspension, but was higher in soleus muscle of rats after two weeks of reloading 

in both young and old (Figure 3A,B). Total Akt was not changed at all under any loading 

condition in young or old (Figure 3A,C), resulting in an increased ratio of pAkt to total Akt 

in soleus muscle of reloaded rats at both ages. Therefore, no difference in the response to 

loading was observed for Akt between young and old. We then investigated the abundance 

of the downstream marker of mTOR activation, p70s6k. There was a main effect for p-

p70s6k to be elevated in aged rats, but no changes were observed with different loading 

conditions in either young or old (Figure 4A, B); similarly, total p70s6k and the ratio of p-

p70s6k to total p70s6k was not changed at either age under any of the loading conditions 

(Figure 4A,C,D). Another downstream target of Akt involved in hypertrophy and atrophy 

regulation, is glycogen synthase kinase -3β (GSK3β), which is inactivated when 

phosphorylated by Akt (Glass, 2005; Verhees et al., 2011; Vyas et al., 2002). Indeed, 

GSK3β phosphorylation is decreased with atrophy induced by unloading at both ages and 

recovers with reloading. Additionally, the total abundance of GSK3β responds similarly to 

different loading conditions at both ages, while its shows a main effect for an increase at old 

age. Therefore, the ratio of p-GSK3β to total GSK3β is decreased with unloading and 

restored with reloading at both ages. These data indicate that GSK3β likely is involved in the 

muscle growth response to changes in loading conditions, but there is no difference between 

ages in the response.

Protein degradation markers

Since we did not observe age-related differences in protein synthesis markers, we 

investigated the abundance of protein degradation markers MAFbx (atrogin-1) and Murf-1 

in response to different loading conditions in young and old rats (Bodine et al., 2001b; 

Foletta et al., 2011). We found that Murf-1 mRNA abundance did not chance with different 

loading conditions at either age (Figure 6A). However, MAFbx gene expression was 

increased with atrophy in response to unloading in soleus muscle of young and old rats and 

was restored to ambulatory levels with reloading at both ages (Figure 6B). Even though 
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Murf-1 and MAFbx protein generally follow the mRNA levels closely, it is acknowledged 

that differences in protein levels between the groups may not be the same.

Autophagy markers

Autophagy is a process that recently has been proposed to be involved in skeletal muscle 

growth regulation although its exact role is not clear; inhibition of autophagy through the 

deletion of autophagy-related (Atg) gene-7 induces muscle atrophy while it has also been 

shown that autophagy contributes to atrophy (Banerjee and Guttridge, 2012; Masiero et al., 

2009; Zhao et al., 2007). We therefore determined the gene expression of three autophagy-

related genes: beclin (Atg6) which contributes to early phagosome formation, and Atg5 and 

-7, which are involved in phagosome elongation (Ravikumar et al., 2010). Atg5 and Atg7 

showed very similar responses to differences in loading in soleus muscle from young and 

old rats (Figures 7A and B respectively); both genes were upregulated with unloading 

indicating that they might be involved in the atrophy response, but returned to levels similar 

to ambulatory in both ages. Beclin gene expression was regulated similarly by loading in 

soleus muscle from young, but not aged rats (Figure 7C). Since protein abundance does not 

always mimic mRNA levels and to assess autophagic flux, we further measured the protein 

abundance of LC3; an increase in LC3b-II or the ratio of LC3b-II over LC3b-I indicates an 

increase in autophagic flux (Mizushima et al., 2010). We found total levels of LC3b-II were 

not different between the groups in either young or old (Figure 8B) and the overall 

autophagic flux, as measured by the LC3b-II/LC3b-I ratio, was trending lower in the aged 

(p=0.052), but showed no difference between the groups at either age (Figure 8C).

