
INTRODUCTION
Duchenne muscular dystrophy (DMD)

is a fatal, X-linked disorder affecting
1:3,600 to 1:6,000 male births worldwide
that causes degeneration of striated
muscle (1–3). This progressive disease is
due to mutations in the dystrophin gene
that result in absence of expression of a
functional dystrophin protein. Dys-
trophin is an essential structural muscle
protein that links the intracellular fila-
mentous actin cytoskeleton and the ex-
tracellular basal lamina of muscle fibers
(4–6). Absence of dystrophin protein in
muscle fibers alters muscle fiber mem-
brane structure, leading to membrane
damage during muscle contraction and
disrupting signaling across the mem-
brane. The mdx mouse is a disease

model of DMD (7) in which a mutation
in the dystrophin gene causes absence of
dystrophin protein in muscles and leads
to necrosis and inflammation in muscle
tissue.

The ongoing necrosis of dystrophic
skeletal muscle leads to infiltration in the
diseased muscle of immune cells that
may be, in part, autoreactive. In previous
studies, depletion of CD4+ and CD8+

T cells in the mdx mouse resulted in a
significantly lower level of muscle fiber
necrosis and fibrosis (8,9). Furthermore,
the only proven treatment for human
DMD, prednisone, is a known immuno-
suppressant (10), suggesting that down-
regulation of the immune system in a dy-
strophic setting may have therapeutic
 effects.

Rapamycin (RAPA), also called
sirolimus, has been used widely for im-
mune suppression in the setting of allo-
graft organ or tissue transplantation
(11–13). Studies have shown that RAPA
has lower toxicity and leads to a greater
decrease in T-cell immunity when com-
pared to other immunosuppressant
drugs, such as cyclosporine A (14). One
of the mechanisms of the selective effect
of RAPA is an increase in Foxp3+ regula-
tory T (Treg) cell survival and function,
which has been shown in vitro and in
vivo (15,16). Therefore, we hypothesized
that RAPA treatment of the mdx mouse
would diminish dystrophic pathology of
the diseased muscle tissue by providing
a more favorable balance between effec-
tor T cells and Treg cells.

In mammals, RAPA binds to the
mammalian target of rapamycin
(mTOR), which is a highly conserved
serine/ threonine protein kinase that
regulates cell growth and protein syn-
thesis (17–19). There are two distinct
mTOR complexes, complex 1 and com-
plex 2 (mTORC1 and mTORC2, respec-
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tively), that vary in both structure and
function and respond differentially to
nutrients, cellular energy and growth
factors, as reviewed by Zhou and
Huang (20). The relative importance of
mTORC1 and mTORC2 differs among
various tissues. In skeletal muscle,
mTORC1, which is RAPA-sensitive, has
been shown to play an important role in
muscle growth (21,22). Skeletal muscle
mTOR activation levels have been fol-
lowed longitudinally in the mdx mouse
(23). However, comparison of mTOR ac-
tivation between age-matched mdx and
wild-type C57BL/ 10 (B10) mice has not
been reported. Findings of these studies
are important for a better molecular un-
derstanding of DMD pathology, and can
lead to potential therapeutic approaches
for this  disease.

Because RAPA is a potent immuno-
suppressant drug and has the potential
to modulate muscle growth and regen-
eration, we studied its effect on the
pathology of dystrophic muscle. We ex-
amined the effects of RAPA on mdx
muscle pathology and mTOR activation
when administered either locally or sys-
temically during the peak of mdx dis-
ease- related muscle degeneration and
regeneration. Given that systemic im-
mune suppression may be associated
with adverse outcomes, we used two
strategies to treat mdx mice with RAPA:
1) local treatment of mdx tibialis ante-
rior (TA) muscles by injection of RAPA-
containing microparticles and 2) sys-
temic treatment of mdx mice through
RAPA-containing water. Systemic
RAPA administration facilitated the
analysis of treatment effects on the di-
aphragm (Dia) muscle, which is not
easily accessible by direct intramuscular
injection.

MATERIALS AND METHODS

Mice
Wild-type C57BL/10J (B10) and

C57BL/10ScSnDmdmdx/J (mdx) mice
were obtained from The Jackson Labora-
tory (Bar Harbor, ME, USA). All animal
studies were performed according to the

Institutional Animal Care and Use Com-
mittee (IACUC) Guidelines for the Care
and Use of Laboratory Animals.

