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SUMMARY

In Duchenne muscular dystrophy (DMD), the search for new biomarkers to follow
the evolution of the disease is of fundamental importance in the light of the evolving
gene and pharmacological therapies. In addition to the lack of dystrophin, secondary
events including changes in calcium levels, inflammation and fibrosis greatly con-
tribute to DMD progression and the molecules involved in these events may repre-
sent potential biomarkers. In this study, we performed a comparative evaluation of
the progression of dystrophy within muscles that are differently affected by dystro-
phy (diaphragm; DIA and quadriceps; QDR) or spared (intrinsic laryngeal muscles)
using the mdx mice model of DMD. We assessed muscle levels of calsequestrin (cal-
cium-related protein), tumour necrosis factor (TNF-o; pro-inflammatory cytokine),
tumour growth factor (TGF-B; pro-fibrotic factor) and MyoD (muscle proliferation)
vs. histopathology at early (1 and 4 months of age) and late (9 months of age) stages
of dystrophy. Fibrosis was the primary feature in the DIA of mdx mice (9 months:
32% fibrosis), which was greater than in the QDR (9 months: 0.6% fibrosis).
Muscle regeneration was the primary feature in the QDR (9 months: 90% of cen-
trally nucleated fibres areas vs. 33% in the DIA). The QDR expressed higher levels
of calsequestrin than the DIA. Laryngeal muscles showed normal levels of TNF-o,
TGEF-B and MyoD. A positive correlation between histopathology and cytokine levels
was observed only in the diaphragm, suggesting that TNF-o and TGF-B serve as
markers of dystrophy primarily for the diaphragm.
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Duchenne muscular dystrophy (DMD) is the most common
genetic muscle disease in childhood, affecting one in 3500—
4000 males born (Engel et al. 1994; Mendell ef al. 2012).
DMD is characterized by a progressive wasting of skeletal
and cardiac muscles, cardiorespiratory failure and death
around the third decade of life (Engel et al. 1994; Rall &
Grimm 2012). Although there has been extensive research on
gene-, cell- and drug-mediated therapies for various muscular
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dystrophies (Konieczny et al. 2013), there is still no effective
treatment for DMD. The use of experimental models, such
as mdx mice (Bulfield et al. 1984), greatly improves the
knowledge of DMD pathophysiology and therapy.

Duchenne muscular dystrophy and mdx mice are character-
ized by the lack of dystrophin due to a mutation in the
dystrophin gene present in the X chromosome (Hoffman et al.
1987). The absence of dystrophin results in sarcolemma
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instability, an increased influx of calcium, the activation of
proteases and myonecrosis (Whitehead et al. 2006). During
the early stages of dystrophy, muscle regeneration compen-
sates for the degeneration, but with the progression of disease,
muscle degeneration and fibrosis eventually predominate (En-
gel et al. 1994; Pastoret & Sebille 1995). Although the lack of
dystrophin is the primary event underlying the pathogenesis of
DMD, downstream secondary pathways such as inflammation
(Porter et al. 2002; Tidball 2005) and fibrosis (Bernasconi
et al. 19935) also contribute to the disease progression.

Gene expression profile studies have revealed that most of
the secondary pathways of DMD involve inflammatory
responses (Tian et al. 2014). Inflammation responses in dys-
trophic muscles contain several types of immune cells that
release pro-inflammatory cytokines such as tumour necrosis
factor-alpha (Porter et al. 2002; Tidball 2005; Hodgetts et al.
2006; Villalta e al. 2009). These pro-inflammatory cytokines
activate metalloproteinases, which breakdown the extracellu-
lar matrix and promote the production of pro-fibrotic factors,
including tumour growth factor-beta, that will further con-
tribute to myonecrosis and fibrotic deposition (Gosselin et al.
2004; Li et al. 2009). In addition, calcium homoeostasis
pathways, which are differently regulated in presymptomatic
and symptomatic DMD patients (Tian et al. 2014) and have
a role in the pathogenesis of mdx mice (Whitehead et al.
2006), have been suggested to be potential targets for further
molecular diagnostic tests (Tian ez al. 2014).

One interesting aspect of dystrophy is the observation that
the pathology of the disease differs depending on the mus-
cle, despite the fact that dystrophin is absent in all muscles.
For instance, respiratory muscles, such as the diaphragm,
are more affected at later stages than are limb muscles (Sted-
man et al. 1991; Zhou et al. 2006), but the extraocular and
intrinsic laryngeal (ILM) muscles are spared and show no
signs of muscle degeneration, possibly related to improved
calcium homoeostasis (Khurana et al. 1995; Marques et al.
2007; Ferretti et al. 2009; Zeiger et al. 2010).