Apoptosis-related processes

Apoptosis is a process that has been postulated to be involved in skeletal muscle atrophy 

(Chopard et al., 2009; Marzetti et al., 2010) although the concept of myonuclear loss 

through apoptotic nuclear death has recently been challenged particularly in young muscles 

(Bruusgaard et al., 2012). In this study we investigated the potential involvement of 

apoptotic-related pathways with regard to changes in loading conditions. For apoptotic 

index, a measure of total apoptosis, a main effect was observed for age, indicating that aged 

muscle in general shows a higher level of DNA fragmentation (Figure 9). In addition, only 

in aged soleus muscle, the apoptotic index was elevated with hind limb suspension, but 

returned to ambulatory levels upon reloading (Figure 9). To investigate underlying 

mechanisms for this increase in apoptosis in aged muscle particularly in combination with 

atrophy we first investigated the involvement of caspases, the main proteolytic enzymes 

involved in apoptosis in mononucleated cells. Surprisingly, caspase-3, -8, and -9 were not 

changed with unloading or reloading at either age, indicating that these proteins are likely 

not involved in the response to atrophy and regrowth (Table 1). We further investigated 

ARC, a muscle specific inhibitor of apoptosis (Koseki et al., 1998), and found that 

abundance of this protein was significantly decreased with unloading, but returned to 

ambulatory levels upon reloading in both ages (Figure 10A&B). Moreover, there was a main 

effect for age such that ARC levels were lower in aged soleus muscle in all groups, which 

may account for the overall increase in apoptosis in aged muscle (Figure 9 & 10B). It has 

previously been shown that EndoG may be a specific inducer of apoptosis in skeletal 

muscle, particularly in the aged (Dupont-Versteegden et al., 2006; Leeuwenburgh et al., 
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2005). Cytosolic EndoG was decreased in the aged muscle (main effect for age) and was 

decreased in reloaded soleus muscle (Figure 11), however we were unable to detect EndoG 

in the nuclear fraction of our samples. Another caspase-independent inducer of apoptosis is 

AIF, and we determined its protein abundance in nuclear and cytosolic fractions. Cytosolic 

AIF showed a decrease with age (main effect), but no change with different loading 

conditions at either age (Figure 12). Nuclear AIF was also decreased with age (main effect) 

and showed a decrease with hind limb suspension at both ages (Figure 12). These data 

indicate that AIF is most likely not involved in the increase in apoptosis with aging or hind 

limb suspension in the aged.

Immune cell abundance and inflammatory serum markers

Inflammatory markers are elevated with aging and are associated with a decrease in muscle 

mass and strength (Ibebunjo et al., 2013; Schaap et al., 2009). In addition, it has been 

suggested that defective macrophage function may contribute to the blunted hypertrophy of 

aged muscle in response to resistance exercise (Przybyla et al., 2006). Therefore we 

determined the abundance of immune cells (neutrophils and macrophages) in soleus muscles 

of young and old rats in response to unloading and reloading. We did not detect any 

neutrophils or pro-inflammatory ED1 (also called M1) macrophages, but found that anti-

inflammatory ED2 (also called M2) macrophages were present in soleus muscle from young 

and old rats. In muscles from young rats we found that the staining of ED2 macrophages in 

all groups presented as a very classical ringing around the nucleus of the macrophage 

(arrows in Figure 13A,C and E); however in aged soleus muscle ED2 staining quite often 

was seen as a smear surrounding a nucleus which was mostly present in muscle from 

reloaded rats (arrowhead in Figure 13F) in addition to the classical staining (arrows in 

Figure 13B, D and F). Quantification showed that in all groups there was an increased 

number of ED2 positive cells in soleus muscle from old rats (Figure 13G). Also, no 

difference in the number of ED2 macrophages was observed between the groups in young 

rats while in old rats ED2 positive cell number decreased with unloading while it recovered 

to ambulatory levels with reloading. To see whether the changes macrophages in the muscle 

were related to changes in inflammatory cytokines in the blood we measured serum TNFα, 

IL-6, and RANTES. No differences were observed in serum TNFα levels with age or 

between groups (Table 2). However, IL-6 levels were elevated in aged animals independent 

of group and RANTES was decreased in reloaded rats independent of age (Table 2). This 

indicates that the immune cell response in muscle from aged rats is different than in young 

rats, but that this response is not correlated with changes in pro-inflammatory cytokines in 

the serum.

