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Abstract

Duchenne muscular dystrophy (DMD), the most common and severe type of dystrophino-
pathy, is an X-linked recessive genetic disease caused by the absence of dystrophin, which
leads to fragility and vulnerability of the sarcolemma to mechanical stretching with increased
membrane permeability. Currently, glucocorticoids such as prednisolone are the only medi-
cation available for DMD. However, molecular pathways responsible for this effect are still
unclear. In addition, it remains unclear whether sex-related factors, including pregnancy
and the postpartum period, affect the phenotype of dystrophinopathy. Here, we report the
amelioration of muscle membrane permeability in the diaphragm muscle of pregnant and
postpartum, but not in nulliparous, mdx mice, an animal model for DMD, during the physio-
logical surge of corticosterone, the most abundant glucocorticoid in rodents. Cultures of sin-
gle muscle fibers and myotubes isolated from mdx mouse diaphragm demonstrate
resistance to hypo-osmotic shock when treated with corticosterone but not with estradiol or
progesterone. This corticosterone-mediated resistance was diminished by an antagonist of
corticosterone, indicating that the glucocorticoid-glucocorticoid receptor axis plays a role in
this membrane stabilization effect on muscle. Moreover, subcutaneous injection of cortico-
sterone into mdx mice showed decreased membrane permeability. This is the first report to
demonstrate that pregnancy-related resistance to muscle fiber damage in mdx mice due to
the membrane stabilization effect of corticosterone. We also propose that this membrane
stabilization effect is exerted through annexin A1 up-regulation as the molecular mecha-
nisms of glucocorticoid effects on DMD muscle. Furthermore, single muscle fiber culture
studies provide a sensitive chemical screening platform for muscular dystrophies.
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Introduction

Sex differences in disease susceptibility and severity have been reported in several neuromuscu-
lar and neurological disorders and are caused by a combination of hormonal, genetic, and epi-
genetic factors. For example, sex-related differences in multiple sclerosis (MS) and
Amyotrophic lateral sclerosis (ALS) result from hormonal modulation during puberty and
pregnancy [1], [2]. Duchenne muscular dystrophy (DMD), the most common and severe type
of dystrophinopathy, is an X-linked muscular disorder affecting approximately 1 in 3600-6000
live male births which manifests progressive muscle weakness with early mortality due to cardi-
ac and respiratory failure [3]. DMD is caused by a mutation in the dystrophin gene located on
Xp21 which leads to the absence or decreased level of the dystrophin protein [4], [5]. Dystro-
phin protein links the intra-cellular cytoskeleton to the dystrophin-associated protein complex
(DAPC) [6]. In the absence of dystrophin, the sarcolemma is more fragile and muscles are vul-
nerable to mechanical stretching [7]. However, it remains unknown whether sex-related factors
including pregnancy and the postpartum period affect the phenotype of dystrophinopathy.
Symptomatic female DMD carriers display 10-20 times higher than normal creatine kinase
(CK) levels and dystrophin-associated dilated cardiomyopathy [8]. Recent reports have re-
vealed a mosaic pattern of dystrophin expression in female DMD carriers with varying degrees
of DMD symptoms that may have been previously dismissed [9]. In addition, the stressful pro-
cess of pregnancy and parturition remains uncomplicated in at least some of the female DMD
carriers.

Several therapeutic approaches such as induction of dystrophin, muscle replacement, vascu-
lar flow regulation, and fibrosis inhibition have been investigated for the treatment of DMD
[10]. Although some successful results in animal models and trials in humans have been re-
ported [3], to date, there is no established curative therapy for DMD. Currently, glucocorti-
coids such as prednisolone are the only medication available that slows the decline in muscle
strength and function in DMD [3]. Although the clinical efficacy of glucocorticoids is estab-
lished, it is still unclear how they act and which molecular pathways provide efficacy in DMD
[11]. It has been reported that glucocorticoids reduce muscle degeneration [12], cell death [13],
[14], proteolysis [15], and muscle damage [16] while others have reported positive effects on
myogenic differentiation [17], [18]. Glucocorticoids are also potent immune modulators and
have been shown to be anti-inflammatory [19], [20], immunosuppressive [21], reduce intracel-
lular Ca** influx [18], [22], [23], attenuate fibrotic response [24], modulate myofiber type [25],
and stabilize muscle membrane [18], [22], [23], [26]. More recent studies demonstrated calci-
neurin/NFAT pathway activation [27], inhibition of NF-kB signaling [20], and increased integ-
rin o7 and laminin o2 [26] as the molecular pathway of the effect.

Herein, we tested whether pregnancy and the postpartum period affect the dystrophino-
pathic phenotype of mdx mice, an animal model of DMD.

Materials and Methods
Animals
DMD model mdx* (B6Ros.Cg-Dmdmdx-5Cv/J) mice and wild-type C57BL/6] mice were ob-

tained from the Jackson Laboratory. Genotyping to detect the mutated mdx’" allele was per-
formed by PCR using the primers shown in S1 Fig. The PCR product DNA was digested with
Dralll restriction enzyme (New England Biolabs) [28]. For the pregnant mdx mice, identifica-
tion of the vaginal plug was counted as gestation day (GD) 0.5. The pups were separated from
their mother on postpartum day (PD) 4. The animals were housed in an SPF environment and

were monitored by the Research Animal Resources (RAR) staff of the University of Minnesota
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until they reached experiment age. Animal numbers were based on previous work in our lab
[28]. The animals were provided access to drinking water and standard chow ad libitum and
monitored daily prior to the experiments. All protocols were approved by the Institutional Ani-
mal Care and Usage Committee (IACUC) of the University of Minnesota. The animals were
euthanized by appropriate means (CO2/02 inhalation or KCl injection after being anesthetized
with IP injection of pentobarbital. These methods are consistent with the recommendations of
the Panel of Euthanasia of the American Veterinary Medical Association.

Histological analysis

Evans blue dye (EBD) (1%, Sigma-Aldrich) was intraperitoneally injected [29]. Twenty hours
after injection, muscle tissues were harvested. Microscopic images were captured by a DP-70
digital microscope camera attached to BX51 microscope with 4 x and 10 x UPlanFLN objec-
tives (all from Olympus). Photoshop CS2 (Adobe Systems) was used for image processing.
Freshly dissected tissues were frozen and sectioned at 8 um thickness by cryostat (Leica
CM1900). Sections were stained with hematoxylin and eosin (HE) for quantification of fibers
with centrally located nuclei (CLN) and fiber diameters. Sections were also stained with Aliza-
rin red (Sigma-Aldrich) and Sirius red (Sigma-Aldrich) for the assessment of calcification and
fibrosis, respectively. The quantifications were done using the entire section area. Quantitative
analysis was performed by the Image] software from the NIH.

Immunostaining

Muscle sections were labeled with anti-CD31 (eBioscience), followed by biotin-conjugated
anti-rat mouse IgG secondary antibody with Vectastain Elite ABC Kit (Vector Laboratories),
and then stained with 3-amino-9- ethylcarbazole (AEC) (Sigma-Aldrich). Muscle sections
were also labeled with anti-CD45 (eBioscience), anti-slow myosin heavy chain (MHC) anti-
body (Sigma-Aldrich) followed by Alexa 488-conjugated anti-rat IgG. For dystrophin immu-
nostaining, M.O.M kit (Vector Laboratories) was used for blocking prior to anti-dystrophin
antibody (NCL-DYS2)(Leica Biosystems) labeling, followed by Alexa 488-conjugated anti
mouse IgG. Anti-annexin Al antibody (Life Technologies) and anti-sarcomeric myosin heavy
chain (MF20, Developmental Study for Hybridoma Bank), followed by Alexa 488-conjugated
anti-mouse IgG and Alexa 568-conjugated anti-rabbit IgG secondary antibodies (Molecular
Probes), were used for myotube cultures. Sections and cell cultures were also nuclear-stained
with DAPI (4’,6-diamidino-2-phenylindole) (Sigma-Aldrich) and mounted with Dako fluores-
cence mounting media (Dako). Microscopic images were captured by a DP-70 digital camera
attached to BX51 microscope with 20 x and 40 x UPlanFLN objectives (all from Olympus).
Photoshop CS2 (Adobe Systems) was used for image processing. For quantification of
CD45-positive area, slow MHC-positive fibers and dystrophin-positive revertant fibers, 14 ran-
domly selected fields were analyzed. The counting of CD31-positive cells was done for the en-
tire section area. Quantitative analysis was performed by the Image] software from the NTH.