In the present study, we hypothesized that the pathways
related to inflammation, fibrosis and calcium regulation might
be differently affected in muscles that show different patho-
logical intensities over the course of the disease, such as the
respiratory (diaphragm), limb (quadriceps) and spared (laryn-
geal) muscles. We performed a comparative evaluation of the
progression of dystrophy in the diaphragm, quadriceps and
ILM of mdx mice and assessed whether their expression of
tumour necrosis factor-alpha (TNF-o; inflammation), tumour
growth factor-beta (TGF-B; fibrosis), calsequestrin (CSQ; cal-
cium regulation) and MyoD (muscle cell proliferation) corre-
lated with their histopathology at very early (1 month), early
(4 months) and later (9 months) stages of the disease.

Material and methods

Animals

Male and female mdx mice (CS7BL/10-Dmd”*“*/PasUnib) at
1, 4 and 9 months of age were used in these experiments.

Male and female C57BL/10 mice (C57BL/10ScCr/PasUnib) at
the same ages (1, 4 and 9 months) were used as controls.
They were obtained from a breeding colony, maintained by
our institutional animal care facility, and housed according to
institutional guidelines with free access to food and water.
No differences were seen between males and females regard-
ing the parameters studied, and they were mixed equally at
the different ages.

Histopathology

Quadriceps femoris (QDR), diaphragm (DIA) and intrinsic
laryngeal (IL) muscles were studied. These muscles were cho-
sen because they represent appendicular (QDR) and respira-
tory (DIA) muscles that are affected differently in DMD, with
respiratory muscles being more severely impaired (Stedman
et al. 1991). The intrinsic laryngeal muscles (ILM) are spared
from dystrophy, showing no signs of muscle degeneration
and regeneration (Marques et al. 2007; Ferretti et al. 2009).

Cryostat transverse sections (7 pm) of QDR and DIA
from CS57BL/10 (n = 15) and mdx (n = 15) mice at the
ages of 1 (n=35), 4 (n=35) and 9 (n=135) months were
stained with haematoxylin—eosin. Slides were placed in a
Nikon Eclipse E 400 microscope and viewed with a video
camera (Nikon Express Series; Tokyo, Japan). Non-overlap-
ping images were tiled together using the ImagePro Express
software (Media Cybernetic, Silver Spring, MD, USA). The
following areas within each transverse section were charac-
terized as previously described (Machado et al. 2011) and
measured using the IMAGEPRO ExXPREss software Media
Cybernetics, Silver Spring, Maryland, USA: (i) peripheral
nucleated areas, which are the areas containing fibres with
peripheral cell nuclei (Figure 1a,b) indicative of fibres that
have not undergone cycles of muscle degeneration-regener-
ation; (ii) inflammation (Figure 1c¢) and regeneration (Fig-
ure 1d) areas, which are the areas containing primarily
inflammatory cell infiltration (inflammation) or the areas
containing myotubes—myofibres with a small diameter, cen-
tral cell nuclei and small size (indicative of regeneration);
and (iii) central nucleated areas, which are the areas with
fully regenerated fibres with central nuclei and normal size
(Figure 1e). Myotubes—myofibres appeared in the cross sec-
tions as plump, basophilic cells with at least one centrally
located nucleus.

Cryostat transverse sections of QDR and DIA from
CS57BL/10 and mdx mice at the ages of 1, 4 and 9 months
were stained with Masson’s trichrome to observe fibrosis as
previously reported (Taniguti ef al. 2011). Other sections
were labelled for intracellular immunoglobulin G (IgG)
using an anti-mouse IgG (whole molecule) FITC conjugate
antibody developed in goat (F-0257; Sigma) (1:100) to
observe degenerating muscle fibres as previously described
(Janssen et al. 2014). Areas containing fibres positively
labelled were quantified as described above.

The areas of inflammation, regeneration, centrally nucleated,
peripherally nucleated, fibrosis and myonecrosis (FITC-anti-
mouse IgG-positive) were expressed as a percentage of the
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total transverse-sectional area. All counting and measurements
were performed by a blinded observer.