DISCUSSION

In this study, we demonstrated that changes associated with regrowth in most of the 

investigated cellular pathways were very similar between young and aged rats, despite the 

inability of muscle from aged rats to recover muscle size lost during atrophy. This result is 

similar to the lack of differences in translational signaling with overload hypertrophy despite 

an attenuated growth response (Chale-Rush et al., 2009). We hypothesized that muscles 

from aged rats would show a blunted recovery of muscle size with regrowth in pathways 
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responsible for the balance between protein synthesis and degradation, but failed to prove 

this hypothesis for most pathways at the time point measured, even though there were some 

differences in aged muscle in general which may have influenced the regrowth response.

Protein synthesis-related mechanisms

IGF-1 is an important regulator of muscle mass and can inhibit muscle atrophy as well as 

induce hypertrophy (for review (Clemmons, 2009)). Therefore, we investigated IGF-1 serum 

levels and found it was indeed decreased with atrophy in both young and old, and recovered 

only in the young animals with regrowth indicating that it potentially plays a role in the 

blunted regrowth response of muscle. In addition, IGFBP-3 showed a similar pattern such 

that it recovered to pre-suspension levels in young, but not aged rats; this is of interest since 

IGFBP-3 is the most abundant binding protein and also has been shown to attenuate muscle 

atrophy when in complex with IGF-1 (Spangenburg et al., 2003; Yamada and Lee, 2009; 

Zdanowicz and Teichberg, 2003). IGF-1 dependent intracellular pathways have been studied 

extensively and been shown to be involved in regulating skeletal muscle mass (for review 

(Goodman et al., 2011). Interestingly, p-Akt levels were actually higher in muscles from rats 

undergoing regrowth independent of age, but p-p70s6k was not changed with the loading 

conditions. It is likely that the phosphorylation of these proteins was changed at some point 

in time after reloading as it has been shown that different signaling proteins exhibit distinct 

time courses during muscle recovery and Akt is one of the fastest proteins to respond to 

reloading (Childs et al., 2003). Therefore, some changes in phosphorylation status may have 

been missed at the time point we investigated the muscles in this study. In one of the few 

papers where the recovery of these proteins was compared, p-p70s6k peaked at 5 days after 

recovery and was higher in the young than the aged at that time point (Morris et al., 2004). 

Similar to results in that paper however, was the fact that p-p70s6k in our study was also 

elevated in aged, indicating that this pathway is potentially already elevated in the aged and 

is not as readily activated upon reloading.

GSK3β has been shown to be involved in the regrowth response and has been implicated to 

be a modulator of the late regrowth response because of its consistent phosphorylation late 

during the process (Childs et al., 2003; Morris et al., 2004; van der Velden et al., 2007). We 

found that phosphorylation of GSK3β was decreased during atrophy and recovered to 

similar extent in young and old muscle. Since one of the upstream kinases capable of 

phosphorylating GSK3β is Akt, the increased levels of p-Akt during the reloading phase 

may be responsible for the sustained recovery of GSK3β in both young and aged muscle. 

This is different from the data in Morris et al (2004) which did not implicate Akt as the 

upstream kinase for GSK3β, but this may be due to fact that in their study GSK3β did not 

decrease with immobilization which was induced by casting instead of hind limb 

suspension. Interestingly, even though no difference in the response to loading and 

unloading was found between the age groups, there was a main effect of age on the total 

GSK3β levels, showing an increased abundance in muscles from old rats resulting in a 

decreased ratio of phospho-to-total GSK3β. This suggests that in aged muscle it will take a 

higher level of kinase activity to phosphorylate and inhibit total GSK3β to enhance muscle 

growth and this may explain the blunted regrowth response; this possibility requires further 

investigation.
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Protein degradation-related mechanisms