Western blotting

Muscle proteins were extracted using lysis buffer containing 70 mM Tris-HCI (pH 6.8), 10% sodi-
um dodecyl sulfate (SDS), 5 mM EDTA, and 5% 2-mercaptoethanol. The protein concentration
of the fractions was determined by Micro BCA Protein Assay Reagent Kit (Thermo Scientific).
Fifty ug of protein was loaded onto 6% SDS polyacrylamide gel for electrophoresis. Utrophin and
loading control B-tubulin were detected by western blotting with anti-utrophin antibody (Devel-
opmental Study for Hybridoma Bank) and anti-B-tubulin antibody (Sigma-Aldrich) followed by
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anti-mouse IgG-HRP (Bio-Rad). Quantitative analysis was performed by the Image] software
from the NIH.

Single muscle fiber isolation from diaphragm and hypo-osmotic shock

Diaphragm of 2-month-old mice was carefully dissected by cutting along the rib line, sternum,
and spine. The dissected tissue was incubated in 0.2% collagenase type I (Sigma-Aldrich) in
Dulbecco’s Modified Eagle Medium (DMEM) at 37°C for 2-2.5 hours. Digested diaphragm
was then transferred to a plate containing only DMEM and was gently swirled to release the
muscle fibers as described previously [30], [31]. For hypo-osmotic shock experiment, single
muscle fibers were picked up and transferred with pipette to 48 well plate, 4 fibers per well,
with DMEM supplemented with 10% fetal bovine serum (FBS). Corticosterone (28.8 M),
17B-estradiol (27.5 uM), progesterone (27.6 M), and mifepristone (58 uM) (all from Sigma-
Aldrich) were added to fiber cultures, which were maintained at 37°C in a 5% CO, incubator
until the hypo-osmotic shock procedure. For hypo-osmotic shock medium, 10% FBS DMEM
was diluted with water as described previously [32]. Hypo-osmotic shock medium was added
to produce 100%, 75%, 50%, or 25% (medium/total volume). After the incubation at 37°C and
5% CO, for 30 minutes, the number of live fibers was counted under stereo microscope (Olym-
pus SZ61). The fibers which were long, shiny, and lucent were counted as live fibers, whereas
dark, hyper-contracted fibers were counted as dead as described previously [31].

Myotube hypo-osmotic shock

Satellite cell-derived primary myoblasts were isolated from adult female diaphragm of
2-month-old wild-type and mdx mice as described previously [33]. Cells were maintained on
collagen-coated dishes in myoblast growth medium consisting of HAM’s F-10 medium supple-
mented with 20% FBS, 10 ng/ml basic FGF (Life Technologies) and 1% penicillin/streptomycin
(Life Technologies). Four days after differentiation conditions (DMEM supplemented with 5%
horse serum and 1% penicillin/streptomycin) which induced myotube formation, Corticoste-
rone (28.8 uM) alone, or with mifepristone (58 uM), was added 20 hours before hypo-osmotic
shock experiments. For hypo-osmotic shock medium, 10% FBS DMEM diluted with water
(1:1) was used. After the incubation at 37°C and 5% CO, with hypo-osmotic shock medium for
1 hour, damaged myotubes were quantified by the number of Trypan blue (Life Technologies)-
positive cells as described previously [34].

Viral vector preparation and infection

The pMX-based retroviral vector (Cell Biolabs) for annexin Al expression was constructed by
insertion of a mouse annexin A1 cDNA fragment amplified from myotube cDNA by Accu-
Prime Pfx SuperMix (Life technolies) into the EcoRI site of the pMX vectors. The empty pMX
and pMX-annexin Al retroviral vectors were transfected into PlatE cells (Cell Biolabs) using
TransIT 2020 Reagents (Mirus Bio). The retrovirus supernatants, lentiviral stRNA for annexin
A1 and control lentiviral sShRNA (both from Santa Cruz Biotechnologies) were used for viral
infection to primary myoblasts seeded at a density of 2 x 10° cells per 3 cm plates with 10 ug/ml
of polybrene (Millipore) as described previously [35].

Corticosterone, 17B-estradiol, and progesterone injection into madx mice

Corticosterone (12.5 mg/kg/day), 17B-estradiol (20 pg/kg/day), progesterone (40 ug/kg/day) (all
from Sigma-Aldrich) were dissolved in ethanol:corn oil (1:9), and 100 ul was subcutaneously
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injected once per day in the morning for 2 days. The tissues were harvested one day after the
final injection. EBD was intraperitoneally injected 20 hours prior to harvesting the tissue.

Quantitative real-time PCR

Total RNA was extracted from diaphragm muscle and isolated diaphragm muscle myotube
cultures using Trizol reagent (Life technologies). First strand cDNA was generated using Tran-
scriptor First Strand cDNA Synthesis kit (Roche Applied Science), and GoTaq qPCR Master
Mix (Promega) was used for qPCR with the specific primers (S1 Fig.). The expression levels of
genes were quantified on a Mastercycler ep realplex real-time PCR machine (Eppendorf). Each
sample was run in triplicates. The mRNA expression was normalized against the expression of
B-actin, and GAPDH for myotubes and diaphragm muscle, respectively, and the mRNA level
was quantified by comparative Ct (AACt) method [36].

Statistics

All data are presented as mean+SEM. At least three independent experiments were performed.
Comparison between groups was done by Student’s t-test using a two-tailed distribution. Data
were considered statistically significant at *p<0.05 and **p<0.01.

Results

Diaphragms of mdx mice show amelioration of muscle membrane
permeability during pregnancy and the postpartum period

We noticed that pregnant and postpartum 2.5-month-old female mdx mice at gestation day
(GD) 14.5 (0.94£0.35%), postpartum day (PD) 2 (0.12+0.05%), and PD7 (0.29+0.22%) have
decreased Evans blue dye (EBD) uptake in their diaphragms compared to virgin (2.71+0.34%)
and GD7.5 (2.55+0.68%) mdx mice (Fig. 1A, 1B, 1C). EBD is a dye widely used to study cellular
membrane permeability, and dystrophic muscle fibers.

The dye binds to serum albumin and leaks into muscle fibers that are damaged by rupture
of the plasma membrane [37]. Therefore, we concluded that pregnancy and the postpartum pe-
riod are affecting muscle membrane permeability in the diaphragm of mdx mice. Although the
area of fibrosis analyzed after Sirius red staining showed comparable results between the virgin
and the PD2 mdx mice (S2A Fig.), fiber size distribution analyzed after HE staining (Fig. 1D)
showed slightly increased fiber diameters in PD2 mdx mice compared to virgin mdx mice, indi-
cating increased muscle fiber stability in pregnant/postpartum mdx mice. We also counted the
number of centrally located nuclei (CLN), which was expected to be decreased in pregnant/
postpartum mdx mice due to increased muscle membrane stability and decreased muscle turn-
over. There was a trend of having fewer CLN at PD2 (30.33+2.78%) and significantly lower at
PD7 (298.18+2.17%) compared to virgin mice (39.58+2.28%) (Fig. 1E).