Western blot analysis

The levels of tumour necrosis factor-alpha (TNF-a), trans-
forming growth factor-beta (TGF-B), MyoD and calse-
questrin (CSQ) were quantified using Western blots from
control C57BL/10 (7 = 30) and mdx mice at the ages of 1
(n =10), 4 (n = 10) and 9 (z = 10) months. For the ILM, the
ages studied were 2 (5 mdx and 5§ C57BL/10 mice) and 20
(5 mdx and 5 C57BL/10 mice) months. Western blots were
performed as previously described (Ferretti et al. 2009).
Briefly, muscles were lysed in assay lysis buffer (1% Triton,
10 mM sodium pyrophosphate, 100 mM NaF, 10 g/ml apro-
tinin, 1T mM PMSF and 0.25 mM Na 3 VO). The samples
were centrifuged at 12,581 g for 20 min, and the soluble
fraction was resuspended in Laemmli loading buffer (2%
SDS, 20% glycerol, 0.04 mg/ml bromophenol blue, 0.12 M
Tris-HCI, pH 6.8 and 0.28 M mercaptoethanol). An aliquot
(30 pg) of the total protein homogenate from C57BL/10 and
mdx DIA and QDR was loaded onto 12% SDS-polyacry-
lamide gels. The proteins were transferred to a nitrocellulose
membrane (electrotransfer apparatus from Bio-Rad Labora-
tories, Hercules, CA, USA). The membranes were blocked
with 5% skim milk/Tris-HCl-buffered saline-Tween buffer
(TBST; 10 mM Tris-HCI, pH 8, 150 mM NacCl and 0.05%
Tween-20) and incubated with the primary antibodies over-
night at 4°C, washed in TBST, incubated with peroxidase-
conjugated secondary antibodies and developed using the
SuperSignal West Pico Chemiluminescent Substrate kit
(Pierce Biotechnology, Rockford, IL, USA). To control for
Western blot transfer and non-specific changes in protein
levels, the blots were stripped and reprobed for glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH). The luminescent
signal was captured (G:Box iChemi camera; Syngene, Cam-
bridge, UK), and band intensities were quantified using the
analysis software that was provided by the manufacturer
(GexE Toors Version 4.01; Syngene). The following primary
antibodies were used for Western blotting: (i) TNF-o (rabbit
anti-mouse polyclonal; Millipore, CA, USA), (ii) TGF-B
(mouse monoclonal; Sigma-Aldrich, St Louis, MI, USA), (iii)
calsequestrin (VIII12; Affinity BioReagents), (iv) MyoD (rab-
bit polyclonal M-318, sc-760; Santa Cruz Biotechnology,
Santa Cruz, CA, USA) and (v) GAPDH (rabbit polyclonal;
Santa Cruz Biotechnology). The corresponding secondary
antibody that was used for Western blotting was an appropri-
ate peroxidase-labelled affinity-purified IgG antibody (H+L)
(KPL, Gaithersburg, MD, USA).

Statistical analyses

All data are expressed as the means + standard deviation (SD).
Statistical analyses for direct comparison between the means of
two groups were performed using Student’s #-test, and ANOVA
was used for multiple statistical comparisons between groups.
P < 0.05 was considered statistically significant.
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Ethical Approval Statement

The animal experiments and the procedures that are
described here have been approved by and were performed
in accordance with the guidelines of the Brazilian College
for Animal Experimentation (COBEA; protocol #2579-1)
and the guidelines set forth by our institution.

Results

Control muscles showed no signs of histological changes
over time, presenting polygonal fibres with normal diameters
that were opposed to each other with peripheral cell nuclei
(Figure 1). Morphometric analysis also indicated that with
ageing, control DIA and QDR do not display areas of fibro-
sis, myonecrosis (FITC-anti-mouse IgG-positive fibres) or

Figure 1 Histological appearance of a 9-month-old diaphragm
(a) and quadriceps (b) muscle in controls, displaying fibres with
peripheral nuclei (arrows). ¢, histological appearance of a 4-
month-old mdx diaphragm with an area of inflammation
outlined showing inflammatory cells. d, histological appearance
of a 1-month-old mdx quadriceps with clusters of myofibres
under regeneration (outlined), which are observed as plump
cells with at least one centrally located nucleus and a small
diameter; note the poor inflammatory infiltration. e, histological
appearance of a 9-month-old mdx quadriceps showing centrally
nucleated (arrowhead) polygonal cells with normal size. f and
g, images from 18-month-old intrinsic laryngeal muscles in
control (f) and in mdx (g). The posterior cricoarytenoid (ca)
and cricothyroid (ct) muscles are shown. Some central
nucleated fibres (arrows in g) in the non-spared laryngeal
muscle. Scale bar (shown only in g), 40 um (a, b, ¢, €), 50 pm
(d) and 210 um (f, g). H&E-stained representative sections.
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muscle regeneration (as indicated by areas with centrally
nucleated fibres), with 99.9% of their cross-sectional area
containing fibres with peripheral nuclei.

