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Abstract
INTRODUCTION—Paraplegia results in significant skeletal muscle atrophy through increases in
skeletal muscle protein breakdown. Recent work has identified a novel SIRT1-p53 pathway that is
capable of regulating autophagy and protein breakdown.

METHODS—Soleus muscle was collected from 6 male Sprague-Dawley rats 10 weeks following
complete T(4)-T(5) spinal-cord transection (paraplegia) and 6 male sham-operated rats (control).
We utilized immunoblotting methods to measure intracellular proteins and qRT-PCR to measure
the expression of skeletal muscle microRNAs.

RESULTS—SIRT1 protein expression was 37% lower, and p53 acetylation (LYS379) was
increased in the paraplegia rats (P<0.05). Atg7 and Beclin-1, markers of autophagy induction,
were elevated in paraplegia compared to controls (P<0.05).

DISCUSSION—Severe muscle atrophy resulting from chronic paraplegia appears to increase
skeletal muscle autophagy independent of SIRT1 signaling. We conclude that chronic paraplegia
may cause an increase in autophagic cell-death and negatively impact skeletal muscle protein
balance.
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INTRODUCTION
The ability of skeletal muscle to adapt to various loading and other environmental conditions
is substantial. Muscle atrophy occurs at a fairly rapid rate in the initial period following a
variety of disuse interventions, such as hindlimb suspension or spinal cord transection 1–6.
Of the total soleus muscle weight loss that occurs following spinal cord transection, 60% is
lost within the first 10 days, illustrating the rapid dysregulation of protein synthesis and
breakdown 4. Considerable research has explored the regulation of muscle protein
breakdown during muscle atrophy 7, and our lab recently illustrated a down regulation of the
mTORC1 pathway governing protein synthesis in a model of chronic paraplegia 8.
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Much of the work exploring proteolysis in atrophying muscle has focused on the ubiquitin
proteasome system (UPS) and the contribution of the two primary muscle E3 ubiquitin
ligases, MuRF1 (muscle RING finger 1) and MAFbx (Atrogin-1) to muscle protein
breakdown during atrophy 9–11. Less is known regarding the involvement of autophagy in
proteolysis and cellular homeostasis during skeletal muscle atrophy. Increased expression of
the autophagy protein Beclin-1 was observed in the tibialis anterior (TA) muscle of rats
following 7 days of denervation, and it was suggested that there was an increase in
autophagic cell-death during muscle disuse 12.

Autophagy is a catabolic pathway capable of degrading cellular membranes, organelles and
proteins in order to remove damaged or defective components in the cell 13, and through this
process, the primary role of autophagy appears to be cellular housekeeping. In conjunction
with the proteasome, autophagy is involved in protein turnover, which helps maintain the
energy balance of the cell. However, autophagocytosis seems to be a double-edged sword
which protects cells when it is moderately activated, but excessive activation can induce
autophagic cell death 14–16.

The mammalian family of sirtuin proteins, SIRT1–7, are involved in the regulation of
numerous cellular processes, including aging, metabolism, growth, survival and
differentiation 17–20. A direct role for SIRT1 in the regulation of starvation-induced
autophagy has been observed recently 21. SIRT1 deacetylates FoxO3a in the regulation of
cellular stress, 22–23 and autophagic and proteasomal pathways are regulated in coordination
via FoxO3a in atrophying muscle as deacetylated FoxO3a can induce expression of LC3
expression 24–25. Transcriptional activity of FoxO3a is also influenced via phosphorylation
by Akt 26. On the other hand, p53 is also a known repressor of autophagy 27–29, and SIRT1
deacetylation of p53 inactivates its transcriptional capabilities 30. It is not known whether
skeletal muscle SIRT1 expression and muscle autophagy are increased following prolonged
inactivity (e.g., spinal cord injury).

Individuals with spinal cord injury are the most physically inactive members of society and
are placed at the lowest end of the human fitness spectrum 31–32. The life expectancy of
individuals with spinal cord injuries is increasing to near that of healthy bodied persons 33,
thus interventions to improve cellular homeostasis and maintain skeletal muscle mass are
clinically relevant. Improving muscle mass will help improve whole body metabolism and
may aid in the rehabilitation of individuals with spinal cord injuries. Our purpose in this
study was to assess the activation of skeletal muscle autophagy and its regulation via SIRT1
in a model of skeletal muscle induced atrophy. We hypothesized that chronic paraplegia
would increase skeletal muscle autophagy by a SIRT1-dependent mechanism.