It has been reported that depletion of inflammatory T cells from mdx mice could signifi-
cantly reduce the muscle pathology [38]. However, there was no significant difference in the
area with CD45-positive inflammatory cell invasion between diaphragm of PD2 and virgin
mdx mice, suggestive of muscle cell permeability amelioration not being due to the decreased
inflammatory cell numbers (S2B Fig.). In DMD patients, fast muscle fibers are preferentially af-
fected [39], and reduced levels of contractile damage is induced by a shift in fiber type toward
slow-twitch [32]. However, immunostaining showed no significant change in the number of
slow myosin heavy chain (MHC)-positive fibers between of PD2 and virgin mdx mice dia-
phragms (S2C Fig.). We have recently demonstrated that increased vascular density can de-
crease the amount of EBD-positive fibers and ameliorate the dystrophic phenotype in mdx
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Fig 1. Muscle fiber characterizations in the diaphragm from virgin, pregnant and postpartum mdx mice. (A) Diaphragm from 2.5-month-old virgin and
pregnant female mdx mice with EBD injection. Gestation day 7.5 (GD7.5) and GD14.5 mean 7 and 14 days after the recognition of vaginal plug in mated
female mice, respectively. Postpartum day 2 (PD2), PD7 and PD14 mean 2, 7 and 14 days after parturition, respectively. Bar (2 mm) (B) Diaphragm sections
examined by fluorescence microscopy. Bars (200 um). (C) The EBD uptake at GD14.5 (n = 3), PD2 (n = 4), PD7 (n = 3) and the virgin female mdx mice
(n=5). (D) Fiber size (um) distribution in virgin (n = 4) and PD2 mdx mice (n = 4). (E) Histogram of number of fibers with centrally located nuclei (CLN) in
virgin (n =9), PD2 (n =7) and PD7 (n = 5) mdx mice.

doi:10.1371/journal.pone.0120325.g001

mice [28]. The quantification of CD31-positive blood vessel density did not reveal a significant
difference between the virgin and the PD2 mdx mice (S2D Fig.). The dystrophin-related pro-
tein utrophin can functionally compensate for the lack of dystrophin in the mdx mice [40].
However, no significant change in utrophin was observed between the diaphragm of PD2 and
virgin mdx mice PD2 mice by the western blotting analysis (S2E Fig.). In addition, there was
no increase in dystrophin-positive revertant fibers in PD2 mdx mice diaphragm (S2F Fig.).
Since there was no significant change in inflammatory area, number of slow muscle fibers, vas-
cular density, and expression of dystrophin and utrophin between the virgin and PD2 mdx
mice, we concluded that the causative molecule which decreased EBD uptake in pregnant/post-
partum mdx mice may have a stabilizing effect on the muscle membrane.

Corticosterone-treated single muscle fibers isolated from diaphragm
showed increased survival after hypo-osmotic shock

The concentration of corticosterone, estrogen and progesterone increase during pregnancy
[41]. Studies have demonstrated that corticosterone is the most abundant glucocorticoid in ro-
dents [41]. Also, studies on steroid hormones in rodents have shown that progesterone in-
creases from early pregnancy, peaks around GD16, and declines to baseline by GD21, whereas
estrogen also increases from early pregnancy but peaks around GD18-21 and declines rapidly
thereafter [41], [42]. The concentration of corticosterone starts to rise around GD12, peaking
at GD16-17, and remains elevated for a while after parturition [41], [43], [44]. In our pregnant/
postpartum mdx mice, decreased EBD uptake was observed between GD14.5 and PD7, which
matched the period of physiological elevation of serum corticosterone during pregnancy in ro-
dents [41], [43], [44]. Therefore, we hypothesized that corticosterone may have a membrane
stabilization effect in mdx mice diaphragm.

It has been reported that hypo-osmotic shock can serve as a model for mechanical stress on
the cell membrane-skeletal complex by creating the osmotic pressure exerted by the solutes in-
side the cell [45], [46]. We aimed to utilize the hypo-osmotic shock system to screen for the
molecule that caused the muscle membrane stabilizing effect in pregnant and postpartum mdx
mice (Fig. 2A, 2B).

Our data showed a clear decline in muscle fiber survival when the hypo-osmotic shock me-
dium was used for both fibers isolated from diaphragm of 2-month-old female wild-type and
mdx mice (Fig. 2C). There was no survival of fibers in 50% and 25% medium, but some sur-
vived fibers isolated from wild-type (62.5+4.5%) and mdx (54.0+3.6%) mice in 75% medium
for 30 min (Fig. 2C). Therefore, we decided to apply 75% medium for the rest of the analysis.
The muscle fibers were incubated with either vehicle, corticosterone (28.8 uM), estradiol
(27.5 uM), or progesterone (27.6 M) for 20 hours. Then, the fibers were subjected to either
100% medium as a control or 75% medium for 30 minutes, followed counting the number of
survived fibers (S3 Fig.). The survival rate of the fibers after 20 hour incubation time was non-
significant between the vehicle and the drug (corticosterone, estradiol or progesterone)-treated
mdx fibers (S4A Fig.). Interestingly, mdx fibers incubated with corticosterone had a greater sur-
vival rate (1.34+0.08 fold increase) after hypo-osmotic shock than those treated with estradiol
(1.02+0.04 fold increase) or progesterone (1.00+0.04 fold increase) (Fig. 2D) compared to
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Fig 2. Screening of molecules with hypo-osmotic shock in single muscle fibers. (A) Schematic figure of hypo-osmotic shock. Single muscle fibers were
incubated for 20 hours with vehicle, corticosterone, estradiol, or progesterone. The number of live fibers was compared prior to the hypo-osmotic shock and
after 30 min of incubation with hypo-osmotic shock medium. (B) Representative images of fibers before and after hypo-osmotic shock with 75% medium
following treatment with or without corticosterone. Live and dead fibers are indicated with arrows and arrow head, respectively. Bar (250 pm). (C) Survival
curves of wild-type (solid line) and mdx (broken line) female fibers 30 min after hypo-osmotic shock with 100%, 75%, 50% or 25% medium following with 20
hours preincubation (n = 5-6). (D) The relative survival rate of fibers from female wild-type (n = 11) and mdx (n = 9) mice treated with or without corticosterone
after hypo-osmotic. The relative survival rate after hypo-osmotic shock in estradiol or progesterone treated fibers in mdx female mice (n = 5). (E) The relative
survival rate of fibers from male wild-type (n = 5) and mdx (n = 5) mice treated with or without corticosterone. (F) The fibers from female mdx mice treated with
vehicle, corticosterone or corticosterone and mifepristone, followed by hypo-osmotic shock (n = 4).

doi:10.1371/journal.pone.0120325.g002

vehicle alone. To examine the reproducibility of the data, and also to investigate whether this
muscle protection effect is mdx specific, we isolated single muscle fibers from female wild-type
mouse diaphragm. The number of live fibers after hypo-osmotic shock was significantly higher
in corticosterone-treated fibers (1.25+0.06 fold increase) compared to vehicle alone (Fig. 2D).
We also performed hypo-osmotic shock analysis after a shorter incubation period with cortico-
sterone. Five hours of incubation with corticosterone did not result in increased survival rate
after hypo-osmotic shock (S4B Fig.). Furthermore, the similar improved survival rate by corti-
costerone treatment after hypo-osmotic shock was also seen in muscle fibers isolated from
male wild-type (1.25+0.03 fold increase) and mdx mice (1.33+0.07 fold increase) compared to
vehicle alone (Fig. 2E). These results indicate that corticosterone may have a muscle membrane
protective effect against the mechanical pressure and that corticosterone is the causative mole-
cule that decreased the EBD uptake in pregnant/postpartum mdx mice diaphragm.

The muscle membrane stabilization effect of corticosterone was
diminished when treated with glucocorticoid receptor antagonist

Glucocorticoids can act through multiple mechanisms. In addition to binding to glucocorticoid
receptors (GR), they can interact with the plasma membrane to exert physicochemical effects,
which are important for resistance to and repair of membrane injury [11]. In order to elucidate
which mechanism is responsible for the muscle membrane protective effect in corticosterone-
treated fibers, we blocked GR with mifepristone, a GR antagonist [47] along with corticoste-
rone treatment. The single muscle fibers were incubated with corticosterone and mifepristone
(58 uM) for 20 hours and then subjected to hypo-osmotic shock. The fibers co-treated with
corticosterone and mifepristone had a significantly lower survival rate (1.46+0.09 fold increase)
after hypo-osmotic shock than the fibers treated with corticosterone alone (1.97+0.11 fold in-
crease), compared to vehicle alone (Fig. 2F), suggesting the membrane stabilization effect of
corticosterone through the GR binding process.