Total Muscle Protein Extract (TMPE)
Preparation

Freshly isolated mouse muscle was
cut into small pieces in lysis buffer
(50 mmol/L Tris-HCl pH 8.0, 5 mmol/L
EGTA pH 7.4, 5 mmol/L EDTA pH 8.0,
5% SDS) and incubated on ice for 45 min.
Samples were then sonicated briefly and
centrifuged at 16,100g for 20 min at 4°C.
Supernatant was collected and stored at
–80°C.

Rapamycin-Containing PLGA
Microparticle Preparation

RAPA-releasing microparticles were
produced in our laboratory as described
previously (24). In brief, RAPA micropar-
ticles were produced by using the single
emulsion-evaporation technique. An
emulsion of an organic solution contain-
ing RAPA and PLGA was formed in a
bulk aqueous solution through high-
speed homogenization at 3,000 rpm by
using a homogenizer (Silverson L4RT-A,
Silverson, Chesham Bucks, UK). Follow-
ing evaporation of the organic solvent
(dichloromethane), microparticles
formed in the aqueous solution were
freeze-dried for subsequent use in exper-
iments. Microparticles were fabricated to
be ~15 μm in size so that they do not
move from the site of injection. The
amount of RAPA encapsulated in 1 mg
of microparticles was measured to be ap-
proximately 4 μg.

Intramuscular Microparticle Injection
Six-wk-old mdx mice were injected in-

tramuscularly (IM) with rapamycin-
 containing microparticles (RAPA beads)
in sterile PBS in the TA muscle (30 μL
per TA muscle). Control mice either re-
ceived empty microparticles (blank
beads) or were left untreated. Micropar-
ticles were injected into the TA muscles
with a high-dose injection (1 mg RAPA
beads per injection) initially, followed by
a half-dose injection (0.5 mg RAPA
beads per injection) 2 wks later. Mice

were euthanized 6 wks after initiation of
treatment, thus allowing for complete
degradation of PLGA micro particles by
the time of analysis.

RAPA/H2O Preparation and
Administration

To prepare the mdx mouse drinking
water, containing RAPA (LC Laborato-
ries, Woburn, MA, USA), RAPA was dis-
solved in autoclaved water to achieve ad-
ministration of 1.5 mg/kg mouse (about
0.04 mg/mouse/day). RAPA- containing
water was prepared fresh every 7 to 10 d.
To generate the aqueous solution of
RAPA, RAPA powder was first dissolved
in dimethyl sulfoxide (DMSO) to a stock
concentration of 10 mg/mL. The final
concentration of DMSO in RAPA-contain-
ing water was 0.1% vol/vol. The amount
of RAPA added to the mdx mouse drink-
ing water was calculated such that the
amount of RAPA administered by RAPA
drinking water approximately matched
the amount of RAPA administered locally
by the RAPA-containing microparticles
on a daily basis.

Gel Electrophoresis and Western
Blotting

Gel electrophoresis and Western blot-
ting were done according to standard
protocols. Briefly, TMPE from muscle
samples from all mouse groups was
electrophoresed on 5% Acrylamide gel
(Bio-Rad; Hercules, CA, USA) for 3 h at
110V. Protein samples were transferred
from the gel to nitrocellulose membrane
(GE Healthcare; Piscataway, NJ, USA)
for 1.5 h at 110V at 4°C. The membrane
was blocked in 5% milk/1% sheep
serum/ TBST (10 mmol/L Tris pH 8.0,
150 mmol/L NaCl, 0.5 mmol/L Tween-
20) overnight at 4°C. The membrane
containing TMPE was incubated with
primary rabbit anti–mouse total mTOR
and phosphorylated mTOR antibodies
(Cell Signaling Technology; Danvers,
MA, USA) in 5% BSA/TBST for 1.5 h,
then with HRP- conjugated donkey
anti–rabbit IgG (GE Healthcare) diluted
in TBST for 45 min at room temperature.
ECL detection reagent (GE Healthcare)
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was used to detect the chemilumines-
cent signal and Kodak film was used for
visualizing the signal. The initial expo-
sure time was 5-15 min. To confirm the
absence of a band, an additional film
was exposed to each membrane
overnight. The bands then were ana-
lyzed using MCID image analysis soft-
ware (Inter focus Imaging, Cambridge,
England) to find the density of each
band. Values for phospho-mTOR were
then divided by total mTOR values for
evaluation of the level of mTOR activa-
tion for each mouse tissue sample.
GAPDH labeling was used as a protein
loading control.

