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The Golden Retriever muscular dystrophy (GRMD) is one of the best models of Duchenne
muscular dystrophy (DMD), with similar genotypic and phenotypic manifestations.
Progressive proliferation of connective tissue in the endomysium of the muscle fibers occurs
in parallel with the clinical course of the disease in GRMD animals. Previous studies suggest
a relationship between mast cells and the deposition of fibrous tissue due to the release of
mediators that recruit fibroblasts. The aim of this study was to evaluate the presence of mast
cells and their relationship with muscle injury and fibrosis in GRMD dogs of different ages.
Samples of muscle groups from six GRMD and four control dogs, aged 2 to 8 months, were
collected and analyzed. The samples were processed and stained with HE, toluidine blue,
and Azan trichrome. Our results showed that there was a significant increase in infiltration
of mast cells in all muscle groups of GRMD dogs compared to the control group. The average
number of mast cells, as well as the deposition of fibrous tissue, decreased with age in GRMD
dogs. In the control group, all muscle types showed a significant increase in the amount of
collagenous tissue. This suggests increased mast cell degranulation occurred in younger
GRMD dogs, resulting in increased interstitial space and fibrous tissue in muscle, which
then gradually decreased over time as the dogs aged. However, further studies are needed
to clarify the role of mast cells in the pathogenesis of fibrosis.

INDEX TERMS: Mast cells, pathogenesis, Duchenne muscular dystrophy, Golden Retriever dogs, canine,
dogs, fibrosis, mast cells, muscular dystrophy.

RESUMO.- [0 papel dos mastdcitos na patogénese da
distrofia muscular de Duchenne em cdes Golden Retriever.]
0 cdo Golden Retriever distrofico (Golden Retriever muscular
dystrophy - GRMD) é um dos melhores modelos da distrofia
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muscular de Duchenne (DMD), com manifestacdes genotipicas
e fenotipicas similares. A proliferacdo progressiva de tecido
conjuntivo no endomisio das fibras musculares ocorre
paralelamente ao curso clinico da doenga em animais GRMD.
Estudos anteriores sugerem uma relacio entre os mastdcitos e
a deposigdo de tecido fibroso devido a liberagao de mediadores
que recrutam fibroblastos. O objetivo deste estudo foi avaliar
a presenca de mastocitos e sua relacio com a lesdo muscular
e fibrose em cdes GRMD de diferentes idades. Amostras de
grupos musculares de seis GRMD e quatro controles, com idade
entre 2 a 8 meses, foram coletadas e analisadas. As amostras
foram processadas e coradas com HE, azul de toluidina e
tricromico de Azan. Nossos resultados mostraram que houve
um aumento significativo na infiltracdo de mastécitos em
todos os grupos musculares de cies GRMD em comparagdo
com o grupo controle. 0 nimero médio de mastdcitos, assim
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como a deposic¢do de tecido fibroso, diminuiu com a idade
em cdes GRMD. No grupo controle, todos os tipos musculares
mostraram um aumento significativo na quantidade de
tecido colageno. Isto sugere o aumento da degranulacdo de
mastocitos em cdes GRMD mais jovens, resultando em aumento
do espaco intersticial e tecido fibroso no musculo, que entao
gradualmente diminuiu com o tempo a medida que os cies
envelheceram. No entanto, mais estudos sdo necessarios para
esclarecer o papel dos mastocitos na patogénese da fibrose.

TERMOS DE INDEXAGAO: Mastécitos, patogénese, distrofia muscular
de Duchenne, cies Golden Retriever, caninos, fibrose, mastdcitos.

INTRODUCTION

Duchenne muscular dystrophy (DMD) is a degenerative
disease in humans caused by a mutation in the dystrophin
gene, affecting one in every 3,500 male live births. DMD is
X-linked recessive genetic disorder located on the short arm
ofthe X chromosome (Xp21) (Hoffman etal. 1987, Woolf et al.
2006). The first stage of the disease is characterized by focal
groups of necrotic muscle fibers and muscle hypertrophy.
Later, repeated cycles of degeneration and regeneration
exhaust the regenerative ability statellite cells. Mechanisms
of fibrosis then induces the gradual replacement of contractile
tissue by connective and fatty tissue (Collins & Morgan 2003,
Deconinck & Dan 2007, Miyazato etal. 2011b, Malvestio et al.
2015). Patients affected by DMD display symptoms of muscle
weakness. Rapid progression of DMD begins to occur in
affected boys younger than five years of age, affecting muscles
of the pelvic girdle and shoulder girdle. Patients also exhibit
muscular pseudo-hypertrophy of the calf, kyphosis, scoliosis,
and difficulty to ambulate during early childhood. Patients
are typically confined to a wheelchair by 14 years of age. By
20 to 30 years of age, patients typically exhibit respiratory
and/or cardiac complication, resulting in death (Eagle et al.
2002, Gulati et al. 2005, Van Bockel 2009).