Up-regulation of annexin A1 in corticosterone-treated muscle fibers and
myotubes is able to protect against cell death after hypo-osmotic shock

Muscle fiber culture experiments showed the muscle membrane stabilization effect of cortico-
sterone after hypo-osmotic shock. To confirm these results, we isolated primary myoblasts
from diaphragm of 2-month-old female mdx mice and let them differentiate into myotubes
under differentiation conditions. After 20 hours incubation with vehicle alone, corticosterone,
or corticosterone and mifepristone, the myotubes were subjected to either 100% medium or
50% medium for 1 hour, followed by the counting of Trypan blue-positive damaged and ne-
crotic cells as described previously [34]. Similar to the muscle fiber cultures, myotubes incubat-
ed with corticosterone had a significantly lower level of cell death (23.8+2.6%) compared to
myotube cultures incubated with vehicle alone (53.8+8.8%) or corticosterone and mifepristone
(39.4+5.2%) in 50% medium (Fig. 3A, 3B).
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We speculate that the glucocorticoid-mediated muscle membrane stabilizing effect is caused
by either up-regulation of proteins that function positively for membrane integrity, ion channel
stabilization, or through enhancement of the membrane repair system. Integrin o7 (Inta7),
mitsugumin 53 (MG53), and sarco/endoplasmic reticulum Ca®" ATPase 1 (Sercal) have been
reported to have roles in muscle membrane integrity, muscle membrane repair, and regulation
of intracellular calcium concentration, respectively [48], [49], [50]. In addition, amongst the
known molecular pathways that are modulated by glucocorticoids, annexin A1 (Anxal) has
been reported to regulate membrane repair in non-muscle system [51], [52]. However, it re-
mains unclear whether annexin A1l is able to stimulate muscle fiber membrane repair after
treatment with corticosterone. We quantified mRNA expression levels of Inta7, MG53, Sercal,
and annexin Al with real-time. Among the four genes, annexin Al showed the highest expres-
sion levels in both wild-type and mdx myotubes before treatment, and they were further up-
regulated after treatment with corticosterone (Fig. 3C). Immunostaining also confirmed the
up-regulation of annexin A1 in mdx myotubes after treatment with corticosterone (Fig. 3D).
Retroviral vector-mediated overexpression of annexin Al clearly showed up-regulation of
annexin Al expression (Fig. 4A).

Female mdx myotubes showed a significantly lower level of cell death (29.9+4.2%) (Fig. 4B)
in mdx myotubes infected with retroviral annexin A1 expression vector after hypo-osmotic
shock, compared to the control empty vector infection group (53.2+7.3%). By contrast, lenti-
viral vector-mediated knockdown of annexin Al showed down-regulation of annexin Al ex-
pression in MHC-positive mdx myotubes (Fig. 4A) and a significantly higher level of cell death
(71.1£3.0%) (Fig. 4B) in mdx myotubes after hypo-osmotic shock, compared to the control
empty vector infection group (57.7+5.5%). These results suggested that the membrane stabili-
zation effect mediated by corticosterone is exerted through annexin Al up-regulation.

Male mdx mice injected with corticosterone displayed decreased EBD
uptake in the diaphragm

To determine whether the findings from muscle fiber hypo-osmotic shock experiments can be
recapitulated in vivo, corticosterone injection into mdx mice was performed to examine EBD
uptake. Since in vitro assay demonstrated that the effect of corticosterone became visible after
20 hour incubation, we speculated that the corticosterone should show its efficacy within short
term usage. We subcutaneously injected corticosterone to mdx mice for 2 days, and on the
third day, diaphragms were resected to analyze EBD uptake. Male mdx mice injected with

12.5 mg/kg/day of corticosterone for 2 days showed significantly decreased EBD uptake in the
diaphragm (3.06£0.49%) compared to vehicle alone (4.70£0.60%), 20 pg/kg/day estradiol
(4.88+0.60%) and 40 pg/kg/day progesterone (4.15+0.82%) (Fig. 5A, 5B).

In female mdx mice, we could not see any significant change in EBD uptake between the
corticosterone and the vehicle-treated group (Fig. 5C). Corticosterone injection in various
doses and lengths (1.0 to 50 mg/kg for 2 days or 2 weeks) was also examined in female mdx
mice, but there was no significant EBD uptake change in their diaphragms (data not shown).
This may be partly due to the lower EBD uptake in the diaphragms of the control female mdx
mice (1.99+0.65%) compared to those of the control male mdx mice (4.70+0.60%) (Fig. 5B,
5C). We also injected estradiol and progesterone at a dose that has been described previously
[53] to female mdx mice, but again, no significant change in EBD uptake was observed between
the estradiol, progesterone, and vehicle injected mice (data not shown). The decreased EBD up-
take seen in male mdx diaphragm after injection with corticosterone was correlated with up-
regulation of annexin Al transcription compared to vehicle injection group (Fig. 5D). The
annexin Al up-regulation was also detected in diaphragm of PD2 female mice compared to
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Fig 4. Over-expression of annexin A1 can protect muscle fiber death in hypo-osmotic shock. (A) Female mdx myoblasts were infected with empty
retroviral vector (pMX), annexin A1 retroviral vector (pMX-Anxa1), control lentiviral shRNA vector or annexin A1 lentiviral shRNA vector. After myotube
formation, cells were stained for MHC (green) and annexin A1 (red). DAPI (blue) denotes all nuclei. Bar (50 um). Relative mRNA level of annexin A1 in mdx
myotubes was also quantified with real-time qPCR after viral infection (n = 3). B-Actin was used for internal control. (B) Myotubes were incubated with 100%
medium or 50% hypo-osmotic shock medium for 1 hour, and stained with Trypan blue (red arrows). Relative dead cells were calculated as Trypan blue-
positive cells per total cells (n = 3). Bar (200 pm).

doi:10.1371/journal.pone.0120325.9004

virgin mice. However, female mdx diaphragm after injection with corticosterone did not signif-
icantly increase the expression level of annexin Al. Taken together, these results strongly indi-
cate that corticosterone can display a muscle membrane stabilization effect in vivo possibly
mediated by up-regulation of annexin A1, but the effect is significantly affected by the sex.

Discussion

The first important finding in this paper is that muscle membrane permeability in the dia-
phragm was ameliorated in pregnant and postpartum, but not in virgin mdx mice during the
period corresponding with the physiological surge of corticosterone. The second important
finding is that corticosterone has a membrane stabilizing effect in mdx mouse diaphragm. Es-
pecially, single muscle fiber culture studies in combination with hypo-osmotic shock provide a
sensitive chemical screening platform for muscular dystrophies. This corticosterone effect is
likely exerted through the glucocorticoid-GR binding process. The third important finding is
that annexin Al is able to enhance muscle fiber membrane stability after treatment

with corticosterone.