Muscle Tissue Processing
Freshly dissected muscle was incu-

bated in 2% paraformaldehyde/PBS on
ice for 2 h, then transferred into 30% su-
crose overnight at 4°C. The next day the
muscle tissue was snap-frozen in
2-methylbutane cooled with dry ice and
stored at –80°C.

Immunohistochemistry of
Inflammatory Cells

Ten-μm cryosections of muscle sam-
ples were prepared. Sections were rehy-
drated in PBS, blocked in peroxidase-

blocking reagent (DAKO Cytomation;
Carpinteria, CA, USA) for 5 min and
then blocked in 10% goat serum/PBS
for 1 h at room temperature. The pri-
mary antibody incubation using rat
anti-CD4 and Foxp3 (ebiosciences; San
Diego, CA, USA; 16-0041-81 and 14-
4771-80) and rat anti-CD8 (Pharmingen;
San Jose, CA, USA) purified antibodies
diluted in 10% goat serum/PBS was
performed for 1.5 h at room tempera-
ture. Appropriate isotype controls
(Pharmingen) also were used to approx-
imate background antibody binding.
Sections were incubated for 1 h with
secondary biotinylated goat anti–rat IgG
(Pharmingen) diluted in DAKO anti-
body diluent (DAKO Cytomation). Sec-
tions were incubated in ABC Vectastain
avidin-HRP detection solution (Vector
Laboratories; Burlingame, CA, USA) for
30 min at room temperature and DAB
peroxidase substrate solution (Vector
Laboratories) for 4 min. Eosin counter-
staining was performed to visualize
muscle fibers. To analyze infiltrating
cells in each group, the total number of
cells per cross-section of vector-injected
TA muscles was counted and the aver-
age number of cells from sections from
different mice was calculated.

Immunofluoresence Staining for
Necrotic Fibers

Muscle fiber necrosis was evaluated by
incubating muscle cryosections with flu-
orescently labeled IgG. In brief, muscle
cryosections (10 μm thick) were rehy-
drated with PBS, then blocked with 1%
gelatin/1% rabbit serum/PBS for 15 min.
Samples next were washed with PBS-G
wash buffer (0.2% gelatin/PBS) and in-
cubated with Alexa 488–conjugated rab-
bit anti–mouse IgG (Invitrogen;
Carslbad, CA, USA) for 1 h, following
with PBS-G washes. IgG-labeled fibers
were counted on representative muscle
sections from all experimental mice.

Immunofluorescence Staining for
Regenerating Fibers

Muscle fiber regeneration was evalu-
ated by immunoreactivity for embryonic
myosin heavy chain (eMyoHC). Ten-μm
cryosections were rehydrated with PBS,
blocked first with avidin and biotin block
(Vector Laboratories) and then with
mouse IgG block (Vector Laboratories),
according to the manufacturer’s instruc-
tions. Samples also were blocked briefly
with 10% goat serum/PBS for 15 min at
room temperature. Incubation with pri-
mary anti-eMyoHC antibody F1.652 (De-
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Figure 1. T-cell infiltration in RAPA-treated mdx muscles. Six wks following either local rapamycin (RAPA) microparticle (Rapa Bead) admin-
istration to the tibialis anterior (TA) muscle or systemic RAPA administration in drinking water (Rapa H2O) of mdx mice beginning at 6 wk
of age, TA muscles were collected for analysis. Controls included untreated wild-type C57BL/10 muscle (B10) and mdx muscle from mice
that were treated with blank beads (Blank Bead) or untreated. T-cell infiltration was evaluated by immunohistochemistry of TA muscle
cross-sections to detect CD4+ and CD8+ effector T cells and Foxp3+ T regulatory cells. Muscle sections incubated with isotype control
 antibody (Iso) in place of the primary antibody serve as negative controls for immunohistochemistry. Data is presented as the average
number of cells (± SE) per cross-section (A). Arrows in panel (B) indicate T-cell infiltrates. n = 5 for RAPA-treated and B10 groups and n = 4
for the blank bead and untreated group. *P < 0.05 and **P < 0.01.