Golden Retriever muscular dystrophy (GRMD) affected
dogs are one of the best-known animal models of DMD, with
genotypic and phenotypic manifestations similar to the human
disease (Cooper et al. 1988, Collins & Morgan 2003, Moraes
et al. 2017). GRMD dogs are the only animals that display
early widespread development of secondary lesions due
to deficiencies in dystrophin at two months of age. Disease
progression in GRMD dogs is comparable to that of DMD
affected boys (Nguyen et al. 2002, Banks & Chamberlain
2008, Lessa et al. 2014a).

Under normal conditions, damage to skeletal muscle
due to contractile forces is followed by an inflammatory
response, which then subsides after a few days. This transient
inflammatory response is a normal homeostatic response to
injury that induces muscle repair (Abdel-Salam et al. 2009).
Although mutations in dystrophin represent the main cause
of DMD, disease progression is exacerbated by secondary
processes that are putative for the chronic inflammation. This
includes repeated cycles of degeneration and regeneration
that deplete the regenerative capacity of satellite cells, and
mechanisms that induce the gradual replacement of the
contractile muscle tissue by connective and fatty tissue
(Collins & Morgan 2003, Deconinck & Dan 2007, Miyazato et
al.2011b, Moraes etal. 2015, Moraes etal. 2017). Movement
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becomes progressively limited, and dogs show premature
signs of fatigue (Gaiad et al. 2011).

Mast cells are activated by a series of chemical and physical
signals thatinduces the cytoplasmic release of various factors in
aprocess known as degranulation. These factors act on various
sites to increase epithelium and endothelium permeability
by stimulating angiogenesis, inducing contraction of smooth
muscle, recruiting neutrophils and macrophages, and stimulating
fibroblasts to produce collagen (Gorospe et al. 1994, Abbas et
al. 2008, Abdel-Salam et al. 2009, Frenzel & Hermine 2013).

Myocytes lacking dystrophin are more vulnerable to
mechanical stress, resulting in the loss of sarcolemmal integrity.
Subsequent leakage of cytoplasmic contents stimulates the
recruitment of mast cells. DMD affected boys display the first
clinical manifestation of dystrophin deficiency at 3 to 5 years
of age. In this same period, there is a significant increase in
the number of mast cells in the affected muscles, suggesting
a causal relationship of mast cells in the pathogenesis of DMD
(Gorospe et al. 1994).

It has been suggested that accumulation and subsequent
activation of mast cells can result in progression of necrosis
and fibrosis, thus resulting in deficient muscle regeneration
(Gorospe etal. 1994, Nahirney et al. 1997). In a previous study,
mdx mice that received intraperitoneal injections of the mast
cell stabilizer cromolyn sodium for 15 days showed reduced
myonecrosis in the sternocleidomastoid, anterior tibialis, and
diaphragm muscles (Marques et al. 2008).

Therefore, the aim of this study was to evaluate the causal
relationship between mast cells and histopathological lesions
and the deposition of collagen tissue in four skeletal muscle
groups (masseter, diaphragm, brachial, and biceps femoris) of
2 to 8-month-old Golden Retriever dogs affected by muscular
dystrophy, in order to establish an inter-relationship of these
inflammatory cells in the pathogenesis of fibrosis.

MATERIALS AND METHODS

Animals. The study was performed using six male GRMD dogs
aged 2 to 8 months. Four healthy dogs aged 2 to 8 months were used
as controls. These animals were obtained from the GRMD-Brazil
Kennel at the “Universidade Estadual Paulista” (Unesp). Elevation
of serum creatine kinase (CK) was used initially to identify the dogs
with dystrophy. Subsequent PCR genotyping was used to confirm
the phenotypes (Miyazato etal. 2011b). Respiratory and/or cardiac
complications resulted in death in all GRMD dogs. This research
was approved by the Ethical Principles of Animal Experimentation
adopted by the “Ethics in the use of animals” at the Unesp (protocol
no. 01465/15).

Histopathological and morphometric analysis. For analysis
study the samples of skeletal muscles masseter, diaphragm, brachial
triceps and biceps femoris of the GRMD and of the controls dogs
with aged 2, 3, 5 and 8 months were collected, fixed in 10%
phosphate buffered formalin, embedded in paraffin, and sectioned
at 3pm. Sections were stained with hematoxylin and eosin (HE;
histopathology), toluidine blue (identification of mast cells) and
Azan trichrome (evaluation of fibrosis) by using standard procedures
(Miyazato et al. 2011b).