Since our hypothesis began from the observation of pregnant and postpartum mice, we ana-
lyzed the mice by sex. As a by-product of our research, we also noticed that the in vivo response
to corticosterone in mdx mice muscle differs according to their sex. In this study, the injection
of corticosterone could decrease the EBD uptake in male mdx mouse diaphragm but not in fe-
male mice. This may be partly due to the lower EBD uptake in the diaphragms of the control
female mdx mice (1.99+0.65%) compared to those of the control male mdx mice (4.70+0.60%)
(Fig. 5B, 5C). In addition, the sex difference in the response to corticosterone is well known in
other organs such as the brain [54]. In studies that exposed rodents to stress which increased
corticosterone levels in both sexes, suppressed hippocampal cell proliferation occurred in
males but not in females [55], [56], while prolonged high corticosterone levels reduced cell pro-
liferation in both sexes [55]. It also has been reported that receptor affinity of glucocorticoids
in the female brain is half of that found in males, a difference that does not depend on circulat-
ing sex hormones [54]. In addition, females have higher baseline levels of corticosterone com-
pared to males [55]. Since the in vitro experiment with isolated muscle fibers showed similar
results of corticosterone having a membrane stabilizing effect in both sexes, the reason for the
negative result in in vivo experiments for female mdx mice may be explained by the internal in-
terference from the female-specific physiological events or suboptimal experimental design
such as dose and treatment length in the current study.

There is a dynamic change in physiological status during pregnancy and the postpartum pe-
riod. In this study, we focused on corticosterone as a contributor for muscle membrane stabili-
zation during pregnancy and were able to show evidence to support the hypothesis. However,
we acknowledge the possibility that other molecules and/or physiological changes caused the
positive effect on diaphragm muscle membrane. Estrogen and progesterone have been sug-
gested as a positive modulator for muscle physiology [57], and estrogen has been reported to
have a protective effect in rat muscle against physiological damage. A recent study demonstrat-
ed that tamoxifen, a selective estrogen receptor modulator, could decrease plasma CK levels in
mdx mice [58]. Also, estrogen is known to enhance the glucocorticoid response to acute stress
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Fig 5. Decreased EBD uptake and increased annexin A1 up-regulation in the diaphragm of male mdx mice after injection with corticosterone or
PD2 female mdx mice. EBD-positive area per total diaphragm section area was calculated after injecting male (A and B) and female (C) mdx mice with
vehicle, corticosterone, estradiol, or progesterone for 2 days. Vehicle, n = 8 (male) and n = 4 (female); corticosterone, n =9 (male) and n = 5 (female);
estradiol, n =9 (male) and n = 5 (female); progesterone, n = 9 (male) and n = 5 (female). Bar (200 pm). (D) mRNA levels of AnxaT in vehicle or corticosterone-
treated mice, or virgin or PD2 female mice were quantified with real-time gPCR. Vehicle, n = 4 (male) and n = 6 (female); corticosterone, n = 6 (male) and

n =6 (female); n =7 (virgin) and n = 6 (PD2). GAPDH was used for internal control.

doi:10.1371/journal.pone.0120325.9005

in females [59], which implies that a synergetic effect of estrogen and corticosterone may have
occurred in the muscle membranes of pregnant mdx mice. Not only hormonal changes, but
also increased total volume of circulating blood during pregnancy [60] may have contributed
to muscle membrane stabilization, as there is accumulating evidence that increased blood per-
fusion is beneficial to DMD muscle [28], [61], [62]. In addition, pregnancy may have beneficial
effects from the fetus-derived secreted factors as well as fetal cells migrating into the maternal
circulation as a fetal micro-chimerism [63]. Further research on pregnant and postpartum mdx
mice may guide us to a novel discovery on DMD therapy.

There is no direct evidence showing the effects of glucocorticoids on muscle membrane sta-
bility in the past [11], although current studies have shown some relationship between gluco-
corticoids and muscle membrane stabilization. For example, prednisone could decrease the
area of muscle damage after exercise in wild-type rats [16]. In addition, mdx myotubes have
higher cytosolic Ca®* concentration after hypo-osmotic shock compared to the wild-type, and
that o-methylprednisolone could attenuate the rise of cytosolic Ca®* [22]. In a study with Cae-
norhabditis elegans (C. elegans) carrying dystrophin-like gene (dys-1) mutation, prednisone
could reduce the number of degenerating muscle cells [12]. Since C. elegans is not susceptible
to inflammation, it was suggested that prednisone could have a direct effect on cell survival.
Importantly, we demonstrate that a 20 hour incubation time, but not a shorter period of 5
hours, with corticosterone is required for achieving the muscle membrane stabilizing effect,
consistent with the previous study, in which o-methylprednisolone could reduce the cytosolic
Ca?* influx into C2C12 cells, and the effect took at least 24 hours to become established [23].
On the other hand, the negative effects of glucocorticoids on muscle membrane stability have
been reported [11]. This discrepancy may be due to the shorter treatment time (15 min) uti-
lized for their assays, while in our study, a 20 hour treatment time was necessary to obtain the
effect. Furthermore, glucocorticoids are known to regulate the synthesis and function of
annexin Al and exert an anti-inflammatory effect in non-muscle cells [52]. Annexin Al is a
member of a superfamily of annexin protein family that bind acidic phospholipids in the pres-
ence of Ca** and is known to be involved in a broad range of molecular processes [52].
Annexin Al is activated by Ca®* influx, binds to membrane phospholipids, and promotes
membrane fusion and aggregation as well as the plasma membrane repair process [51]. For
skeletal muscle, annexin A1 has been only reported to regulate myoblast migration and differ-
entiation [64]. However, annexin A6, an annexin Al-related gene, has been recently identified
as a modifier and a membrane repair factor of Limb-Girdle muscular dystrophy [65]. In our
study, we clearly demonstrate that treatment with corticosterone can enhance the muscle
membrane repair system in DMD model mice via up-regulation of annexin Al.

Conclusions

Glucocorticoids have been widely utilized for therapeutic purposes, including those for DMD
[11]. Our findings can give insight into the yet unclear effects of glucocorticoids in DMD. This
may lead us towards a more beneficial avenue of DMD therapy, since glucocorticoids are the
most established and the only medication available known to slow the decline in muscle
strength and function in DMD patients.
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Supporting Information

S1 Fig. List of primer pairs used for PCR experiments. Right columns denote predicted base
pairs (bp) of DNA fragment sizes.
(TTF)

S2 Fig. Histological characterizations of female mdx mice. (A) Area of fibrosis was analyzed
by Sirius red staining for the virgin (n = 4) and PD2 (n = 4) mdx mice. (B) CD45-positive infil-
trated cells per total diaphragm area was counted for the virgin (n = 4) and PD2 (n = 4) mdx
mice. Bar (20 um). (C) The number of slow muscle fibers stained by anti-slow MHC antibody
was counted for the virgin (n = 4) and PD2 (n = 3) mdx mice. Bar (50 um). (D) The number of
CD31-positive vessels in diaphragm was counted for the virgin (n = 3) and PD2 (n = 3) mdx
mice. Bar (200 um). (E) Western blotting analysis detecting utrophin in the virgin (n = 3) and
PD2 (n = 3) mdx mice diaphragm. Beta-tubulin was used for loading control. (F) Dystrophin-
positive revertant fibers (white arrow) in the diaphragm was counted for the PD2 (n = 4) com-
pared to virgin (n = 5) mdx mice. Bar (20 pm).

(TIF)

$3 Fig. Number of muscle fibers used for hypo-osmotic shock experiments. (A) The values
indicate total number of fibers (male and female wild-type and mdx) used for experiments, fi-
bers survived after 5 or 20 hours pre-incubation (pre-shock) with vehicle, corticosterone, estra-
diol progesterone, and after 100% medium or 75% medium for hypo-osmotic shock (post-
shock) following pre-incubation.

(TTF)

$4 Fig. Screening of molecules with hypo-osmotic shock in isolated muscle fibers. (A) The
relative survival rate of the fibers after 20 hours incubation with vehicle (n = 10), corticosterone
(28.8 uM, n = 10), estradiol (27.5 uM, n = 5) or progesterone (27.6 uM, n = 5) before hypo-os-
motic shock. (B) There was no increase in the relative survival rate of the fibers after 5 hours
pre-incubation with corticosterone (28.8 uM, n = 4) after hypo-osmotic shock compared with
vehicle (n = 4).

(TTF)

Acknowledgments

The authors would like to thank Mayank Verma for the critical comments.