velopmental Studies Hybridoma Bank
(Iowa City, IA, USA) was done for 3 h at
room temperature. Appropriate isotype
control (Pharmingen) also was used to
approximate background antibody bind-
ing. Sections then were incubated with
biotinylated goat anti–mouse IgG
(Pharmingen) and tertiary FITC-
 conjugated donkey anti–goat IgG. Mus-
cle fibers expressing eMyoHC were
counted on representative muscle sec-
tions from all experimental mice.

Statistical Analysis
In all performed studies, the statistical

analysis was performed by Student t test,
in which a treatment group and a control
group or two treatment groups were com-
pared as unpaired sets. In all experiments,
P < 0.05 were considered  significant.

RESULTS

RAPA Lowers Infiltrating Effector T cells,
but not Foxp3+ Regulatory T Cells in
mdx Muscles

Given that infiltration of effector
T cells in dystrophic muscles of mdx mice
plays an important role in the pathology
associated with the disease, we hypothe-
sized that RAPA would improve the
pathology of mdx muscle by reducing the
level of infiltrating T cells. Both local and
systemic treatments began at 6 wks of
age and were continued as described
during the 6-wk treatment period prior
to euthanization and analysis. TA and Dia
muscles were analyzed in the systemic
RAPA-treated group. For the microparti-
cle- administered RAPA studies only TA
muscles were analyzed because transfer

of microparticles does not provide sys-
temic RAPA delivery.

To assess the immunosuppressant ef-
fects of RAPA on dystrophic muscle tis-
sue, infiltrating CD4+ and CD8+ T cells
in TA muscles of mdx mice were
counted. There was a significant de-
crease in total infiltrating CD4+ T cells
in mdx muscles treated with local or sys-
temic RAPA compared with untreated
or blank bead-injected mdx muscles
(Figure 1). A significant decrease in
CD8+ T cells also was observed in mdx
TA muscles with systemic RAPA-treat-
ment, but not with local treatment (Fig-
ure 1A). Infiltrating CD4+ and CD8+

T cells were observed at highest levels
in areas of necrosis in untreated mdx
muscle tissue (Figure 1B). In mdx mus-
cles treated with RAPA, however, infil-
tration of both CD4+ and CD8+ T cells
was scattered in the tissue. In contrast
to the effects on CD8+ and total CD4+

T cell levels, Foxp3+ Treg cells were not
reduced significantly in mdx TA muscles
treated with local or systemic RAPA
compared with the untreated or blank-
bead-treated age-matched muscles.

RAPA Lowers Muscle Fiber Necrosis
and Regeneration in mdx Muscles

Infiltrating T cells contribute to the
pathologic process of muscle fiber necro-
sis in dystrophic muscles of the mdx
mouse and DMD patients (9,25). There-
fore, we quantitatively examined the
level of muscle fiber necrosis in RAPA-
treated and age-matched untreated mdx
muscles (Figure 2). The total number of
necrotic fibers per TA muscle cross-
 section, as determined by incubation
with fluorescently labeled IgG, in mice
with systemic or local RAPA treatment
was significantly less compared with
age-matched untreated mdx muscle (Fig-
ures 2A, C). Furthermore, with systemic
RAPA treatment, we also observed sig-
nificantly decreased necrosis in the di-
aphragm (Figures 2B, C). The necrotic
muscle fibers in untreated mdx mice were
observed in large groups of fibers in
muscle tissue, whereas, in the RAPA-
treated mice, the fewer necrotic fibers
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Figure 2. RAPA treatment lowers muscle fiber necrosis in mdx muscles. Six wk after treatment
of 6-wk-old mdx mice by either rapamycin (RAPA)-containing microparticles (Rapa Bead or
RB) or RAPA-containing drinking water (Rapa H2O or RH), tibialis anterior (TA) muscles of all
of the mice and diaphragm (Dia) muscles of Rapa H2O-treated mice and control mice
were collected for analysis. Control groups included age-matched wild-type C57BL/10
(B10) mice, untreated mdx (Unt) mice and blank bead (BB)-treated mice. Muscle sections
incubated with isotype control antibody (Iso) in place of the primary antibody serve as
negative controls for immunohistochemistry. Graphs show data of TA (A) and Dia (B) mus-
cle tissues. Graphs show average number of necrotic muscle fibers per TA or Dia muscle
cross-sections ± SE. n = 5 for RAPA-treated and B10 groups and n = 4 for untreated group.
*P < 0.05; **P < 0.01. Representative sections of TA and Dia muscle incubated with an
Alexa 488–conjugated anti–mouse IgG is shown (C).