MATERIALS AND METHODS
Study design

All surgical procedures were reviewed and approved by the Institutional Animal Care and
Use Committee at Wayne State University School of Medicine (Detroit, MI). Twelve male
Sprague-Dawley rats (24 ± 0.2 wk of age at death) were separated into 2 groups: complete
spinal cord transection between thoracic level 4 and 5 (T4–T5, paraplegia, n = 6) or sham
spinal cord transection (control, n = 6). Following 10 wk of spinal cord transected-induced
paralysis or sham-operated free living, the rats were deeply anesthetized by intraperitoneal
injection of sodium pentobarbital (approximately 75 mg/kg body weight) at the same time of
day (early morning), and the soleus muscle was isolated, removed and quickly freeze
clamped, immediately frozen in liquid nitrogen, and stored at −80°C until analyzed.
Subsequently, death was assured by excision of the heart. Soleus muscles were
homogenized (1:9 wt/vol) in a buffer containing 50 mM Tris-HCl, 250 mM mannitol, 50
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mM NaF, 5 mM Na pyrophosphate, 1 mM EDTA, 1 mM EGTA, 1% Triton X-100, pH 7.4,
1 mM DTT, 1 mM benzamadine, 0.1 mM PMSF, and 5 μg/ml of soybean trypsin inhibitor
with protease inhibitors and reducing agents added just before use. Total protein
concentrations were determined for all supernatants with the Bradford assay using a
Smartspec spectrophotometer (Bio-Rad) on the day of homogenization.

Induced paraplegia
All surgical procedures were performed using aseptic techniques. Rats were anesthetized
with pentobarbital sodium (45 mg/kg ip), and supplemental doses (10–20 mg/kg ip) were
administered if rats regained the blink reflex or responded during the surgical procedure.
After anesthesia, rats were positioned prone over a thoracic roll resulting in a moderately
flexed spine. The T4 and T5 vertebrae were exposed via a midline dorsal incision. The
underlying spinal cord between T4 and T5 was completely transected through the
intervertebral space as described previously 34–35. The control animals (sham operated) had
the spinal cord exposed in an identical procedure, however, the spinal cord was not
transected. This approach allowed for minimal impact on the stability of the vertebral
column. During the first week of recovery, all rats were handled several times daily. During
the handling periods, visual inspection and physical manipulations were performed to
prevent pressure ulcers. Additionally, bladder voiding was accomplished by manual
compression, after which all animals were weighed. After the first week of recovery,
handling was reduced to one time each day, and bladders no longer required manual
compression for voiding. At day 7, rats underwent a motor activity score using previously
described criteria 36. Briefly, the motor activity score was determined by placing the animal
on a table and observing hindlimb movement for 1 min. Scores ranged from 0 to 5; a 5
indicated normal walking and a 0 indicated zero weight bearing or spontaneous movement
specific to the hindlimbs. All paralyzed rats had a score of 0.

