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Abstract

In this research we studied the alterations in the muscles and myotendinous junction of dogs with muscular
dystrophy. Gastrocnemius muscle (GM) and myotendinous junction (MTJ) samples of 3 controls and 6 dystrophic dogs
were subjected to histopathological and immunohistochemical assays. Histopathological/histomorphometric analysis
showed that the lesions in the GM were more pronounced and showed the highest percentage of Fiber Type Il (FTII) and
low values for the minimum diameters and areas of Fiber Type | (FTI) and FTII than those in the MTJ. FTII in dystrophic
MTJ was morphologically similar to the controls. There was a significant difference (p < 0.07) in the MHCI antigen
compared to the control. We conclude that the preservation of the morphological features of the MTJ can be directly related
to a better stabilization of FTI1I, lower expression of the MHCI complex and less cytotoxic activity of CD8.
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Introduction

Duchenne Muscular Dystrophy (DMD) is an
inherited myopathy characterized by progressive weakness
and muscle degeneration in humans (3, 23). The cause of
DMD is a deletion in an X chromosome gene, which is
responsible for the synthesis of dystrophin (23, 45).
Dystrophin-deficient muscle fibers lack the normal
interaction between the sarcolemma and the extracellular
matrix and due to the weak anchoring muscles suffer
ruptures under the repeated stress of contractions (48).

Golden Retriever dogs with muscular dystrophy
(GRMD) are the most appropriate experimental models to
study the disease because the muscular alterations in
GRMD are similar to those described for DMD in humans
(13, 14, 24, 41). Lesions, such as degeneration, necrosis,
and fibrosis in skeletal muscle are observed in GRMD and

DMD patients (48). Moreover, in both GRMD and DMD
patients, death is caused by cardiorespiratory failure (41,
53).

The absence of dystrophin may also affect other
structures, including the myotendinous junction (MTJ) and
tendon (32). The MTJ is the interface between the skeletal
muscle and the tendon, and it is formed by deep
longitudinal fissures that are shaped like human fingers
and filled with collagen from the tendon (32). The
anatomical connection between the muscle cells and the
extracellular region in the MTJ is adapted to reduce
mechanical stress (26, 27, 33). Type Il muscle fibers in this
region have interdigitations that are smaller and thinner
than those of type | muscle fibers, increasing the contact
area with the tendon by 30% to 40%. (29, 33).

In general, two types of muscle fibers are found in
the skeletal muscles of adult dogs: type | (FTI) and type Il
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(FTH) (26). The morphological constitution of muscle
fibers is characterized by the enzyme activity of myosin
adenosine triphosphatase (mATPase) (12). Under optical
microscopy, FTI stain palely whereas FTII stain darkly
(15). In the gastrocnemius muscle (GM), the number of
FTI and FTII are similar and was not influenced by the
weight of the animals (5, 6).

Studies of dystrophic muscle have indicated that
several factors are related to cell death, including
mechanical injury, the action of free radicals, the presence
of myeloid cells and autoimmunity mediated by T cells (8,
20, 22, 35). The use of immunosuppressants, such as
prednisone and tumor necrosis factor-a (TNFa) blockers,
in DMD patients and mdx mice has demonstrated that
autoimmunity plays an important role in dystrophic muscle
lesions. However, the central role of immune cells in
DMD, including their activity and activation, has not been
fully elucidated (47, 49).

Within this context, the aim of this study was to
describe the distribution patterns of FTI, FTII, and lesions
present in the GM and MTJ in GRMD by means of
immunohistochemical, histochemical, and morphometric
analyses.

Material and Methods
Animals

This work fully complies with the ethical
principles for animal experimentation adopted by the
Brazilian Society of Laboratory Animal Science (SBCAL)
and was approved by the Ethics Committee on Animal Use
(CEUA) of the Sdo Paulo State University, Jaboticabal,
Séo Paulo, Brazil, protocol number 025486/09.