The histopathological features of QDR and DIA dys-
trophic muscles included the presence of central nucleated
fibres
peripheral nuclei (indicative of fibres that did not suffer
necrosis and regeneration) and variations in fibre diameter
and areas containing inflammatory cells (Figure 1). QDR
showed multiple clusters of regenerating myofibres. In
agreement with our previous observations (Marques et al.
2007; Ferretti et al. 2009), no signs of myofibre damage
were detected in dystrophic ILM (Figure 1 shows posterior
cricoarytenoid muscle), except for the cricothyroid muscle
that showed some central nucleated fibres (Figure 1).
Fibrosis (Figure 2) and myonecrosis (Figure 3) were also
observed in dystrophic QDR and DIA muscles. ILM
showed no fibrosis, even at a later stage of dystrophy
(Figure 2).

Morphometric showed that dystrophic DIA
presented a greater area of fibrosis over time than did QDR,
reaching approximately 32% (32.3 & 7.4% of fibrosis) by
9 months of age. This is in comparison with QDR at the same

(indicative of muscle regeneration), fibres with

analysis

Figure 2 Representative images of
diaphragm (a, b) and quadriceps (c, d)
muscles from controls (a, c) and 9-
month-old mdx mice (b, d). e and f,
images from 18-month-old intrinsic
laryngeal muscles in control (e) and
mdx (f). Shown are posterior
cricoarytenoid (ca) and cricothyroid (ct)
muscles. In Masson trichrome-stained
sections, the blue colour denotes
fibrosis. Fibrosis areas (outlined in b
and d) were prominent in the
diaphragm. Note lack of fibrosis in
mdx intrinsic laryngeal. Scale bar
(shown only in f), 40 pm (a—d) and
210 pm (e, f).

Figure 3 Immunofluorescence labelling of IgG in quadriceps
from mdx mice at 9 months of age. Clusters of myofibres
positively labelled with IgG (asterisk) indicative of muscle
damage. Scale bar, 40 pm.

period (0.6 £+ 0.1% of fibrosis; Table 1). In QDR, the primary
feature was a significant increase in areas containing central
nucleated muscle fibres, reaching 90% (90.4 + 1.9% of central
nucleated areas) by 9 months of age (Table 1). This occurred
concomitantly with a decrease in the areas containing periph-
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Table 1 Morphometric analysis of dystrophy progression in mdx diaphragm (DIA) and quadriceps (QDR) muscles. Indicated are
areas containing fibres with peripheral cell nuclei (Peripheral nuclei), areas with centrally nucleated fibres completely regenerated
(Central nuclei), areas with clusters of fibres under regeneration (Regeneration) and areas with fibrosis (Fibrosis), at 1, 4 and

9 months of age

1 4 9

DIA QDR DIA QDR DIA QDR
Peripheral nuclei 88.6 + 1.4* 61.3 + 2.3* 74.5 £ 2.2 7.8 +2.97 66.2 + 2.0 1.0 £ 0.5
Central nuclei 1.7 £ 0.09* 9.9 £ 1.4* 25.5£22 79.3 £ 2.5 33.8 £2.0 90.4 £ 1.9
Regeneration 1.1 £ 0.6* 22.9 + 1.1* 2.2 + 0.4 7.1+ 1.8 4.7 £ 0.3 3.5+0.9
Fibrosis 1.8 £ 0.1* 0.5 £ 0.1 18.2 + 2.5 0.6 £ 0.2 323+74 0.6 £ 0.1

Values are expressed as the percentage (mean + SD) of the total cross-sectional area. *Significantly different from 4 and 9 months of age;