The attenuation of the muscle regrowth response in aged rats could also be related to 

differences in protein degradation pathways. Previous research indeed indicated that blunted 

recovery of muscle size in aged rats after starvation was associated with a lack of inhibition 

of proteolysis during refeeding, despite a similar return of protein synthesis to control values 

in young and old rats (Mosoni et al., 1999). Two protein degradation pathways are 

responsible for the majority of muscle atrophy during inactivity: the ubiquitin-proteasome 

and autophagy-lysosomal systems (Sandri, 2013). Mafbx and Murf-1 are the most widely 

accepted markers for protein degradation through the proteasomal pathway (Bodine and 

Baehr, 2014) and in our study the gene expression of these two E3 ubiquitin ligases was 

almost identical between muscles from young and aged rats. Both E3 ubiquitin ligases are 

known to respond rapidly after the onset of atrophy and return to their baseline values within 

10–14 days (Bodine and Baehr, 2014; Bodine et al., 2001b), which is the case here for 

Murf-1 in particular. The fact that Mafbx was still elevated after 14 days of HS indicates that 

it may respond somewhat slower than Murf-1 to changes in loading, but the data indicate 

that both genes respond similarly in young and aged rats. It has recently been shown that 

Mafbx and Murf-1 are elevated early after the onset of recovery of muscle mass after casting 

(Slimani et al., 2012), potentially as mediators of remodeling during this phase; it is possible 

that the response to this early remodeling is different in muscles of young and aged rats 

leading to a blunted growth response in the aged. This possibility needs further 

investigation.

The autophagy-lysosome system has recently received increased attention in the muscle 

community, because of its activation under a number of atrophy-inducing stimuli (for review 

see (Sandri, 2013)). While it is involved in the breakdown of muscle protein and could 

thereby contribute to muscle wasting, it is also necessary for normal muscle function. 

Disrupting autophagy related genes, such as Atg7, leads to muscle atrophy and weakness 

(Masiero et al., 2009) and impaired autophagy has been postulated to contribute to 

sarcopenia (McMullen et al., 2009; Wohlgemuth et al., 2007). Therefore, changes in 

autophagy are important to consider under different growth conditions to investigate its 

potential involvement in differential muscle size changes. To our knowledge, no studies 

have investigated age-related differences in the expression of autophagy-associated genes 

during regrowth after atrophy. However, a study in human muscle showed that changes in 

the autophagy pathway in response to resistance exercise were similar between young and 

old, even though the aged had increased levels of Atg7 and beclin (Atg6) overall (Fry et al., 

2013). In our study the changes in Atg5 and Atg7 were identical in soleus muscles from 

young and aged rats, but the recovery of beclin in the young was not present in the aged. 

Since beclin is involved in the formation of autophagosomal membranes, which is an early 

step in the process of autophagy (Ravikumar et al., 2010), this may indicate a continued 

elevation in initiation of autophagy during regrowth in the aged. Slimani et al (2012) showed 

an elevation in beclin early in the recovery after atrophy by casting in the tibialis anterior 

muscle which exhibited attenuated regrowth compared to other muscles in the same animal. 

Therefore, it is possible that an inability to turn off autophagy initiation in the aged soleus 

muscle contributes to a blunted regrowth response. However, when we measured autophagic 

flux by assessing the LC3b-II/LC3b-I ratio we did not see any changes in autophagy with 

White et al. Page 12

Exp Gerontol. Author manuscript; available in PMC 2016 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



the different loading conditions, even though there was a tendency for autophagy to be 

decreased with age, as has been shown previously in different muscles (McMullen et al., 

2009; Wohlgemuth et al., 2007). This indicates that autophagic pathways, at this time point, 

are likely not responsible for the difference in muscle recovery with age.