Author Contributions

Conceived and designed the experiments: AA. Performed the experiments: YSM AA YA MGB.
Analyzed the data: YSM AA. Contributed reagents/materials/analysis tools: NRB NM. Wrote
the paper: AA YSM.

References

1. Houtchens M. Multiple sclerosis and pregnancy. Clin Obstet Gynecol. 2013; 56: 342—-349. doi: 10.
1097/GRF.0b013e31828f272b PMID: 23632642

2. ChoiCl, Lee YD, Gwag BJ, Cho SI, Kim SS, Suh-Kim H. Effects of estrogen on lifespan and motor func-
tions in female hSOD1 G93A transgenic mice. J Neurol Sci. 2008; 268: 40-47. PMID: 18054961

3. Bushby K, Finkel R, Birnkrant DJ, Case LE, Clemens PR, Cripe L, et al. Diagnosis and management of
Duchenne muscular dystrophy, part 2: implementation of multidisciplinary care. Lancet Neurol. 2010;
9:177-189. doi: 10.1016/S1474-4422(09)70272-8 PMID: 19945914

PLOS ONE | DOI:10.1371/journal.pone.0120325 March 16, 2015 16/19


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0120325.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0120325.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0120325.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0120325.s004
http://dx.doi.org/10.1097/GRF.0b013e31828f272b
http://dx.doi.org/10.1097/GRF.0b013e31828f272b
http://www.ncbi.nlm.nih.gov/pubmed/23632642
http://www.ncbi.nlm.nih.gov/pubmed/18054961
http://dx.doi.org/10.1016/S1474-4422(09)70272-8
http://www.ncbi.nlm.nih.gov/pubmed/19945914

@’PLOS | ONE

Pregnancy-Induced Amelioration of Muscular Dystrophy

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Monaco AP, Neve RL, Colletti-Feener C, Bertelson CJ, Kurnit DM, Kunkel LM. Isolation of candidate
cDNA s for portions of the Duchenne muscular dystrophy gene. Nature. 1986; 323: 646—-650. PMID:
3773991

Hoffman EP, Brown RH Jr, Kunkel LM. Dystrophin: the protein product of the Duchenne muscular dys-
trophy locus. Cell. 1987; 51: 919-928. PMID: 3319190

Allen DG, Whitehead NP. Duchenne muscular dystrophy—what causes the increased membrane per-
meability in skeletal muscle? Int J Biochem Cell Biol. 2011; 43: 290-294. doi: 10.1016/j.biocel.2010.
11.005 PMID: 21084059

Pasternak C, Wong S, Elson EL. Mechanical function of dystrophin in muscle cells. J Cell Biol. 1995;
128: 355-361. PMID: 7844149

Viggiano E, Picillo E, Cirillo A, Politano L. Comparison of X-chromosome inactivation in Duchenne mus-
cle/myocardium-manifesting carriers, non-manifesting carriers and related daughters. Clin Genet.
2013; 84:265-270. doi: 10.1111/cge.12048 PMID: 23110537

Brioschi S, Gualandi F, Scotton C, Armaroli A, Bovolenta M, Falzarano MS, et al. Genetic characteriza-
tion in symptomatic female DMD carriers: lack of relationship between X-inactivation, transcriptional
DMD allele balancing and phenotype. BMC Med Genet. 2012; 13: 73. PMID: 22894145

Leung DG, Wagner KR. Therapeutic advances in muscular dystrophy. Ann Neurol. 2013; 74: 404—
411. doi: 10.1002/ana.23989 PMID: 23939629

Heier CR, Damsker JM, Yu Q, Dillingham BC, Huynh T, Van der Meulen JH, et al. VBP15, a novel anti-
inflammatory and membrane-stabilizer, improves muscular dystrophy without side effects. EMBO Mol
Med. 2013; 5: 1569-1585. doi: 10.1002/emmm.201302621 PMID: 24014378

Gaud A, Simon JM, Witzel T, Carre-Pierrat M, Wermuth CG, Segalat L. Prednisone reduces muscle de-
generation in dystrophin-deficient Caenorhabditis elegans. Neuromuscul Disord. 2004; 14: 365-370.
PMID: 15145337

Pasquini F, Guerin C, Blake D, Davies K, Karpati G, Holland P. The effect of glucocorticoids on the ac-
cumulation of utrophin by cultured normal and dystrophic human skeletal muscle satellite cells. Neuro-
muscul Disord. 1995; 5: 105-114. PMID: 7767089

Sklar RM, Brown RH Jr. Methylprednisolone increases dystrophin levels by inhibiting myotube death
during myogenesis of normal human muscle in vitro. J Neurol Sci. 1991; 101: 73-81. PMID: 2027030

Rifai Z, Welle S, Moxley RT 3rd, Lorenson M, Griggs RC. Effect of prednisone on protein metabolism in
Duchenne dystrophy. Am J Physiol. 1995; 268: E67—74. PMID: 7840185

Jacobs SC, Bootsma AL, Willems PW, Bar PR, Wokke JH. Prednisone can protect against exercise-in-
duced muscle damage. J Neurol. 1996; 243: 410-416. PMID: 8741082

Guerriero V Jr., Florini JR. Dexamethasone effects on myoblast proliferation and differentiation. Endo-
crinology. 1980; 106: 1198—1202. PMID: 7188899

Passaquin AC, Lhote P, Ruegg UT. Calcium influx inhibition by steroids and analogs in C2C12 skeletal
muscle cells. BrJ Pharmacol. 1998; 124: 1751-1759. PMID: 9756393

Wehling-Henricks M, Lee JJ, Tidball JG. Prednisolone decreases cellular adhesion molecules required
for inflammatory cell infiltration in dystrophin-deficient skeletal muscle. Neuromuscul Disord. 2004; 14:
483-490. PMID: 15336689

Huynh T, Uaesoontrachoon K, Quinn JL, Tatem KS, Heier CR, Van Der Meulen JH, et al. Selective
modulation through the glucocorticoid receptor ameliorates muscle pathology in mdx mice. J Pathol.
2013; 231:223-235. doi: 10.1002/path.4231 PMID: 23794417

Kissel JT, Burrow KL, Rammohan KW, Mendell JR. Mononuclear cell analysis of muscle biopsies in
prednisone-treated and untreated Duchenne muscular dystrophy. CIDD Study Group. Neurology.
1991; 41:667-672. PMID: 2027481

Leijendekker WJ, Passaquin AC, Metzinger L, Ruegg UT. Regulation of cytosolic calcium in skeletal
muscle cells of the mdx mouse under conditions of stress. Br J Pharmacol. 1996; 118: 611-616. PMID:
8762085

Metzinger L, Passaquin AC, Leijendekker WJ, Poindron P, Ruegg UT. Modulation by prednisolone of
calcium handling in skeletal muscle cells. Br J Pharmacol. 1995; 116:2811-2816. PMID: 8680710

Hartel JV, Granchelli JA, Hudecki MS, Pollina CM, Gosselin LE. Impact of prednisone on TGF-beta1
and collagen in diaphragm muscle from mdx mice. Muscle Nerve. 2001; 24: 428-432. PMID:
11353432

Fisher I, Abraham D, Bouri K, Hoffman EP, Muntoni F, Morgan J. Prednisolone-induced changes in
dystrophic skeletal muscle. Faseb J. 2005; 19: 834-836. PMID: 15734791