were observed as scattered small groups
or individual fibers within the muscle
tissue (see Figure 2C).

We also observed a significantly lower
level of muscle fiber regeneration, as in-
dicated by fewer TA and Dia muscle
fibers that expressed eMyoHC, in sys-
temic RAPA-treated mdx mice compared
with age-matched untreated mdx mice
(Figures 3A, B). There also were fewer
fibers that expressed eMyoHC in TA
muscle of local RAPA-treated mdx mice
compared with blank bead-treated mdx
mice (data not shown).

mTOR Activation Differs between TA
and Dia Muscles of mdx Mouse

The activation of mTOR by phospho-
rylation in the presence of energy, nutri-
ents or growth factors is known to be
important for muscle fiber growth (26),
and RAPA can block this activation.
Therefore, we examined the level of
mTOR activation in TA and Dia muscles
of 6-wk-old (during active necrosis) and
12-wk-old (after the peak of active
necrosis) age-matched untreated mdx
and wild-type B10 mice. Surprisingly,
mTOR activation was not significantly
different between TA muscle of un-
treated mdx and age-matched B10 mice
at 6 and 12 wks of age (Figures 4A, B).
In both mdx and B10 TA muscles the
level of mTOR activation decreased be-
tween 6 and 12 wks of age.
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Figure 3. Muscle fiber regeneration in RAPA-treated mdx muscles. Tibialis anterior (TA) and diaphragm (Dia) muscles of mdx mice systemi-
cally treated with rapamycin (RAPA) were collected for analysis 6 wks following treatment. Panel A shows the average number of muscle
fibers expressing embryonic myosin heavy chain (± SE) per TA or Dia muscle cross-section. n = 5 for RAPA-treated and B10 groups and n =
4 for untreated group.*P < 0.05; **P < 0.01. Panel B shows representative sections as labeled.

Figure 4. mTOR phosphorylation in muscle of 6- and 12-wk-old mdx and B10 mice. Phos-
phorylation of the mammalian target of rapamycin (mTOR), which is an indicator of its
activation, was analyzed by Western blot of total muscle protein extracts of tibialis ante-
rior (TA) and diaphragm (Dia) of 6- and 12-wk-old mdx mice and was compared to age-
matched wild-type C57BL/10 (B10) mice. Ratios of phosphorylated mTOR (p-mTOR) to
total mTOR (t-mTOR) are shown for 6-wk-old (A) and 12-wk-old (B) TA muscle and for 6-wk-
old (C) and 12-wk-old (D) Dia muscle. Values presented in graphs (A–D) were calculated
by measuring average blot intensity of the labeling for each tissue type. A representative
image of Western blot labeling of p-mTOR and t-mTOR in TA and Dia muscles of 6-wk-old
mdx and B10 mice is shown (E). GAPDH is shown as a loading control. n = 5 for B10 groups
and n = 4 for mdx groups. *P < 0.05.



However, mTOR activation was signifi-
cantly different between mdx and B10 mice
in Dia muscle at both 6 and 12 wks of age
(Figures 4C–E). At 6 wks of age, mTOR ac-
tivation was lower in B10 Dia muscle than
in mdx Dia muscle. mTOR activation in
Dia muscles of B10 mice increased from 6
to 12 wks of age. However, mTOR activa-
tion remained at similar levels in mdx Dia
muscles over the same time frame.

mTOR Activation Is Affected in Dia but
Not TA Muscles of RAPA-Treated Mice

RAPA directly interacts with mTOR in
skeletal muscles. Therefore, we compared
activation of mTOR in skeletal muscles of
mdx mice that received systemic and local
RAPA treatment with age-matched un-
treated or blank bead–treated mdx mice.
RAPA treatment led to a significantly
lower level of mTOR activation in mdx
Dia muscle compared with untreated
age-matched mdx Dia muscle (Figure 5A).
However, surprisingly, neither local nor
systemic RAPA treatment resulted in a
significant change in mTOR activation in
TA muscles of treated mdx mice com-
pared with untreated age-matched mdx
mice (Figures 5B, C).