Six, male Golden Retrievers affected by
progressive muscular dystrophy and three, healthy, control,
male, mongrel dogs that were negative for the disease were
used in this study. The ages of the dogs ranged from 10 to
21 months old. The animals were from the Brazilian
Association of Friends of Muscular Dystrophy (AADM)
colony based in Ribeirdo Preto, Sdo Paulo, Brazil.
Muscular dystrophy was confirmed by DNA analysis of
leukocyte broth, which was conducted at the Human
Genome Study Center in S8o Paulo and at the AADM
Gene Therapy Center.

The dystrophic animals used in the present work
died naturally from progressive worsening of the disease.
The control animals died of various causes that did not
involve the musculoskeletal system.

Analysis of genomic DNA

The genomic DNA was analyzed at the Human
Genome Study Center at the University of S&o Paulo. To
perform the analyses, DNA was extracted from blood
samples collected from young pups, using a commercial
kit (GFX Genomic Blood DNA Purification Kit,

Amersham Pharmacia Biotech, Milwaukee, WI). The
genotypes of the dystrophic and nondystrophic dogs were
determined using the GF2 and GR1 primers.

Collection and processing of muscle samples

Muscle samples of nondystrophic and dystrophic
dogs were collected just after death. Seventy-five
fragments of the GM and MTJ were collected in duplicate.
Half of the samples were fixed in 10% buffered formalin at
pH 7.4 for a period of 24 h, then processed using standard
techniques for paraffin embedding, and cut into 5-um thick
sections. The remaining fragments were immersed in n-
hexane (Labsynth Co., Diadema, Sao Paulo, Brazil) and
then frozen and stored in liquid nitrogen at -120°C.
Subsequently, serial transversal sections were cut
(thickness of 5 um) in a cryostat at -20°C (Damon/IEC
Division 3398 Microtome Cryostat), placed on electrically
charged adhesive slides (Star Frost adhesive slides, Code
9546, Sakura Finetek Europe, Zoeterwoude, The
Netherlands), and stored at -80°C.

Qualitative analysis

After standard histological processing, the GM an
MTJ sections were mounted on histologic slides and
stained using hematoxylin and eosin (HE) and modified
Gomori trichrome (MGT). To characterize the
histopathologic changes, a qualitative analysis method was
used to take into consideration the percentage of altered
muscle fibers in relation to the muscle fascicle. The
histopathologic changes were graded as follows:
Grade 0: normal muscle without the presence of
abnormalities;
Grade 1: mild lesions, randomly affecting less than 10%
of the muscle fibers in each muscle fascicle;
Grade 2: moderate lesions with multifocal distribution
affecting 10-50% of the fibers in each muscle fascicle;
Grade 3: severe lesions with diffuse distribution of
lesions, affecting more than 50% of the fibers in each
muscle fascicle.

Evaluation of collagen type

Picrosirius red staining was used to identify the
type of collagen in the MTJ of dystrophic and
nondystrophic animals. Collagen type | presented a yellow,
orange, or red color, while collagen type 111 stained green.
Collagen type Il is present only in cartilage.

Paraffin sections were stained with Sirius red
(Code 35780, Sigma-Aldrich Chemical Co., St. Louis,
MO, USA) dissolved in a solution of saturated picric acid.
The slides were examined under light microscopy (halogen
lamp) with a polarizing filter.

Evaluation of intracellular calcium

Slides with frozen sections were stained with
Alizarin Red S (ARS; pH 4.3), specifically to evaluate
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calcium. The intracellular calcium stained orange-red. The
relative proportions of calcium-positive muscle fibers
(orange-red stained) and calcium-negative fibers
(unstained) in the GM and MTJ of the two groups
(dystrophic and nondystrophic) were evaluated. In this
histopathological evaluation, 200 muscle fibers of the GM
and MTJ were randomly analyzed to assess the
percentages of ARS-positive and ARS-negative fibers in
each sample.

Histomorphometric analysis

Frozen sections were used to perform the
mMATPase reaction (adenosine 5'-triphosphate from Sigma-
Aldrich Diagnostics, St. Louis, MO, USA) with alkaline
pre-incubation (pH 9.4) to evaluate the percentage and
distribution of FT1 and FTIl in GM and MTJ.