TSignificantly different from 9 months of age (P < 0.05, ANOVA).
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Figure 4 Western blot analysis of tumour necrosis factor-o
(TNF-a), tumour growth factor-p (TGF-B) and calsequestrin
(CSQ) in crude extracts of diaphragm (DIA) and quadriceps
(QDR) from C57BL/10 and mdx mice at 1, 4 and 9 months of
age. Bands indicate Western blot of TNF-o, TGF- and CSQ
and the same blot reprobed for GAPDH as a loading control.
Graphs represent the level of each indicated protein expressed
in arbitrary units normalized to GAPDH levels.*Significantly
different from C57BL/10 (P < 0.05, aNova). *Significantly
different from 4 and 9 months of age (P < 0.05, ANOVA).
PSignificantly different from 9 months of age (P < 0.05, ANOVA).

eral cell nuclei (Table 1). In DIA, the areas containing central
nucleated fibres corresponded to 33% of the total cross-sec-
tional area at the later stage of the disease (9 months; Table 1).
The areas containing fibres positively labelled with FITC-anti-
mouse IgG (indicative of myonecrosis) were significantly
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Figure 5 Western blot analysis of MyoD in crude extracts of
diaphragm (DIA) and quadriceps (QDR) from C57BL/10 and
mdx mice at 1, 4 and 9 months of age. Bands indicate Western
blot of MyoD and the same blot reprobed for GAPDH as a
loading control. Graphs represent the level of each indicated
protein expressed in arbitrary units normalized to GAPDH
levels. There were no differences in MyoD levels between
control and dystrophic muscles, at the ages studied.
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Figure 6 Western blot analysis of tumour necrosis factor-o
(TNF-a), tumour growth factor- (TGF-B) and MyoD in crude
extracts of intrinsic laryngeal muscles (ILM) from C57BL/10
and mdx mice at 2 and 20 months of age. Bands indicate
Western blot of TNF-0, TGF-p and MyoD and the same blot
reprobed for GAPDH as a loading control. Graphs represent
the level of each indicated protein expressed in arbitrary units
normalized to GAPDH levels. No differences were seen in the
levels of the markers between control and dystrophic muscles,
at the ages studied.

increased in DIA (1.5 4+ 0.8% at 4 months) and in QDR
(0.7 = 0.2% at 4 months and 0.6 + 0.2% at 9 months); all
were significantly different from their respective control mus-
cles (no myonecrosis was observed in control muscles). The
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area of regeneration predominated in QDR at 1 month
(22.9 4+ 1.1% of the total cross-sectional area) but decreased
by 9 months (3.5 £ 0.9%). In DIA, the area of inflammation
was maximal at 4 months (9.5 £ 3.4%), with similar areas
(approximately 4.7 + 1.4%) at 1 and 9 months. In QDR,
inflammation was not significant (approximately 1% in all
ages).

Western blot analysis of TNF-o showed that mdx DIA and
QDR presented elevated levels of TNF-oo compared to their
respective controls at 1, 4 and 9 months of age (Figure 4).
TGEF-B did not change with ageing in control DIA and QDR
(Figure 4). Mdx DIA and QDR presented elevated levels of
TGF-B compared to controls only at 4 (DIA) and 9 months
(DIA and QDR; Figure 4). Dystrophic DIA expressed higher
levels of TNF-o (3.0 &+ 0.4 arbitrary units in 9-month-old
mdx DIA) and TGF-f (1.6 + 0.8 arbitrary units in 4-month-
old mdx DIA) than mdx QDR (2.1 + 0.7 arbitrary units of
TNF-o in 9-month-old mdx and 0.8 + 0.3 arbitrary units of
TGF-B in 4-month-old mdx QDR; P < 0.05 compared to
mdx DIA at the same age) (Figure 4). CSQ levels were higher
in QDR (approximately 2.7 arbitrary units in 9-month-old
control and mdx) than in DIA (approximately 1.0 arbitrary
unit in 9-month-old control and mdx mice; P < 0.05 com-
pared to mdx DIA at the same ages; Figure 4). The levels of
MyoD in dystrophic DIA and QDR muscles were comparable
to those seen in their respective controls, at the ages studied
(Figure 5). In the ILM, the levels of TNF-a, TGF- and
MyoD were similar to control values at the time points stud-
ied (Figure 6).