DISCUSSION
In the study presented here, we ex-

plored the effect of RAPA on inflamma-
tion, necrosis, regeneration and mTOR
activation in dystrophic mdx mouse mus-
cle. The effects of different immunosup-
pressant drugs, including cyclosporine

A, prednisone and deflazacort, have
been investigated in dystrophin-deficient
muscles, as reviewed by Iannitti et al. (27)
The study presented here, however, is
the first report of RAPA treatment for
 dystrophin-deficient skeletal muscle of
the mdx murine model for DMD, a
model in which a genetic defect in dys-
trophin expression promotes inflamma-
tory cell infiltration in muscle tissue.

RAPA has proven benefit for promot-
ing a higher rate of graft survival in
organ transplantation (28–30). Further-
more, RAPA has been used widely in
various studies to expand or select for
Foxp3+ Tregs (15,16,31–33). In contrast to
the inhibitory effect of RAPA on prolifer-
ation of effector T cells, Tregs proliferate
and function in the presence of RAPA
(15,16,26,33). We show here that Foxp3+

cells survived in dystrophic skeletal
muscle when RAPA was administered
for 6 weeks to mdx mice, whereas total
CD4+ and CD8+ T cells decreased signifi-
cantly. The most prominent effect was
observed with systemic RAPA treatment.

Because the selective proliferation of
Foxp3+ Treg cells coupled with a de-
crease in effector T cells could lead to
improvements in morphology and func-
tion of dystrophic skeletal muscle, we
examined levels of necrosis and regener-
ation in RAPA-treated mdx Dia and TA
muscle. Furthermore, based on prior
data showing a beneficial effect of RAPA
for organ transplantation and the known
improvement in dystrophic phenotype

of muscle in muscular dystrophy with
other immunosuppressant drugs, we hy-
pothesized that RAPA would decrease
necrosis of dystrophic skeletal muscle.
We demonstrated that RAPA administra-
tion ameliorated the dystrophic pheno-
type of mdx muscle. There was a signifi-
cant reduction of muscle fiber necrosis
in both TA and Dia muscles of the mdx
mouse. The finding in the Dia is of par-
ticular importance because the level of
necrosis in untreated Dia muscle is
higher compared with that in untreated
TA muscle (34).

The lower muscle fiber regeneration
observed in RAPA-treated muscles may
be a direct result of the reduction in
muscle fiber necrosis, because a lower
level of necrosis could diminish the
need for muscle tissue regeneration. In
addition, RAPA may inhibit protein
synthesis in the treated muscle tissue
(35). Previous work suggests, however,
that when mTOR was selectively
knocked out in skeletal muscles, muscle
fiber regeneration persisted in affected
muscles (36).

A previous study of mTOR activation
in the adult mdx mouse correlated ad-
vancing age with a reduction in mTOR
signaling in mdx muscle between 18 and
24 months of age (23). However, this
previously reported study did not com-
pare mdx with age-matched wild-type
B10 mice. We hypothesized that mTOR
activation would be altered in the active
phase of degeneration in dystrophic
muscle because of ongoing muscle fiber
degeneration and regeneration that char-
acterizes the pathologic process of mus-
cular dystrophy. Furthermore, mTOR
has been shown to be a crucial regulator
of protein synthesis, which is required
for effective muscle fiber regeneration.
In this study, mTOR activation in Dia
muscles of 6-week-old and 12-week-old
mdx versus age-matched wild-type B10
mice was significantly different at both
time points. mTOR activation was signif-
icantly higher in mdx mice at 6 weeks of
age, when the dystrophic muscle fibers
were undergoing a high level of regener-
ation. At 12 weeks of age, when the
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Figure 5. mTOR phosphorylation following RAPA treatment. The activation of the mam-
malian target of rapamycin (mTOR), as determined by ratios of phosphorylated mTOR to
total mTOR measured by Western blot, are shown for diaphragm (Dia) (A) and tibialis an-
terior (TA) (B) muscles of systemic rapamycin (RAPA)-treated (Rapa H2O) mdx mice and
TA muscles of local RAPA-treated mdx mice (Rapa Bead) (C). n = 5 for RAPA-treated
groups and n = 4 for untreated groups. **P < 0.01.