Morphometric analysis in the number of mast cells was obtained
from 50 random fields of the samples (Nahirney et al. 1997) and
quantified by automatic sequential numerator KW-TRIO® in a Zeiss
Primo Star light microscope (40x objective).
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Quantitation of the collagen fibers was performed in 10 random
fields of muscle fragments according to Prado etal. (2012). Microscopy
was performed on the Leica® DMR light microscope (DFC camera
290) and analyzed with the Leica® Qwin V3 software.

Statistical analysis. Data were analyzed using GraphPad Prism
5 (GraphPad Software Inc., San Diego/CA). The Kolmogorov-Smirnov
test was used to examine normality. Multiple comparisons were
performed by analysis of variance (ANOVA) and Tukey’s test at the
significance level of 5% and a correlation between collagen-mast cells
of the muscles of dogs was analyzed by the method Pearson’s (5%).

RESULTS

Histopathology

Histological analysis of muscle samples from control
dogs displayed normal muscle patterns, as demonstrated by
uniformly distributed muscle fibers with normal diameter,
and polyhedral shape surrounded by connective tissue and
peripheral cores (Fig.1A and 2A).

However, histological analysis of muscle samples from
GRMD dogs revealed degenerative alterations and variations
in fiber diameter, infiltration of interfascicular fat cells, and
interstitial fibrosis. Necrosis was more frequent in the diaphragm,
brachial triceps, and biceps femoris, while less frequent in
the masseter. Hyalinization was the most frequent alteration
in the masseter, diaphragm, and triceps, while less frequent
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in the biceps femoris muscle. Inflammatory infiltration of
mononuclear cells, particularly giant cells in the interstitium
or around the fascicles was more pronounced in the triceps,
biceps femoris, and masseter, in contrast to the diaphragm.

Analysis of muscle samples from GRMD dogs revealed
mast cells predominantly in fibrotic areas, including the
arterioles, venules, and endomysium (Fig.1B and 1C). Azan
trichrome staining revealed deposition of collagenous tissue
(blue) in the perimysium and endomysium in GRMD dogs
(Fig.2B and 20C).

Morphometric analysis of fibro-collagenous and tissue
mastocytes

Quantification in the number of mast cells was performed
in 40 samples. The highest average count in mast cells
was observed in triceps, followed by femoral biceps and
masseter muscle (p<0.05). The lowest count was observed
in diaphragm (p<0.05). The concentration of mast cells in
the muscle groups of affected animals varied in relation to
age group. In all muscle groups, the number of mast cells
increased preferentially in the endomysium of younger GRMD
dogs. In GRMD dogs, a significant increase in the amount of
the infiltrating mast cells was observed, as compared to the
control group (p<0.05) (Fig.3).

Significant deposition of fibro-collagenous tissue was
observed in all GRMD dog muscle samples. The triceps had

Fig.1. Mast cells in skeletal muscle samples from 2-month-old GRMD dogs. (A) Diaphragm. Animal control, muscle fibers distributed with

regular diameter. (B) Brachial triceps. Presence of mast cells (arrow) in areas of fibrosis and near a venule (*). (C) Biceps femoris.
Presence of mast cells (arrow) in areas of fibrosis, fatty infiltration, arterioles and venules (*). Toluidine blue, bar = 20pum.

- -

Fig.2. Fibro-collagenous tissue in skeletal muscle samples from GRMD dogs. (A) Masseter. Animal control, muscle fibers distributed with
regular diameter. Azan trichrome, bar = 20um. (B) Masseter. Mild deposition of fibro-collagenous tissue (arrow) in epimysium and
endomysium in an 8-month-old dog. Azan trichrome, bar = 50um. (C) Biceps Femoris. Intense deposition of fibro-collagenous tissue
(arrow) in the endomysium in a 2-month-old dog. Azan trichrome, bar = 50pm.

Pesq. Vet. Bras. 40(10):791-797, October 2020
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Fig.3. Number of mast cells in (A) Masseter (M) and Masseter control group (CM), (B) diaphragm (D) and diaphragm control group (CD),
(C) brachial triceps (TB) and brachial triceps control group (CT), (D) biceps femoris (BF) and biceps femoris control group (CF) from
GRMD dogs aged 2, 3, 5 and 8 months respectively. Vertical columns represent means of each group in the sampling times. Columns

with letters in common do not differ by Tukey’s test (p<0.05).

the highest amounts of this tissue, followed by biceps femoris,
diaphragm, and masseter. The amount of fibro-collagenous
tissue varied in relation to the muscle group and age group
in all muscle groups studied. When compared to the control
group, GRMD dogs had a significant increase in the amount of
collagenous tissue in all muscle groups (p<0.05), as measured
in percentage of tissue per field (Fig.4). It was observed a
correlation (p<0.05) between collagen and mast cells in the
muscles of these dogs, it was verified one stronger linear
correlation in triceps with dystrophy in animals of 2 and 3
months of age, both r=0.99 and coefficient of determination
(r?)in 0.98 and 0.99, respectively (Table 1). In biceps femoris
resembled (r=0.95, r?=0.90) (Table 1).