SDS-PAGE and immunoblotting
Details of the immunoblotting procedures have been published previously37. Briefly,
aliquots from homogenates (described above) were boiled at 100°C for 3 min in 2X sample
buffer (2XSB) containing 125 mM Tris, pH 6.8, 25% glycerol, 2.5% SDS, 2.5%-
mercaptoethanol, and 0.002% bromophenol blue. Samples containing 50 μg of total protein
per lane were loaded in duplicate and separated by SDS-PAGE for 1 hr at 150 V using 7.5 or
15% gels on Criterion electrophoresis cell. Following SDS-PAGE, proteins were transferred
to polyvinylidene diflouride membranes (PVDF) (Hybond-P, Amersham Biosciences,
Piscataway, NJ) at 50 V for 1 hr. Verification of loading and transfer uniformity for the
western blots was confirmed by Ponceau S staining. Once transferred, PVDF membranes
were placed in blocking buffer [5% nonfat dry milk (NFDM) in TBST (Tris-buffered saline
and 0.1% Tween 20)] for 1 hr. Blots were then washed serially 2 times in deionized water
and 2 more times in TBST and incubated with primary antibody in 5% NFDM in TBST
overnight at 4°C with constant agitation. Blots were washed in TBST twice and incubated
with secondary antibody for 1 hr in 5% NFDM in TBST at room temperature with constant
agitation. Blots were washed for 15 min followed by three additional washes lasting 5 min
with TBST. Blots were then incubated for 5 min with enhanced chemiluminescence reagent
(ECL plus Western Blotting Detection System, Amersham Biosciences, Piscataway, NJ) to
detect horseradish peroxidase activity. Optical density measurements were obtained with a
charge coupled device camera mounted in a ChemiDoc XRS imaging system (Bio-Rad,
Hercules, CA). Once the appropriate image was captured, Densitometric analysis was
performed using Quantity One 1-D analysis Software (version 4.5.2, Bio-Rad). Data are
expressed as the raw value of the band minus a representative background sample from the
membrane, divided by an internal loading control (50 μg/lane) loaded on every gel for
comparisons across membranes.
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Antibodies
The primary antibodies used were all purchased from Cell Signaling (Beverly, MA):
acetylated-p53 [Lys379 (catalog number 2570); 1:500]; p53 (catalog number 2527; 1:500);
SIRT1 (catalog number 2493; 1:1000); Atg7 (catalog number 2631; 1:1000); Beclin-1
(catalog number 3738; 1:1000); LC3B (catalog number 4108; 1:1000); p-FoxO3a [Ser253
(catalog number 9466); 1:500]; FoxO3a (catalog number 2497; 1:500). Anti-rabbit IgG
horseradish peroxidase-conjugated secondary antibody was purchased from Amersham
Bioscience (catalog number NA9340; 1:2000).

Real time PCR
RNA was isolated from 6 paraplegia and 6 control rats. Details of the RNA extraction,
cDNA synthesis and semi-quantitative real-time PCR procedures have been published
previously 38. Briefly, RNA concentration was assessed using the NanoDrop 2000 (Thermo
Scientific, West Palm Beach, FL). The relative expression levels of miR-9, -30a and −34a
were determined using Taqman MicroRNA Assay (Applied BioSystems, Foster City, CA)
according to the manufacturer’s directions. To account for any starting difference in the
amount of total RNA, gene expression levels were normalized to 4.5S RNA. Relative fold
changes were determined from the Ct values using the 2−ΔΔCt method39.

Statistical analysis
All values are expressed as means ± SE. All comparisons between control and paraplegic
rats were performed with an independent t-test using SigmaStat statistical software version
11.0 (Systat Software Inc, San Jose, CA, USA). Significance was set at P < 0.05.

RESULTS
Whole body and soleus muscle weight

Initial body weight (~521 g) was not different between groups (data not shown; P = 0.8).
Ten weeks later whole body weight was not different between paraplegic and control rats
(568 ± 23 vs. 605 ± 11 g, respectively; P = 0.18; Fig. 1). Soleus muscle weight, however,
was 28% lower in the paraplegic rats compared with control rats (175 ± 6 vs. 244 ± 17 mg,
respectively; P = 0.003; Fig. 1).

SIRT1 signaling
Total protein expression of SIRT1 was reduced 37% in the paraplegia group compared to
the control rats (P = 0.05; Fig. 2A). Acetylation of p53 (Lys379) was increased in the
paraplegia group compared to control rats (P = 0.03; Fig. 2B), however total p53 protein was
lower in the paraplegia rats compared to the control group (P = 0.03; Fig. 2C). FoxO3a
phosphorylation (Ser253) was not different between groups (P = 0.27; Fig. 2D).

Markers of autophagy induction
Total protein content of Atg7 was increased in the paraplegia rats compared to the control
group (P = 0.01; Fig. 3A). Beclin-1 protein expression was also increased in the paraplegia
rats compared to the control group (P = 0.001; Fig. 3B). Total protein levels of LC3B II
were not different between groups (P = 0.41; Fig. 3C).