PLOS ONE | DOI:10.1371/journal.pone.0120325 March 16, 2015 17/19


http://www.ncbi.nlm.nih.gov/pubmed/3773991
http://www.ncbi.nlm.nih.gov/pubmed/3319190
http://dx.doi.org/10.1016/j.biocel.2010.11.005
http://dx.doi.org/10.1016/j.biocel.2010.11.005
http://www.ncbi.nlm.nih.gov/pubmed/21084059
http://www.ncbi.nlm.nih.gov/pubmed/7844149
http://dx.doi.org/10.1111/cge.12048
http://www.ncbi.nlm.nih.gov/pubmed/23110537
http://www.ncbi.nlm.nih.gov/pubmed/22894145
http://dx.doi.org/10.1002/ana.23989
http://www.ncbi.nlm.nih.gov/pubmed/23939629
http://dx.doi.org/10.1002/emmm.201302621
http://www.ncbi.nlm.nih.gov/pubmed/24014378
http://www.ncbi.nlm.nih.gov/pubmed/15145337
http://www.ncbi.nlm.nih.gov/pubmed/7767089
http://www.ncbi.nlm.nih.gov/pubmed/2027030
http://www.ncbi.nlm.nih.gov/pubmed/7840185
http://www.ncbi.nlm.nih.gov/pubmed/8741082
http://www.ncbi.nlm.nih.gov/pubmed/7188899
http://www.ncbi.nlm.nih.gov/pubmed/9756393
http://www.ncbi.nlm.nih.gov/pubmed/15336689
http://dx.doi.org/10.1002/path.4231
http://www.ncbi.nlm.nih.gov/pubmed/23794417
http://www.ncbi.nlm.nih.gov/pubmed/2027481
http://www.ncbi.nlm.nih.gov/pubmed/8762085
http://www.ncbi.nlm.nih.gov/pubmed/8680710
http://www.ncbi.nlm.nih.gov/pubmed/11353432
http://www.ncbi.nlm.nih.gov/pubmed/15734791

@’PLOS | ONE

Pregnancy-Induced Amelioration of Muscular Dystrophy

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Wouebbles RD, Sarathy A, Kornegay JN, Burkin DJ. Levels of alpha7 integrin and laminin-alpha2 are in-
creased following prednisone treatment in the mdx mouse and GRMD dog models of Duchenne mus-
cular dystrophy. Dis Model Mech. 2013; 6: 1175—-1184. doi: 10.1242/dmm.012211 PMID: 23846963

St-Pierre SJ, Chakkalakal JV, Kolodziejczyk SM, Knudson JC, Jasmin BJ, Megeney LA. Glucocorticoid
treatment alleviates dystrophic myofiber pathology by activation of the calcineurin/NF-AT pathway.
Faseb J. 2004; 18:1937-1939. PMID: 15456738

Verma M, Asakura Y, Hirai H, Watanabe S, Tastad C, Fong GH, et al. Flt-1 haploinsufficiency amelio-
rates muscular dystrophy phenotype by developmentally increased vasculature in mdx mice. Hum Mol
Genet. 2010; 19: 4145-4159. doi: 10.1093/hmg/ddq334 PMID: 20705734

Matsuda R, Nishikawa A, Tanaka H. Visualization of dystrophic muscle fibers in mdx mouse by vital
staining with Evans blue: evidence of apoptosis in dystrophin-deficient muscle. J Biochem. 1995; 118:
959-964. PMID: 8749313

Verma M, Asakura A. Efficient Single Muscle Fiber Isolation From Alcohol Fixed Adult Muscle Following
{beta}-galactosidase Staining for Satellite Cell Detection. J Histochem Cytochem. 2010.

Pasut A, Jones AE, Rudnicki MA. Isolation and culture of individual myofibers and their satellite cells
from adult skeletal muscle. J Vis Exp. 2013: e50074.

von Maltzahn J, Renaud JM, Parise G, Rudnicki MA. Wnt7a treatment ameliorates muscular dystrophy.
Proc Natl Acad SciU S A. 2012; 109: 20614-20619. doi: 10.1073/pnas.1215765109 PMID: 23185011

Motohashi N, Asakura Y, Asakura A. Isolation, culture, and transplantation of muscle satellite cells. J
Vis Exp. 2014.

Montanaro F, Lindenbaum M, Carbonetto S. alpha-Dystroglycan is a laminin receptor involved in extra-
cellular matrix assembly on myotubes and muscle cell viability. J Cell Biol. 1999; 145: 1325—1340.
PMID: 10366602

Watanabe S, Hirai H, Asakura Y, Tastad C, Verma V, Keller C, et al. MyoD gene suppression by Oct4
is required for reprogramming in myoblasts to produce induced pluripotent stem cells. Stem Cells.
2011; 29: 505-516. doi: 10.1002/stem.598 PMID: 21425413

Schmittgen TD, Livak KJ. Analyzing real-time PCR data by the comparative C(T) method. Nat Protoc.
2008; 3: 1101-1108. PMID: 18546601

Wooddell Cl, Zhang G, Griffin JB, Hegge JO, Huss T, Wolff JA. Use of Evans blue dye to compare limb
muscles in exercised young and old mdx mice. Muscle Nerve. 2010; 41: 487—499. doi: 10.1002/mus.
21527 PMID: 19813196

Spencer MJ, Montecino-Rodriguez E, Dorshkind K, Tidball JG. Helper (CD4(+)) and cytotoxic (CD8(+))
T cells promote the pathology of dystrophin-deficient muscle. Clin Immunol. 2001; 98: 235-243. PMID:
11161980

Webster C, Silberstein L, Hays AP, Blau HM. Fast muscle fibers are preferentially affected in Duchenne
muscular dystrophy. Cell. 1988; 52: 503-513. PMID: 3342447

Fairclough RJ, Wood MJ, Davies KE. Therapy for Duchenne muscular dystrophy: renewed optimism
from genetic approaches. Nat Rev Genet. 2013; 14: 373-378. doi: 10.1038/nrg3460 PMID: 23609411

Pawluski JL, Brummelte S, Barha CK, Crozier TM, Galea LA. Effects of steroid hormones on neurogen-
esis in the hippocampus of the adult female rodent during the estrous cycle, pregnancy, lactation and
aging. Front Neuroendocrinol. 2009; 30: 343-357. doi: 10.1016/j.yfrne.2009.03.007 PMID: 19361542

Rosenblatt JS, Mayer AD, Giordano AL. Hormonal basis during pregnancy for the onset of maternal be-
havior in the rat. Psychoneuroendocrinology. 1988; 13:29-46. PMID: 2967517

Voogt JL, Sar M, Meites J. Influence of cycling, pregnancy, labor, and suckling on corticosterone-ACTH
levels. Am J Physiol. 1969; 216: 655—-658. PMID: 4303907

Atkinson HC, Waddell BJ. The hypothalamic-pituitary-adrenal axis in rat pregnancy and lactation: circa-
dian variation and interrelationship of plasma adrenocorticotropin and corticosterone. Endocrinology.
1995; 136:512-520. PMID: 7835284

Menke A, Jockusch H. Decreased osmotic stability of dystrophin-less muscle cells from the mdx
mouse. Nature. 1991; 349: 69-71. PMID: 1985268

Menke A, Jockusch H. Extent of shock-induced membrane leakage in human and mouse myotubes de-
pends on dystrophin. J Cell Sci. 1995; 108 (Pt 2): 727-733.