Morphometric analyses of the diameters and areas
of the FTI and FTII were performed using an image
analyzer (KS 100 version 3.0, Kontron, Carl Zeiss).
Images were obtained by a video camera (Color Video
Camera TK-1070U-JVC) attached to a binocular
microscope (Jenaval, Carl Zeiss) and connected to a
microcomputer. A total of 100 fibers of each type (FTI and
FTII) were randomly analyzed for each sample (GM and
MTJ) from the dystrophic and nondystrophic animals. The
minimum diameter and area were calculated as the
arithmetic mean of the values obtained.

Immunohistochemistry

Six primary antibodies were used to determine the
expression of CD4, CD8, major histocompatibility
complex MHCI, MHCII, utrophin and vimentin in the
dystrophic and nondystrophic animal samples with
immunohistochemical assays using streptavidin-biotin
peroxidase complexes with modifications (Hsu et al. 1981)
(Table 1).

For the paraffin sections, the slides were initially
kept in a dry oven for 1 h at 60°C, followed by
deparaffinization in xylene and decreasing concentrations
of ethyl alcohol. Each of the steps was preceded by rinsing
with Tris-HCI buffer (pH 7.6).

For the reactions with the anti-MHCII and anti-
vimentin antibodies, antigen retrieval was performed in an
electric steamer at 97°C (Cuis Steamer T-Fal, Arno SA)
with a pre-warmed solution of 10 mM sodium citrate (pH
6.0). To block endogenous peroxidase activity, hydrogen
peroxide was added to a solution of phosphate-buffered
saline (PBS; pH 7.4), for a final concentration of 5%.
Nonspecific reactions were blocked with 2% bovine serum
albumin (BSA; A7030, Sigma). Primary antibodies were
diluted in 1% BSA and incubated in a humidified chamber
at 4°C for 16 h.

The labeled polymer EnVision (EnVision + Dual
Link Kit HRP, Dako, catalog #K4061) was used as the
secondary complex. The reactions were developed using

3,3-diaminobenzidine (Liquid DAB+, Dako K3468-1) as
the chromogenic substrate, counterstained with Harris
hematoxylin for 30 s, and then rinsed in running water.

The sections were dehydrated in increasing gradients of
ethyl alcohol, followed by a clearing step in xylene.
Permount was used to mount the coverslips (SP15-500,
Fisher Scientific).

For immunohistochemical reactions with the anti-
CD4, anti-CD8, anti-MHCI and anti-utrophin antibodies,
the frozen sections were fixed in cold acetone and then
washed with Tris buffered saline with Tween (TBST; pH
7.6). From this stage forward, the immunohistochemistry
procedures followed the protocol developed for paraffin
sections, starting at the step for blocking endogenous
peroxidase activity.

For the anti-CD4 and anti-CD8 antibodies, all
immunostained cells were randomly counted in five fields
for each section with the assistance of a graticule
micrometer (Nikon, Inc., Japan) at 400x magnification.
For the other antibodies, the distribution and presence in
the tissues was examined and scored as follows: (0) no
immunostaining; (1) weak; isolated, and randomly
distributed immunostaining; (2) moderate; immunostaining
in groups with multifocal distribution, and (3) strong;
diffuse immunostaining throughout the muscle section.

Statistical analysis

The Kruskal-Wallis test (p < 0.07) was used to
analyze all immunostaining reactions. The least squares
method was used to compare the minimum diameters and
areas of the FT1 and FTII, and the Wilcoxon test was used
to compare distributions of fiber types (p < 0.05 for both
tests). All statistical analyses were performed using SAS
software (SAS 9.1, SAS Institute, Cary, NC, USA).