Apoptosis and inflammation-related processes

Apoptosis in muscle is an interesting as well as controversial pathway. We and others have 

shown that DNA fragmentation and apoptosis-related pathways are elevated in muscles 

undergoing atrophy in response to aging and disuse and might contribute to the decrease in 

myonuclear number with inactivity induced by hind limb suspension and spinal cord injury 

(Dupont-Versteegden et al., 1999; Leeuwenburgh et al., 2005; Oishi et al., 2008; Siu et al., 

2005b; Siu et al., 2005a). However, others have not observed similar changes in myonuclear 

number and increases in apoptotic processes in muscle fibers (Bruusgaard et al., 2012; 

Bruusgaard and Gundersen, 2008) and therefore the role of nuclear apoptosis has been 

challenged (Gundersen and Bruusgaard, 2008). Regardless of the role of apoptosis in 

potential myonuclear loss, it is clear that activation of apoptotic pathways, such as caspases, 

contributes to atrophy since inhibition of apoptosis-related processes through 

pharmacological or genetic means inhibits the loss of muscle mass (Hao et al., 2011; Siu and 

Alway, 2006); nonetheless, whether apoptosis is elevated in response to atrophy or directly 

contributes to muscle loss is not clear. In this study, we investigated the changes in some of 

these apoptosis-related pathways. Interestingly, caspase-3, -8 and -9 activities were not 

changed with age or disuse even though the apoptotic index was different in the aged with 

HS and reloading; similar results were found by Siu et al. (Siu et al., 2005b), but reloading 

was not investigated in that study. It is possible that, similar to protein synthesis and 

degradation data discussed above, changes in these proteins occurred early during the 

atrophy or regrowth process, and were missed at the time points investigated in the current 

study. However, these data also indicate that interventions geared towards these proteins 

may not be effective, since the changes in caspase may be transient while apoptosis is still 

elevated at a later time point. Apoptosis in aged muscle in general and with disuse and 

reloading in particular, was correlated with concurrent changes in the apoptosis inhibitor 

ARC; this protein may in the aged in particular be involved in allowing apoptosis to become 

elevated although the precise mechanisms through which this occurs is unclear. We have 

previously suggested that apoptosis in muscle may proceed through caspase-independent 

mechanisms, mainly because of the multinucleated nature of skeletal muscle (Dupont-

Versteegden, 2005). EndoG and AIF are proteins which translocate to the nucleus upon 

induction of apoptosis and induce DNA fragmentation without the activation of caspases. 

Indeed, it has been shown that EndoG and AIF may be involved mainly in the aged during 

atrophy, since their release and accumulation was elevated (Leeuwenburgh et al., 2005; Siu 

et al., 2005b). A current study also shows EndoG present in higher abundance in nuclei from 

aged human muscle indicating that it may be involved in sarcopenia itself (Gouspillou et al., 

2014). However, in the current study levels of EndoG and AIF were actually decreased in 

aged muscle, which is similar to data observed in quail in which anti-apoptotic proteins were 

increased while pro-apoptotic processes were decreased in the aged and it was suggested 

that aged muscle has a compensatory ‘apoptosis-breaking’ response which may be 

temporary and is ineffective (Siu et al., 2005a). The decrease in cytosolic EndoG with 
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reloading in young and old indicates that the response to regrowth at this level is not 

changed with age; unfortunately, we were unable to accurately determine the nuclear EndoG 

with the currently available antibodies for immunoblotting. The decrease in nuclear AIF in 

both young and aged muscle with HS is puzzling, but similar to an observation in which 

nuclear AIF was decreased with unloading (Siu et al., 2005a), and indicates that this protein 

is likely not involved in atrophy in the soleus muscle or plays a role other than inducing 

apoptosis in skeletal muscle.

Recently the involvement of inflammation and the presence of macrophages in skeletal 

muscle have become apparent as modulators of skeletal muscle mass (Koh and Pizza, 2009). 