Besedovsky L, Born J, Lange T. Endogenous glucocorticoid receptor signaling drives rhythmic
changes in human T-cell subset numbers and the expression of the chemokine receptor CXCR4.
Faseb J. 2014; 28: 67-75. doi: 10.1096/f].13-237958 PMID: 24051033

Rooney JE, Welser JV, Dechert MA, Flintoff-Dye NL, Kaufman SJ, Burkin DJ. Severe muscular dystro-
phy in mice that lack dystrophin and alpha? integrin. J Cell Sci. 2006; 119:2185-2195. PMID:
16684813

PLOS ONE | DOI:10.1371/journal.pone.0120325 March 16, 2015 18/19


http://dx.doi.org/10.1242/dmm.012211
http://www.ncbi.nlm.nih.gov/pubmed/23846963
http://www.ncbi.nlm.nih.gov/pubmed/15456738
http://dx.doi.org/10.1093/hmg/ddq334
http://www.ncbi.nlm.nih.gov/pubmed/20705734
http://www.ncbi.nlm.nih.gov/pubmed/8749313
http://dx.doi.org/10.1073/pnas.1215765109
http://www.ncbi.nlm.nih.gov/pubmed/23185011
http://www.ncbi.nlm.nih.gov/pubmed/10366602
http://dx.doi.org/10.1002/stem.598
http://www.ncbi.nlm.nih.gov/pubmed/21425413
http://www.ncbi.nlm.nih.gov/pubmed/18546601
http://dx.doi.org/10.1002/mus.21527
http://dx.doi.org/10.1002/mus.21527
http://www.ncbi.nlm.nih.gov/pubmed/19813196
http://www.ncbi.nlm.nih.gov/pubmed/11161980
http://www.ncbi.nlm.nih.gov/pubmed/3342447
http://dx.doi.org/10.1038/nrg3460
http://www.ncbi.nlm.nih.gov/pubmed/23609411
http://dx.doi.org/10.1016/j.yfrne.2009.03.007
http://www.ncbi.nlm.nih.gov/pubmed/19361542
http://www.ncbi.nlm.nih.gov/pubmed/2967517
http://www.ncbi.nlm.nih.gov/pubmed/4303907
http://www.ncbi.nlm.nih.gov/pubmed/7835284
http://www.ncbi.nlm.nih.gov/pubmed/1985268
http://dx.doi.org/10.1096/fj.13-237958
http://www.ncbi.nlm.nih.gov/pubmed/24051033
http://www.ncbi.nlm.nih.gov/pubmed/16684813

@’PLOS | ONE

Pregnancy-Induced Amelioration of Muscular Dystrophy

49.

50.

51.

52.

53.

54.
55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Matsuda C, Miyake K, Kameyama K, Keduka E, Takeshima H, Imamura T, et al. The C2A domain in
dysferlin is important for association with MG53 (TRIM72). PLoS Curr. 2012; 4:
e5035add5038caff5034. doi: 10.1371/5035add8caff4 PMID: 23145354

Goonasekera SA, Lam CK, Millay DP, Sargent MA, Hajjar RJ, Kranias EG, et al. Mitigation of muscular
dystrophy in mice by SERCA overexpression in skeletal muscle. J Clin Invest. 2011; 121: 1044-1052.
doi: 10.1172/JCl43844 PMID: 21285509

McNeil AK, Rescher U, Gerke V, McNeil PL. Requirement for annexin A1 in plasma membrane repair. J
Biol Chem. 2006; 281: 35202—-35207. PMID: 16984915

Perretti M, D'Acquisto F. Annexin A1 and glucocorticoids as effectors of the resolution of inflammation.
Nat Rev Immunol. 2009; 9: 62—70. doi: 10.1038/nri2470 PMID: 19104500

Shingo T, Gregg C, Enwere E, Fujikawa H, Hassam R, Geary C, et al. Pregnancy-stimulated neurogen-
esis in the adult female forebrain mediated by prolactin. Science. 2003; 299: 117—120. PMID:
12511652

Cahill L. Why sex matters for neuroscience. Nat Rev Neurosci. 2006; 7: 477—484. PMID: 16688123

Pawluski JL, Charlier TD, Lieblich SE, Hammond GL, Galea LA. Reproductive experience alters corti-
costerone and CBG levels in the rat dam. Physiol Behav. 2009; 96: 108—114. doi: 10.1016/j.physbeh.
2008.09.004 PMID: 18817795

Shors TJ, Mathew J, Sisti HM, Edgecomb C, Beckoff S, Dalla C. Neurogenesis and helplessness are
mediated by controllability in males but not in females. Biol Psychiatry. 2007; 62: 487—495. PMID:
17306770

Barros RP, Gustafsson JA. Estrogen receptors and the metabolic network. Cell Metab. 2011; 14:289—
299. doi: 10.1016/j.cmet.2011.08.005 PMID: 21907136

Dorchies OM, Reutenauer-Patte J, Dahmane E, Ismail HM, Petermann O, Patthey-Vuadens O, et al.
The anticancer drug tamoxifen counteracts the pathology in a mouse model of duchenne muscular dys-
trophy. Am J Pathol. 2013; 182: 485-504. PMID: 23332367

Figueiredo HF, Ulrich-Lai YM, Choi DC, Herman JP. Estrogen potentiates adrenocortical responses to
stress in female rats. Am J Physiol Endocrinol Metab. 2007; 292: E1173-1182. PMID: 17179393

Givertz MM. Cardiology patient page: peripartum cardiomyopathy. Circulation. 2013; 127: e622-626.
doi: 10.1161/CIRCULATIONAHA.113.001851 PMID: 23690457

Ennen JP, Verma M, Asakura A. Vascular-targeted therapies for Duchenne muscular dystrophy. Skelet
Muscle. 2013; 3: 9. doi: 10.1186/2044-5040-3-9 PMID: 23618411

Shimizu-Motohashi Y, Asakura A. Angiogenesis as a novel therapeutic strategy for Duchenne muscu-
lar dystrophy through decreased ischemia and increased satellite cells. Front Physiol. 2014; 5: 50. doi:
10.3389/fphys.2014.00050 PMID: 24600399

Seppanen E, Roy E, Ellis R, Bou-Gharios G, Fisk NM, Khosrotehrani K. Distant mesenchymal progeni-
tors contribute to skin wound healing and produce collagen: evidence from a murine fetal microchimer-
ism model. PLoS One. 2013; 8: €62662. doi: 10.1371/journal.pone.0062662 PMID: 23650524

Bizzarro V, Petrella A, Parente L. Annexin A1: novel roles in skeletal muscle biology. J Cell Physiol.
2012; 227: 3007-3015. doi: 10.1002/jcp.24032 PMID: 22213240

Swaggart KA, Demonbreun AR, Vo AH, Swanson KE, Kim EY, Fahrenbach JP, et al. Annexin A6 modi-
fies muscular dystrophy by mediating sarcolemmal repair. Proc Natl Acad SciU S A. 2014; 111: 6004—
6009. doi: 10.1073/pnas.1324242111 PMID: 24717843

PLOS ONE | DOI:10.1371/journal.pone.0120325 March 16, 2015 19/19


http://dx.doi.org/10.1371/5035add8caff4
http://www.ncbi.nlm.nih.gov/pubmed/23145354
http://dx.doi.org/10.1172/JCI43844
http://www.ncbi.nlm.nih.gov/pubmed/21285509
http://www.ncbi.nlm.nih.gov/pubmed/16984915
http://dx.doi.org/10.1038/nri2470
http://www.ncbi.nlm.nih.gov/pubmed/19104500
http://www.ncbi.nlm.nih.gov/pubmed/12511652
http://www.ncbi.nlm.nih.gov/pubmed/16688123
http://dx.doi.org/10.1016/j.physbeh.2008.09.004
http://dx.doi.org/10.1016/j.physbeh.2008.09.004
http://www.ncbi.nlm.nih.gov/pubmed/18817795
http://www.ncbi.nlm.nih.gov/pubmed/17306770
http://dx.doi.org/10.1016/j.cmet.2011.08.005
http://www.ncbi.nlm.nih.gov/pubmed/21907136
http://www.ncbi.nlm.nih.gov/pubmed/23332367
http://www.ncbi.nlm.nih.gov/pubmed/17179393
http://dx.doi.org/10.1161/CIRCULATIONAHA.113.001851
http://www.ncbi.nlm.nih.gov/pubmed/23690457
http://dx.doi.org/10.1186/2044-5040-3-9
http://www.ncbi.nlm.nih.gov/pubmed/23618411
http://dx.doi.org/10.3389/fphys.2014.00050
http://www.ncbi.nlm.nih.gov/pubmed/24600399
http://dx.doi.org/10.1371/journal.pone.0062662
http://www.ncbi.nlm.nih.gov/pubmed/23650524
http://dx.doi.org/10.1002/jcp.24032
http://www.ncbi.nlm.nih.gov/pubmed/22213240
http://dx.doi.org/10.1073/pnas.1324242111
http://www.ncbi.nlm.nih.gov/pubmed/24717843


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