Results
Qualitative analysis

In the nondystrophic dogs, the GMs and MTJs
had uniformly distributed muscle fibers. They had a
polyhedral cellular arrangement and scarce interfibrillar
space interspersed with connective tissue. Morphological
changes were observed in the dystrophic animals,
including increased endomysial and perimysial spaces with
fibrous replacement, low fat infiltration and a considerable
number of mononuclear inflammatory cells. The myofibers
were altered in shape and diameter, showing atrophy
and/or  hypertrophy.  Hyalinized fibers exhibited
hyperacidophilic, hypertrophied, and clear and well-
defined cytoplasm. In the GM, clustered necrotic fibers
with cytoplasmic deformities, pale and homogeneous
sarcoplasm, pyknotic nuclei and the presence of
phagosomes with cellular debris were evident. In both the
GM and MTJ, fibers with basophilic cytoplasm and large
nuclei were identified, suggesting regeneration processes
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(Figure 1A). The observed ragged red fibers were
characterized by a granular red-blue appearance in the
sarcoplasm from the MGT staining (Figure 1B).

Moderate lesions (Grade 2) affecting 10-50% of
the myofibers in each muscle band were observed in the
gastrocnemius muscle of 83% of the dystrophic animals.
The remaining animals (17%) showed severe lesions
(Grade 3), with diffuse, damaged myofibers that affected
more than 50% of the muscle fibers in each band (Table 2).

Discrete lesions were observed in the MTJs of all
dystrophic animals. Damaged myofibers were isolated and
randomly distributed (Grade 1) in 50% of the animals and
moderate lesions were observed in the remaining 50%
(Grade 2) (Table 2).

Evaluation of collagen type

The types of collagen present in the MTJ of the
dystrophic and nondystrophic animals did not differ.

Interdigitations formed by deep longitudinal fissures of
muscle tissue were observed, intermingled with type |
collagen and with fibers arranged in reddish colored
bundles coming from the tendon (Figure 2).

Evaluation of intracellular calcium

Dystrophic calcification of muscle fibers in the
necrotic regions was observed with ARS staining. Calcium
was distributed evenly throughout the myofiber
sarcoplasm. Isolated fibers and/or areas with a
concentration of ARS-positive fibers were seen in the GMs
and MTJs of all dystrophic animals (Figure 3A). The
Kruskal-Wallis test indicated no significant correlation (p
< 0.05) between the number of ARS-positive fibers in the
GM or MTJ of dystrophic and non-dystrophic dogs (Figure
3B).

Table 1. Specifications of the primary antibodies used in the immunohistochemical assay of dystrophic and non-dystrophic

animals muscle samples.

Primary antibodies  Sample Dilution Code Brand Control

Anti-CD4 Paraffin 1/80 DH29A VRMD Lynph node

Anti-CD8 Paraffin 1/80 CADO46A VRMD Lynph node
Anti-MHCI Paraffin 1/240 H 58 VRMD Colon

Anti-MHCII Frozen 1/400 MO746 Dako Lynph node
Anti-utrophin Paraffin 1/200 NCL-DRP2 Novo Castra Neuromuscular junction
Anti-vimentin Frozen 1/200 M7020 Dako Utero

(arrows), necrotic fiber (*), perimysial fibrosis (PF) and hyalinized fiber (H). HE. Bar = 10 um. B. “Ragged red” fiber
(arrows) and perimysial fibrosis (PF). MGT. Bar = 10 um. C. Calcification of the myofiber (arrows). ARS. Bar = 10 um.
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Table 2. Percentage of degrees of injuries on the
gastrocnemius muscle and myotendinous junction in
dystrophic dogs.

Degree Gastrocnemius Myotendinous
muscle junction

1 0.0% 50.0%

2 83% 50.0%

3 17% 0.0%

Figure 2. Myotendinous junction of dystrophic dog.
Parallel collagen fibers of tendon (T) and interdigitation of
muscle tissue and collagen (arrows). Picrosirius red
staining under polarized light microscopy. Bar =5 um.

Histomorphometric analysis

The GM and MTJ muscle fibers in the
nondystrophic animals showed a mosaic pattern with a
homogeneous distribution of FTI and FTII. However, the
dystrophic fibers had irregular edges and a diversity of
size, and they displayed grouping by type of FTIs and
FTls. In dystrophic GMs, FTIlIs were predominant,
whereas FTIs were predominant in the nondystrophic
animals (Figures 4 A, B, C).