DISCUSSION

In this study, GRMD dogs from 2 to 8 months in age have
been characterized by variations in muscle fiber diameter,
necrosis, hyalinization, mononuclear cells infiltration, fatty
infiltration, and interstitial fibrosis in four muscle groups:
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the masseter, diaphragm, triceps, and biceps femoris. These
observations are consistent with previously published studies
of GRMD dogs of different ages (Beretta et al. 2014, Miyazato
etal. 2011a, 2011b).

Our results suggest the masseter muscle presented a
lower incidence of injuries among the four muscles evaluated.
Minimal degeneration of the masseter may be due to smaller
muscle fiber diameters and minimal exposure to mechanical
stress as compared to muscles located in the fore and hind
limbs (Lee et al. 2006).

We observed an increase in the number of mast cells in
dystrophic animals compared to control group animals. This is
consistent with a previous study of DMD patients with a mean
age of 41 months, where an increase in the number of mast
cells was observed compared to control group. These mast cells
were immuno-positive for neural growth factor (NGF), while it
was negative for other inflammatory cells such as lymphocytes
and macrophages (Toti etal. 2003). Quantification of mast cells
revealed a higher number of mast cells in the triceps, biceps
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Fig.4. Deposition of fibro-collagenous tissue in (A) Masseter (M) and Masseter control group (CM), (B) diaphragm (D) and diaphragm
control group (CD), (C) brachial triceps (TB) and brachial triceps control group (CT), (D) biceps femoris (BF) and biceps femoris control
group (CF) from GRMD dogs aged 2, 3, 5 and 8 months respectively. Vertical columns represent means of each group in the sampling
times. Columns with letters in common do not differ by Tukey’s test (p<0.05).

Table 1. Ratio fibro-collagenous-mast cells in skeletal muscle samples from golden retriever muscular dystrophy dogs of four
times and control

Age of animals

Treatments 2 months 3 months 5 months 8 months
D C D C D C D C

Masseter r 0.36 -1.0- 0.39 0.6 - 0.79 - 0.14 0.50 -0.33-
r’ 0.13 0.01 0,15 0.4 0.63 0.02 0.50 0.11

p-value p>0.05 p>0.05 p>0.05 p>0.05 p>0.05 p>0.05 p>0.05 p>0.05
Diaphragm r -0.57 - -0.50- 092 - 0.31 0.90 -0.08 - 0.96 0.98
r? 0.32 0.30 0.86 0.09 0.81 0.007 0.92 0.97

p-value p>0.05 p>0.05 p>0.05 p>0.05 p>0.05 p>0.05 p>0.05 p>0.05
Brachial triceps r 0.99 - 0.70 - 0.99 0.57 0.90 - 0.8 -0.096 - 0.2
r? 0.98 0.50 0.99 0.33 0.94 0.7 0.092 0.05

p-value p<0.05 p>0.05 p<0.05 p>0.05 p>0.05 p>0.05 p>0.05 p>0.05

Biceps femoris r 0.95 - 0.60 - 0.70 0.99 - -0.64 - -0.7 - 0.79 0.82 -
r? 0.90 0.30 0.50 0.99 0.41 0.51 0.63 0.6

p-value p>0.05 p>0.05 p>0.05 p<0.05 p>0.05 p>0.05 p>0.05 p>0.05

D = Animals with dystrophy, C = control; r = Pearson’s correlation coefficient with significance, r2 = coefficient of determination.

Pesq. Vet. Bras. 40(10):791-797, October 2020
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femoris, and masseter of 2-month-old dogs. These muscles are
more severely affected by the inflammatory process in younger
animals due to high usage and activity during the post-natal
period (Valentine & Cooper 1991, Nguyen et al. 2002, Miyazato
2010), thereby suggesting a direct relationship between muscle
degeneration and the number of mast cells.