In particular, the finding that anti-inflammatory macrophages express IGF-1 and are 

protective of muscle size during atrophy is of interest in our study (Dumont and Frenette, 

2010). Muscle reloading after atrophy has been shown to be associated with early damage 

and a transient inflammatory response (Oishi et al., 2008; St Pierre and Tidball, 1994; 

Tidball and Wehling-Henricks, 2007) and this inflammatory response seems critical for full 

recovery as a decrease in macrophages or IL-6 inhibits regrowth (Tidball and Wehling-

Henricks, 2007; Washington et al., 2011). This inflammatory response, however, is an early 

and transient response, but we nonetheless assessed the presence of macrophages and 

neutrophils. Neutrophils and ED1-expressing macrophages were not detected in soleus 

muscles in our study which is consistent with reports that these are rare in non-injured 

muscle (Krippendorf and Riley, 1993) and transient upon injury (Tidball and Villalta, 2010). 

However, ED2 expressing macrophages reside in normal skeletal muscle, are presumed anti-

inflammatory, and in our study were elevated in muscles of aged rats independent of loading 

status. In addition, these cells responded to loading in aged muscles only such that they 

decreased with atrophy, but recovered with reloading. We suggest that the ED2+ cells are 

increased in aged muscles as a compensatory response to a higher inflammatory 

environment, and their decrease with disuse may contribute to a more inflammatory state 

thereby contributing to atrophy. In aged animals serum levels of TNFα were not different in 

aged animals, but IL-6 was elevated in aged regardless of treatment; IL-6 is considered a 

pro-inflammatory cytokine, unless produced by exercising muscle (Pratesi et al., 2013), and 

likely contributes to the pro-inflammatory environment in the aged muscles. However, the 

fact that the number of ED2+-cells recovers upon reloading indicates that the muscles in 

aged animals are capable of responding to the new loading environment and therefore there 

is no indication that a dysregulation of macrophages contributes directly to the decreased 

regrowth response. This point is enforced by the fact that RANTES, which is inhibitory to 

muscle regeneration (Kohno et al., 2011) and elevated in response to repetitive movements 

which induce inflammation (Barbe et al., 2008), was decreased with reloading in both young 

and aged muscle, indicating that the animals of different ages respond in similar fashion to 

reloading. Whether the increase in anti-inflammatory macrophages in aged muscle plays a 

role in sarcopenia itself remains to be determined.

It should also be noted that there is always the possibility that the impaired regrowth 

response in the aged is caused by a lower level of physical activity of the aged rats during 

the reloading period, which was not measured in the current study. This would imply that 

there is a smaller growth stimulus in the aged than the young potentially causing the blunted 

regrowth. Of interest is that the muscles of young rats have also not completely recovered to 
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ambulatory control levels and it is plausible that the young and old animals both are still 

regaining muscle mass, but at a different rate and therefore it might take the aged animals 

longer to recover, which may be due to their decreased activity in the reloading period. This 

possibility would lend itself well to therapeutic interventions during the recovery period and 

would be of clinical importance.

In summary, the impaired skeletal muscle regrowth after atrophy in aged animals is not 

associated with a general lack of response to changes in loading conditions. In particular, 

changes in markers of the protein synthesis and degradation pathways were very similar 

between young and old, indicating that old muscles are capable of responding, but may need 

a longer time period or increased levels of physical activity to recover.
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Highlights

• Muscles of young and aged rats were investigated during regrowth after atrophy

• Soleus muscle regrowth was blunted in aged rats

• Age-related differences existed for protein synthesis markers and immune cells

• Protein synthesis and degradation markers showed similar changes at different 

ages

• Changes in signaling pathways do not explain the blunted regrowth response in 

aged
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Figure 1. Restoration of muscle size after atrophy is impaired in soleus muscle of aged rats
Soleus muscle weight (A), muscle weight-to-body weight ratio (B), and mean muscle fiber 

cross sectional area (C) of ambulatory (amb, black bars), hind limb suspended (HS, white 

bars), and reloaded (HSRE, grey bars) rats at 6 and 32 months are depicted (n=8–10). 