The proportion of FTI to FTII in the MTJs of the
dystrophic and nondystrophic groups did not differ (Figure
4C). The mean FTI and FTII minimum diameters and areas
were significantly smaller in dystrophic fibers than in the
nondystrophic fibers (p < 0.05). The mean FTI minimum
diameter and area in the dystrophic group were less than
those observed in the nondystrophic group (p < 0.05),
whereas there were no significant differences found
between groups in the mean FTII minimum diameter and
area (Figure 4D, E).

Immunohistochemistry
Immunostaining of CD4* and CD8* lymphocytes
CD4* and CD8* lymphocytes were isolated and

randomly distributed throughout the endomysium,
perimysium, and around vessels in the nondystrophic

animals. In dystrophic animals, these lymphocytes were
also observed in areas of degeneration and necrosis (Figure
5A and 5B). A significantly greater number of CD4* and
CD8* cells was observed in dystrophic muscles when
compared to nondystrophic muscles (p < 0.07). However,
the numbers of CD4* and CD8* lymphocytes between the
GMs and MT]Js of dystrophic animals did not differ (Table
3).

Immunostaining of MHCI and MHCII antigens

Immunostaining of the MHCI antigen occurred in
the capillaries and blood vessels of the endomysium and
perimysium in the nondystrophic GMs and MTJs. In the
dystrophic muscles, MHCI was also expressed in areas of
inflammation, necrosis, and regeneration, as well as on the
surface of myofibers. MHCI staining was significantly
different between the GM and the MTJ, with strong
immunostaining (score 3) in the GM (Figure 5C) and
moderate immunostaining (score 2) in the MTJ (Figure
5D) (p < 0.07) (Table 4).

The pattern of MHCII immunostaining was
similar to that of MHCI, with positive staining in blood
vessels and mononuclear endomysial cells of the
nondystrophic animals. In the dystrophic muscles,
mononuclear endomysial cell macrophages were also
present in regions of inflammation undergoing necrosis
and degeneration (Figure 5E and 5F).

% of calcium positive fibers

Figure 3. A. Gastrocnemious muscle of a dystrophic dog
with  calcium-positive  fibers showing intracellular
orangish-red staining (arrows). ARS. Bar = 10 um. B.
Percentage of ARS positive fibers in the gastrocnemius
muscle (GM) and myotendinous junction (MJT) of
dystrophic and non-dystrophic dogs.
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The average immunostaining ranged from weak
to moderate (scores 1 and 2, respectively) and was more
severe in the GM. However, no statistically significant
difference between the dystrophic GMs and MTJs was
observed (p < 0.07) (Table 5).

Vimentin immunostaining

In the nondystrophic animals, vimentin expression
was strong in the blood vessels and weak in the connective
tissue. The degree of immunostaining was strong (score 3)
in dystrophic GMs and moderate (score 2) in dystrophic
MTJs. Vimentin was largely expressed in regenerating
myofibers and was observed in areas of degeneration,
necrosis, and inflammation (Figures 5G and 5H). There
was no statistical difference between vimentin staining in
the MTJs and the GMs of dystrophic cells (Table 4).

Immunostaining of utrophin

In  the nondystrophic animals, utrophin
immunostaining was intense in blood vessels and was
expressed with weak intensity (score 1) on the surface of
GM and MTJ muscle cells (Figure 51). In dystrophic cells,
the degree of immunostaining was strong (score 3) on the
surfaces of the myofibers and blood vessels as well as in
the sarcoplasm of some regenerating myofibers in the GMs
and MTJs (Figure 5J).

Discussion

In this study, the histopathological analysis
demonstrated that the GMs and the MTJs of dystrophic

animals have alterations characteristic of muscular
dystrophy in human beings, such as fibrosis, hyalinization,
hypertrophy, ragged red fibers, necrosis, calcification, and
regeneration. These results corroborate those reported for
dystrophic dogs by other authors (31, 38, 41). We found no
significant differences in the percentages of ARS-positive
fibers between the dystrophic and nondystrophic dogs in
the MTJ and GM. These findings differed from those of
earlier studies showing a significant difference in the level
of calcium-positive fibers between the dystrophic and
nondystrophic groups for five muscles. In particular, in a
previous study of 1- to 51-month-old GRMD, the masseter,
brachial biceps and triceps, femoral biceps, and cranial
sartorius presented a greater number of ARS-positive
fibers in comparison to nondystrophic dogs (39). The
results suggest that the MTJ and GM are more preserved
than other muscles in GRMD. Moreover, the
morphological lesions in the MTJ were more attenuated
than in the GM.