Discussion

We observed that both of the affected dystrophic muscles
studied (diaphragm and quadriceps) expressed increased
levels of TNF-o in comparison with control muscles very
early (1 month) in the progression of disease, reaching even
higher levels at 4 months of age that were maintained at
later stage (9 months) dystrophy. Histopathological analyses
revealed that only DIA showed a significant increase in
inflammatory areas, which were primarily observed at
4 months of age. The mdx quadriceps muscle showed
smaller amounts of inflammatory infiltration than DIA
throughout the progression of dystrophy. This difference in
the areas of inflammation between mdx DIA and mdx QDR
correlates with the higher levels of TNF-a in DIA vs. QDR.
Inflammatory cells are responsible for releasing several pro-
inflammatory cytokines including TNF-a (Porter et al. 2002;
Tidball 2005; Hodgetts et al. 2006; Villalta et al. 2009),
and anti-inflammatory drugs ameliorate the progression of
dystrophy by suppressing TNF-o production (Grounds et al.
2005; Machado et al. 2011). Our finding that dystrophic
DIA and QDR share increased levels of TNF-o from very
early disease stages (1 month) is consistent with the finding
that inflammatory cascades are induced soon after birth in
cases of dystrophy (Chen et al. 2005).

Fibrosis deposition following myofibre degeneration is a
major pathological characteristic of DMD (Stedman et al.

1991). TGE-B is a key cytokine that promotes fibroblast
proliferation and fibrosis formation and also has roles in
inflammation and immunomodulation (Border & Noble
1994). Previous studies have demonstrated that increased
expression of TGF-B was accompanied by progressive
fibrosis in the diaphragm in 6- and 12-week-old mdx mice
(Hartel et al. 2001; Andreetta et al. 2006). Elevated TGF-3
mRNA in the mdx diaphragm has been demonstrated at 6
and 9 but not 12 weeks of age (Gosselin et al. 2004). In
the present study, we observed increased levels of TGF-f
earlier in the dystrophic diaphragm (significant at
4 months) than in the quadriceps (a significant increase in
the levels of TGF-B was only observed at 9 months). Con-
comitantly, the histopathology revealed an increase in the
area of fibrosis over time primarily in the mdx DIA, which
reached 32% by 9 months of age vs. 0.6% of fibrosis in
QDR over the same time. This result demonstrates a
strong relation between TGF-B levels and fibrosis only in
respiratory muscle and further supports previous observa-
tions regarding differential susceptibility of quadriceps and
diaphragm muscles to fibrosis induced by TGF-B (Zhou
et al. 2006). Late-stage therapy with the anti-fibrotic drug
suramin can ameliorate the diaphragm dysfunction (Tani-
guti et al. 2012). The present results suggest that early
therapy with anti-fibrotic drugs may protect the mdx dia-
phragm muscle against fibrosis, which is of relevance to
DMD therapy because patients eventually suffer from res-
piratory failure due to extensive fibrosis.

A striking finding of the present study was the regenera-
tive capacity of the dystrophic quadriceps muscle compared
to the diaphragm (and even compared to other limb muscles
that we studied previously; Machado et al. 2011); this find-
ing is in agreement with a prior qualitative observation
(Zhou et al. 2006). In the mdx quadriceps regeneration
occurred in nearly all fibres (99% of central nucleated areas)
by the later stage (9 months) of disease. This regenerative
profile appears to be expressed very early in the progression
of dystrophy within the mdx QDR because we observed
regeneration in approximately 23% of the cross-sectional
areas at 1 month of age in QDR (vs. 1.1% in DIA at the
same period). This result highlights the lack of correlation
between the increased levels of TNF-oo and TGF-f and
histopathology (muscle regeneration) in the dystrophic
quadriceps muscle at the time points studied, but QDR
degeneration must have occurred at time points not covered
by the present investigation.

Some studies have reported that the upregulation of TGF-
B in the mdx QDR improves muscle regeneration (Zhou
et al. 2006). Other studies have suggested that TGF-B may
negatively affect muscle regeneration given its inhibitory
effects on myoblast differentiation (Heino & Massague
1990; Florini et al. 1991). Treatment with an anti-TGF-B
antibody did not affect muscle regeneration in the dia-
phragm of mdx mice (Andreetta et al. 2006). The present
morphometric analysis demonstrates a remarkable difference
in muscle regeneration between mdx DIA and mdx QDR,
both of which express elevated levels of TGF-B. At least for
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the QDR muscle, we could postulate that the regenerative
capacity of this muscle might be related to elevated levels of
TGEF-B or other factors such as TNF receptor-associated fac-
tor 6, which is increased in mdx muscles and is involved in
satellite cell proliferation and myofibre regeneration in
young mdx mice (Hindi et al. 2013).