MicroRNA expression
Expression levels of miR-30a and −34a were not different between groups (P = 0.79 and P =
0.85, respectively; Fig. 4). However, miR-9 expression was 47% higher in the paraplegia
rats (P = 0.11).
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DISCUSSION
Following hindlimb suspension or spinal cord transection, there is a rapid onset of skeletal
muscle wasting due to imbalances that occur in the rates of protein turnover 1–6. Our
primary finding was an upregulation of markers of autophagy induction in the soleus muscle
of rats 10 weeks following complete T(4)-T(5) spinal cord transection. Furthermore, we
found a downregulation of SIRT1 protein expression and signaling, suggesting that the
upregulation of autophagy in a chronic paraplegia model is independent of SIRT1.

Degradation of damaged cellular organelles and membranes is accomplished through
autophagy 13, an evolutionarily conserved cellular housekeeping process. Autophagy, along
with the proteasome, also contributes to protein breakdown in order to remove old and
defective proteins and maintain cellular energy balance. Autophagy has also emerged as a
promising target in longevity studies 40, and recent work has identified a direct role of
SIRT1 in the regulation of autophagocytosis 21. In this study, we observed a decrease in the
expression of SIRT1 and increased levels of acetylated p53 in the paraplegic rats. These
findings illustrate decreased protein content and activity of SIRT1 in our model of chronic
paraplegia. SIRT1, a member of the sirtuin family of histone deacetylases, is involved in
numerous aspects of cellular metabolism, growth, differentiation and senescence 17–20. The
study by Lee et al. demonstrated that SIRT1 is capable of forming complexes with and
deacetylating several autophagy regulators, including Atg5, Atg7 and Atg8, and in the
absence of SIRT1, fibroblasts were unable to stimulate autophagy during starvation 21. In
contrast to our findings, Chabi et al used a short-term denervation model and found that 7,
14 and 21 days of denervation increased the expression of SIRT1 in skeletal muscle 41. It is
likely that the increase in SIRT1 expression during the acute stages of denervation plays a
role in both downregulation of mitochondrial biogenesis and induction of muscle autophagy.
However, with prolonged inactivity (such as occurs with spinal cord injury in this study) the
increase in muscle autophagy appears to be independent of SIRT1.

In addition to its direct ability to influence autophagocytosis, SIRT1 can also influence
autophagy induction through its interaction with p53 and FoxO3a, known upstream effectors
of autophagy 22–23,27–29. We were unable to measure the acetylation of FoxO3a, however,
we used the phosphorylation of FoxO3a via Akt as an indicator of its transcriptional
activity 26. We did not observe any differences in FoxO3a phosphorylation in the 2 groups.
Acetylation of p53 is a marker for the deacetylase activity of SIRT1 30, and in this study we
observed increased acetylation of p53 in the paraplegic rats, corresponding with lower total
levels of SIRT1 protein. Acetylation of p53 increases its transcriptional activity, and p53 has
been shown to be a negative regulator of autophagy. 29,28 In this study, the acetylation of
p53 was greater in the paraplegic rats, and the paraplegic rats also had elevated expression
of autophagy markers, suggesting dysregulation of the SIRT1-p53 mediated control of
autophagy in chronic paraplegia 42. We have previously shown a downregulation of the
mTOR signaling pathway following 10 weeks of complete T(4)-T(5) spinal cord
transection 8, which contribute to the increase in autophagy induction in the current study, as
the Akt-mTOR pathway is a negative regulator of autophagy 43.

While results from this study indicate reduced activation of SIRT1 signaling in our model of
chronic paraplegia, the same rats had increased levels of autophagy-specific proteins (Atg7
and Beclin-1) compared to the control group. The increase in Atg7 and Beclin-1 expression
may indicate an increase in autophagy mediated protein degradation. In healthy systems,
increasing SIRT1 activity and autophagy can improve longevity and cellular
homeostasis 44–46, but excessive activation can induce autophagic cell death 14–16. In a
recent study, O’Leary et al. also found elevated levels of the autophagic protein Beclin-1 in
skeletal muscle after 7 days of denervation in rats 12. The authors suggested that there was
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an increase in autophagic cell death that was contributing to muscle atrophy during
denervation 12. As the majority of muscle loss occurs in the early period following spinal
cord transection 4, it is unlikely that the increase in autophagy we observed 10 weeks after
transection contributes greatly to loss of muscle due to autophagic cell death. However, our
data provide intriguing evidence for an increased role of autophagy in a model of chronic
paraplegia. Much of the rapid muscle atrophy immediately following spinal cord transection
is attributed to increases in protein breakdown through the UPS 9–11, however, autophagy
may play a more prominent role in regulating protein degradation during prolonged physical
inactivity and/or paraplegia. Increased protein degradation through autophagic processes
may contribute to decreased cellular size in paraplegia. Upregulation of autophagic proteins
may also serve to improve cellular survival in the absence of neural input.