Values are means ± SE; * indicates significant difference from ambulatory, # indicates 

significant difference from HS, and ‘a’ indicates a difference from young within the same 

group; p<0.05.
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Figure 2. Serum IGF-1 and IGFBP-3 concentrations do not recover after disuse in the aged rat
Serum insulin (A), IGF-1 (B) and IGFBP-3 (C) of ambulatory (black bars), hind limb 

suspended (HS, white bars), and reloaded (HSRE, grey bars) rats at 6 and 32 months are 

depicted (n=8–10). Values are means ± SE; * indicates significant difference from 

ambulatory and # indicates significant difference from HS; p<0.05.
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Figure 3. Akt response to reloading is similar in young adult and old rats
Representative bands for Western analysis of phospho(Ser473)-Akt, total Akt, and actin 

(used as loading control) are shown for soleus muscle of ambulatory (amb), hind limb 

suspended (HS) and reloaded (HSRE) rats at 6 and 32 months (A). Quantification of 

Western analysis is depicted for phospho- Akt (B), total Akt (B) and the ratio of phospho to 

total Akt (C) for ambulatory (black bars), hind limb suspended (HS, white bars), and 

reloaded (HSRE, grey bars) rats at 6 and 32 months (n=8–10). Values are means ± SE; * 
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indicates a main effect for HSRE difference from HS and ambulatory, and # indicates a 

main effect for HSRE from HS; p<0.05.
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Figure 4. p70s6k is not changed in response to disuse and re-ambulation
Representative bands for Western analysis of phospho(Thr389)-p70s6k, total p70s6k and 

actin (used as loading control) are shown for soleus muscle of ambulatory (amb), hind limb 

suspended (HS) and reloaded (HSRE) rats at 6 and 32 months (A). Quantification of 

Western analysis is depicted for phospho-p70s6k (B), total p706sk (B) and the ratio of 

phospho to total p70s6k (C) for ambulatory (black bars), hind limb suspended (HS, white 

bars), and reloaded (HSRE, grey bars) rats at 6 and 32 months (n=8–10). Values are means 

± SE; ^ indicates a main effect for age; p<0.05.
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Figure 5. Recovery of GSK3β is similar in young and old rats
Representative bands for Western analysis of phospho(Ser9)-GSK3β, total GSK3β, and actin 

(used as loading control) are shown for soleus muscle of ambulatory (amb), hind limb 

suspended (HS) and reloaded (HSRE) rats at 6 and 32 months (A). Quantification of 

Western analysis is depicted for phospho- GSK3β (B), total GSK3β (B) and the ratio of 

phospho to total GSK3β (C) for ambulatory (black bars), hind limb suspended (HS, white 

bars), and reloaded (HSRE, grey bars) rats at 6 and 32 months (n=8–10). Values are means 

± SE; * indicates a main effect for age and # indicates a main effect for HS; p<0.05.
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Figure 6. Protein degradation markers MAFbx and Murf-1 are similarly affected by reloading at 
different ages
Soleus muscle mRNA abundance for Murf-1 (A) and Mafbx (B) for ambulatory (black 

bars), hind limb suspended (white bars) and reloaded (grey bars) rats at 6 and 32 months is 

shown (n=8–10). Values are means ± SE; * indicates a main effect for HS different from 

ambulatory and # indicates a main effect for HSRE different from HS; p<0.05.
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Figure 7. mRNA abundance of markers for autophagy show similar responses to different 
loading conditions in young adult and old rats
Soleus muscle mRNA abundance for ATG5 (A), ATG7 (B) and beclin (C) for ambulatory 

(black bars), hind limb suspended (white bars) and reloaded (grey bars) rats at 6 and 32 

months is shown (n=8–10). Values are means ± SE; * indicates a main effect for HS 

different from other groups and # indicates difference from HS in young; p<0.05.
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Figure 8. Marker of autophagic flux is lower with age, but not different with loading
Representative bands for Western analysis of LC3b-I (top band), LC3b-II (bottom band) and 

actin (used as loading control) are shown for soleus muscle of ambulatory (amb), hind limb 

suspended (HS) and reloaded (HSRE) rats at 6 and 32 months of age (A). Quantification of 