Previously, we demonstrated that the mdx DIA shows
increased levels of the stretch-activated calcium channel
TRPC1 compared to limb muscles (Matsumura et al.
2011). These receptors are activated in response to muscle
contraction, which leads to an increased influx of calcium
into the dystrophic fibre (Yeung & Allen 2004). One possi-
bility that could explain the poor muscle regeneration
observed in the DIA compared to the QDR could be related
to an elevated DIA workload compared to QDR. This
would facilitate additional cycles of muscle degeneration
(possibly due to increased TRPC1 activation in DIA) and
perhaps an earlier exhaustion of satellite cells in the DIA
compared to the QDR. This is in line with our previous
observations that satellite cells become exhausted and fail
to proliferate due to the continual cycles of muscle degener-
ation-regeneration (Luz et al. 2002) and that treadmill
exercise increases TGF-B and fibrosis in limb muscle (Tani-
guti et al. 2011). Alternatively, it is possible that the QDR
muscle contains a different population of satellite cells that
allows them to regenerate better compared to DIA, similar
to what is reported for the laryngeal and EOM muscles
(Goding et al. 2005; McLoon et al. 2007), but this deserves
further elucidation.

With respect to the spared dystrophic ILM, we observed
that the levels of TNF-o and TGF-$ were comparable to nor-
mal, even at a very late stage of dystrophy (20 months of
age). This is in agreement with our previous and present
histopathological analysis, where no signs of muscle degener-
ation or inflammation were seen in the dystrophic ILM (Mar-
ques et al. 2007). Furthermore, the levels of MyoD, a major
regulator of the myogenic process (Guttridge et al. 2000; Aziz
et al. 2010), were comparable to normal in mdx ILM, possi-
bly due to the lack degeneration in the spared muscle. Levels
of MyoD similar to those found in control, non-dystrophic
muscles were also detected in mdx DIA and QDR. Neverthe-
less, mdx QDR showed better regenerative capacity (as evi-
denced by the predominance of regenerated fibres already at
4 months of age), compared to mdx DIA. While the reasons
for that are unclear, it is possible that in the mdx DIA, MyoD
might be negatively affected by TNF-o, as it has been demon-
strated that drugs that inhibit TNF-oo and NF-kB improved
muscle regeneration in the mdx (Messina et al. 2011).

Calsequestrin, the most abundant calcium-binding protein
located in the sarcoplasmic reticulum, maintains low levels
of free calcium in the skeletal muscle fibre (Beard et al.
2004). Spared dystrophic muscles, such as the laryngeal and
EOM, show higher levels of CSQ, which may explain their
protection against myonecrosis, possibly due to a better abil-
ity to buffer calcium increases (Khurana et al. 1995; Ferretti
et al. 2009; Zeiger et al. 2010). Here, we observed that the
levels of CSQ in the mdx DIA were comparable to those in
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controls throughout the progression of dystrophy. In the
mdx QDR, CSQ was increased very early on (1 month), but
this was not retained in the aged mdx QDR. In the present
study, normal and/or increased levels of CSQ might explain
the milder phenotype observed in the mdx QDR during the
course of dystrophy. Normal levels of CSQ in the mdx DIA
at the early stage of disease have also been reported by a
proteomic study and could be related to the mild phenotype
observed during this period (Matsumura et al. 2013). Con-
versely, a subproteomic analysis revealed a decrease in CSQ
levels in mdx skeletal muscles at 9 weeks of age (Doran
et al. 2004); these differences may be related to the tech-
niques, age and muscles studied.

Overall, we show that spared (ILM) and affected (DIA
and QDR) dystrophic muscles show different profiles of the
markers of the pathways related to inflammation (increased
TNF-a in affected), fibrosis (increased TGF-B in affected)
and calcium regulation (normal CSQ in affected), in a way
compatible to their phenotype. However, while affected DIA
and QDR muscles display similar profiles of these markers,
they do not share histopathological features during the pro-
gression of dystrophy, possibly due to the decreased levels
of TNF-a and/or greater levels of calsequestrin in mdx QDR
than in mdx DIA. As observed in DMD symptomatic vs.
presymptomatic patients, pro-inflammatory and pro-fibrotic
cytokines can be elevated independent of the progression of
their dystrophic phenotype (Tian ez al. 2014). A positive
correlation between histopathology and cytokine levels was
observed only in the diaphragm, suggesting that TNF-o and
TGEF-B serve as markers of dystrophy primarily for this mus-
cle.
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