Upstream activity of SIRT1 and autophagy, specifically autophagic protein Beclin-1, can be
regulated through various microRNAs, including miR-9, -30a and -34a 47–50. MicroRNAs
are a class of endogenous, 22–24 nucleotide RNA molecules with the ability to induce
mRNA degradation, translational repression, or both, via pairing with partially
complementary sites in the 3' UTR of the targeted genes 51. The miRNAs measured in this
study can negatively impact the expression of SIRT1 and Beclin-1 47–50. Although we found
no significant differences in the expression of miR-30a and -34a between the control and
paraplegia groups, miR-9 tended to be elevated (P=0.11) suggesting that this specific
miRNA may play a modest role in the regulation of SIRT1 signaling and the induction of
muscle autophagy 10 weeks following complete spinal cord transection.

Soleus muscle atrophy following 10 weeks of paraplegia induces dysregulation of SIRT1
signaling and increases skeletal muscle autophagy. We propose that the increase in
autophagy plays a role in regulation of muscle size and metabolism during prolonged
inactivity. Based on our data, we conclude that chronic paraplegia increases markers of
autophagy in skeletal muscle independent of SIRT1, illustrating the potential for aberrant
autophagy to contribute to muscle protein degradation during atrophy associated with spinal
cord injury.
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2XSB 2X sample buffer

Atg5 autophagy gene 5

Atg7 autophagy gene 7

Atg8 autophagy gene 8

Ct cycle threshold

DTT dithiothreitol

ECL enhanced chemiluminescence

FoxO3a forkhead box O3a

hr hour

ip intraperitoneal
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LC3B light chain 3

MAFbx muscle atrophy factor 1; atrogin-1

miRNA microRNA

min minute

mTORC1 mammalian target of rapamycin complex 1

MuRF1 muscle RING finger 1

NFDM nonfat dry milk

PMSF phenylmethylsulfonylfluoride

PVDF polyvinylidene difluoride

RT-PCR real time polymerase chain reaction

SDS-PAGE sodium dodecylsulfate-polyacrymalide gel electrophoresis

SE standard error of the mean

SIRT1 sirtuin 1

T(4)-T(5) thoracic level 4 and 5

TA tibialis anterior

TBST Tris buffered saline with 0.1% Tween-20

UPS ubiquitin proteasome system

wk week
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Figure 1.
Whole body and soleus muscle weight. Whole body weight (g) and soleus muscle weight
(mg) were measured in the Paraplegia group 10 weeks following complete spinal cord
transection and in the Control group. Values are mean ± SE. *Significantly different from
control (P < 0.05).
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Figure 2.
SIRT1 signaling in soleus muscle from Control and Paraplegic rats. Data represent SIRT1
total protein (A), acetylated p53 (Lys379) (B), p53 total protein (C) and phospho-FoxO3a
(Ser253) (D). Values are mean ± SE.
*Significantly different from control (P < 0.05).

Fry et al. Page 12

Muscle Nerve. Author manuscript; available in PMC 2013 November 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Markers of autophagy induction in soleus muscle from Control and Paraplegic rats. Data
represent Atg7 (A), Beclin-1 (B) and LC3B II (C) total protein. Values are mean ± SE.
*Significantly different from control (P < 0.05).
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Figure 4.
MicroRNA expression of miR-9, miR-30a and miR-34a in soleus muscle were measured in
the Paraplegia group 10 weeks following complete spinal cord transection and in the Control
group. Values are mean ± SE.
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