Western analysis for LC3b-II (B) and the ratio of LC3b-II to LC3b-I (C) is depicted for 

ambulatory (amb, black bars), hind limb suspended (HS, white bars), and reloaded (HSRE, 

grey bars) rats at 6 and 32 months of age (n=8–10). Values are means ± SE; p=0.052 

indicates a trend for main effect for age.
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Figure 9. Apoptosis is increased in soleus muscle of aged rats with disuse
Apoptotic index as a measure of DNA fragmentation of soleus muscle from ambulatory 

(amb, black bars), hind limb suspended (HS, white bars) and reloaded (HSRE, grey bars) 

rats at 6 and 32 months is shown (n=8–10). Values are means ± SE; * indicates a main effect 

for age and # indicates difference from ambulatory and HSRE in old; p<0.05.
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Figure 10. ARC protein abundance is decreased with atrophy in response to age and hind limb 
suspension
Representative bands for Western analysis of ARC are shown for soleus muscle of 

ambulatory (amb), hind limb suspended (HS) and reloaded (HSRE) rats at 6 and 32 months 

of age (A). Ponceau S was used as a loading control (not shown). Quantification of Western 

analysis is depicted (B) for ambulatory (black bars), hind limb suspended (HS, white bars), 

and reloaded (HSRE, grey bars) rats at 6 and 32 months of age (n=8–10). Values are means 

± SE; * indicates a main effect for age, and # indicates a main effect for HS; p<0.05.
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Figure 11. Cytosolic EndoG is decreased with age and reloading
Representative bands for Western analysis of cytosolic EndoG are shown for soleus muscle 

of ambulatory (amb), hind limb suspended (HS) and reloaded (HSRE) rats at 6 and 32 

months of age (A). Ponceau S was used as a loading control (not shown). Quantification of 

Western analysis is depicted (B) for ambulatory (black bars), hind limb suspended (HS, 

white bars), and reloaded (HSRE, grey bars) rats at 6 and 32 months of age (n=8–10). 

Values are means ± SE; * indicates a main effect for age, and # indicates a main effect for 

HSRE, different from other groups; p<0.05.
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Figure 12. Cytosolic and nuclear AIF protein abundance is decreased with age
Representative bands for Western analysis of cytosolic (A) and nuclear (C) AIF are shown 

for soleus muscle of ambulatory (amb), hind limb suspended (HS) and reloaded (HSRE) rats 

at 6 and 32 months of age. Ponceau S was used as a loading control (not shown). 

Quantification of Western analysis for cytosolic (B) and nuclear (D) AIF is depicted for 

ambulatory (black bars), hind limb suspended (HS, white bars), and reloaded (HSRE, grey 

bars) rats at 6 and 32 months of age (n=8–10). Values are means ± SE; * indicates a main 

effect for age, and # indicates a main effect for HS different from ambulatory; p<0.05.
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Figure 13. Macrophage (ED2) abundance in dysregulated in soleus muscle of aged rats
Representative cross sections immunoreacted for ED2 (CD163) of soleus muscle from 6 

(A,C,E) or 32 (B,D,F) month old ambulatory (A,B), hind limb suspended (C,D), or reloaded 

(E,F) rats. CD163 is stained in red and nuclei are stained in blue (DAPI); arrows indicate 

regular staining and arrow heads point to diffuse CD163 positive staining. Bar in F 

represents 25μm for all pictures. Quantification of ED2 positive staining (G) in soleus 

muscle from ambulatory (amb, black bars), hind limb suspended (HS, white bars) and 

reloaded (HSRE, grey bars) rats at 6 and 32 months is shown (n=8–10). Values are means ± 
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SE; * indicates a significant difference from young and # indicates a significant difference 

from ambulatory and HSRE in old; p<0.05.
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