pathological processes of degeneration
and regeneration had decreased in mdx
dystrophic muscle tissue, however, there
was a significantly lower level of mTOR
activation in Dia muscles of mdx mice
compared with age-matched wild-type
mice. In fact, mTOR activation increased
by age in Dia muscle of B10 mice, but
not in mdx mice, raising the possibility
that the early reduction in muscle fiber
regeneration that was observed in Dia
muscles of mdx mice (37) could be re-
lated to a failure of mTOR activity to in-
crease. In contrast to Dia muscle, mTOR
activation was not significantly different
in the TA muscle of dystrophic and
wild-type mice at either 6- or 12-weeks
of age. This suggests a difference be-
tween the patterns of mTOR activation
in TA versus Dia muscles of mdx mice.
This is a novel finding that contributes
to our understanding of the differences
in function and progression of pathology
between Dia and limb muscle of mdx
mice (38–40).

In addition to the differences ob-
served in untreated mdx TA and Dia
muscles, the findings of this study also
showed a significant difference between
mdx TA and Dia muscles in response to
treatment with the immunosuppressant
drug RAPA. The data suggest that Dia
muscle was more sensitive to the effects
of RAPA treatment, supported by a
more significant decrease in muscle
fiber necrosis and a significant reduc-
tion in mTOR activation following
RAPA treatment compared with TA
muscles. Interestingly, in previous
murine studies in which mTOR was
knocked out in skeletal muscles, Dia
muscle showed a more severe patholog-
ical response with a higher level of mus-
cle fiber damage to the absence of
mTOR compared with other muscles
(36). It also has been shown in other
studies that protein synthesis in rat
hind-limb muscles was independent of
RAPA-sensitive pathways (41), indicat-
ing that RAPA may not have the same
effect in Dia and TA muscles. Our stud-
ies suggest that the decrease in necrosis
and regeneration in mdx TA muscle in-

duced by RAPA is independent of
mTOR. Additional studies of molecules
in the mTOR pathway may further elu-
cidate the differences between Dia and
limb muscle in the mdx mouse.

In addition to the general effect of
RAPA on muscle pathology in mdx mice,
we compared local versus systemic ad-
ministration of RAPA on both disease
pathology and mTOR activation. RAPA-
containing microparticles have previ-
ously been used in altering dendritic cell
behavior (24). The systemic route of
RAPA administration was tested in stud-
ies of cancer (42) and aging (43). The
findings of this 6-week study suggested
that although there were more signifi-
cant differences in lowering effector
T-cell infiltration and muscle fiber necro-
sis when RAPA was given systemically
compared with when it was given lo-
cally, the positive effects were compara-
ble between the two administration
strategies. Nonetheless, it is important to
realize the limitations of each strategy as
a systemic treatment affects tissues other
than muscle and local treatment is more
difficult to perform because it requires
multiple and repeated injections. Pro-
vided the beneficial effects of the sys-
temic and local RAPA treatments are
comparable, in a disease such as DMD,
in which every muscle tissue is affected,
a systemic treatment may provide a
more beneficial clinical outcome. How-
ever, local RAPA treatment may find
greater clinical applicability in situations
where preservation of individual mus-
cles could improve quality of life of
DMD patients.

In conclusion, the results of the pres-
ent study demonstrating the effect of
RAPA on decreasing inflammation, pre-
serving Foxp3+ T cells and decreasing
necrosis in dystrophic mdx muscle tis-
sue could lead to the further develop-
ment of treatments for DMD. In addi-
tion, the findings of novel differences of
mTOR activation between TA and Dia
muscles in mdx mice, both untreated
and with RAPA treatment, add to the
molecular understanding of the dys-
trophic phenotype.
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