We also observed a decrease in the average number of mast
cells and percentage of deposition of collagenous tissue the
diaphragm, indicating a lower degree of lesion in this muscle.
This is consistent with a previous study, in which eleven muscles
from GRMD dogs of varying ages revealed that the diaphragm was
the least affected muscle, while showing a greater regenerative
capacity similar to the masseter muscle (Miyazato 2010). However,
the diaphragm of human DMD patients is the most affected
muscle in adulthood. These structural deformities likely result
from confinement to a wheelchair (Lessa etal. 2014b). Therefore,
the degree of lesion in the diaphragm of DMD patients could
be associated with age. In GRMD dogs, this occurs in younger
animals, in contrast to DMD patients of older age.

Furthermore, another study showed that 3-month-old
GRMD dogs displayed a higher number of mast cells in the
peroneus longus muscle as compared to 6-month-old GRMD
dogs. Comparatively, 6-month-old GRMD dogs correspond to
11-year-old patients with DMD (Gorospe etal. 1994), a period
for which a wheelchair is typically needed (Gorospe et al.
1994). The degree of lesions may be related to inflammatory
response and muscle activity, since patients in wheelchairs
had limited movement (Gorospe et al. 1994).

Another study showed, the 12-week physical therapy protocol
consisting of active exercises 3 times a week for 40 minutes with
rest intervals demonstrated negative effects on walking speed
and increased the amount of type I collagen in 5-months-old
dystrophic dogs (Gaiad et al. 2014). The degree of injury may
be related to inflammatory response, as well as muscle activity,
since patients in wheelchairs reduce the movement of members.

The interrelationship of mast cells in the pathogenesis of
fibrosis in GRMD dogs is poorly understood. In this study, we
observed fibrosis in animals as early as 2 months of age. Previous
studies with GRMD dogs of varying ages displayed significant
increases in the deposition of fibrous tissue in the quadriceps
and tibialis anterior muscles (Cozzi et al. 2001). However, no
increase of fibrous tissue deposition in relation to age was
observed. The dystrophic process, including replacement of
muscle by fibrotic tissue, was evident in 15 days old animals,
well before the completion of the muscle maturation (Cozzi et
al. 2001). This is in contrast to that observed in DMD patients,
in which fibrosis deposition is correlated with age (Cozzi et al.
2001). Decreased fibrosis with the increase in age may be due
to depletion of muscle potential, followed by repeated cycles of
degeneration and regeneration (Cozzi et al. 2001). The extent
of proliferation of the connective tissue is also variable in DMD
patients, despite the fact that fibrosis generally increases with
the progression of the disease.

The first stage after muscle injury is the formation of
hematoma between damaged fibers that is rapidly invaded by
inflammatory cells and cytokines. In addition to stimulating
the functions of satellite cells, these molecules also induce
massive proliferation and activation of fibroblasts. Fibrosis is
the aberrant deposition of extracellular matrix (ECM) during
the healing, DMD and some other muscular pathologies, it might
ultimately lead to substitution of skeletal and cardiac muscle
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by fibrous tissue (Serrano & Mufioz-Canoves 2010, Serrano
et al. 2011). An alternative explanation this study could be
that higher mast cells track with overall inflammation and
edema, which could potentially expand the extracellular space,
including the interstitium (endomysium and perimysium).
However, in older dogs, you would no longer expect to see
this degree of active disease.

Current pharmacological study evaluated the bortezomib
an inhibitor of the ubiquitin-proteasome pathway associated
with degradation of the dystrophin-glycoprotein complex (DGC).
Study has shown a decrease in the deposition of fibrous tissue
and inflammatory cells in the skeletal muscle of 4-months-old
GRMD dogs treated for 4 weeks with bortezomib. However,
in this study CK levels presented altered indicating that the
disease progressed despite treatment (Araujo et al. 2013).

Our findings confirm the hypothesis that mast cells are
more numerous muscles containing defective dystrophin, as
well as participate in the histopathologic characterization of
lesions and deposition of collagenous tissue in the muscle
fibers. The femoral biceps, triceps, and masseter displayed a
higher average number of mast cells and minor lesions, thus
suggesting a direct relationship between the intensity of the
injury and the number of mast cells.

CONCLUSIONS

The results demonstrate a direct relationship between the
histopathological lesions and the number of mast cells and
collagen fibers in skeletal muscle of four groups of dogs GRMD
from 2 to 8 months of age. The age group of 2 months presented
the highest average number of mast cells and collagenous tissue
deposition and in contrast the age of 8 months presented the
lowest average number and lowest deposition of fibrous tissue.

Nevertheless, more studies are needed to clarify the
role of mast cells in the pathogenesis of fibrosis in order to
contribute to the development of new therapeutic approaches
and improve the life expectancy of humans and dogs affected
by muscular dystrophy.
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