There was no difference in the type of collagen
present in the MTJs of dystrophic and normal animals.
Evidence of collagen fibers with high birefringence and a
strong reddish staining was found in both groups, which is
typical of type | collagen normally found in the MTJ (28,
40, 43), indicating that no significant changes occurred in
this region.

The formation of groupings by type of FTI and
FTII was observed in the GMs and MTJs of dystrophic
dogs, as previously described in GRMD by other authors
(31, 38, 52). This type of lesion is reported only in dogs
and can be used as a characteristic marker of the disease
(52). The fiber type composition in the dystrophic dogs
was also altered.

Table 3. Mean and standard error of the number of CD4* and CD8* by 0.0052 mm? in the gastrocnemius muscle and

myotendinous junction of non-dystrophic and dystrophic dogs.

Gastrocnemius

Myotendinous

Groups muscle junction

CD4* CD8* CD4* CD8*
Dystrophic 31.66 £ 4.88 (a) 35.50 £ 6.22 (a) 27.33£3.26 (a) 31.33+6.21 (a)
Non-dystrophic 1.66 + 0.57 (b) 2.00 £ 0.02 (b) 1.33+0.57 (b) 2.00 £ 1.00 (b)

Means followed by different letters indicate significant differences (P < 0.07) by the method of Kruskal-Wallis.

Table 4. Mean and standard error, minimum and maximum score for immunostaining of the MHCI antigen in
gastrocnemius muscle and myotendinous junction of dystrophic dogs.

MHCI

MHCII Vimentin

Sample Mean + SD

Gastrocnemius muscle
Myotendinous junction

2.75+0.27 (a)
2.33+0.40 (b)

1.83 £ 0.60 (a)
1.33+0.75 (a)

2.83+0.40 (a)
2.33+0.75 (a)

Means followed by different letters in the column indicate significant differences (P <0.07) by the method of Kruskal-

Wallis. SD: standard error.
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Figure 4. Enzymo histochemistry mATPase reaction (pH 9.4). A. Myotendinous junction of dystrophic dog with type-
grouping of FTI (arrow). B. Gastrocnemius muscle of dystrophic dogs: type-grouping of FTII (arrow). C. Graphical
representation of percentage of FTI and FTII in the gastrocnemius muscle and myotendinous junction of non-dystropic and
dystrophic dogs. D. Graphical representation of mean area and the minimum diameter in micrometers of FTI and FTII in
gastrocnemius muscle of control and of dystrophic dogs. E. Graphical representation of mean area and the minimum
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followed by different letters indicate significant differences (P < 0.05) by the method of least squares. Bar = 10 um.
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Figure 5. A/B. Immunohi:stochémical reaction for T -Iyrhpho
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immunostaining (arrows) (A). CD4* immunostaining (arrows) (B). Bar = 5 um. C/D. Immunohistochemical reaction for
MHCI in the gastrocnemius muscle and myotendinous junction of dystrophic dogs; immunostaining at the sarcolemma (*)

and blood wvessels (arrow). Gastrocnemius muscle: moderate immunostaining. Myotendinous junction,

weak

immunostaining (D). Bar = 10 pm. E/F. Immunohistochemical reaction for MHCII in the gastrocnemius muscle and
myotendinous junction of dystrophic dogs. E: Gastrocnemius muscle: immunoreactivity in mononuclear cells (arrows). Bar
= 10 pm. F: Myotendinous junction: immunostaining in the sarcolemma (arrow) in area of necrosis. Bar = 5 um. G.
Immunohistochemical reaction for vimentin in the myotendinous junction of dystrophic dogs. Immunostaining in necrotic
area (arrow). Bar = 5 um. H. Immunohistochemical reaction for vimentin in the gastrocnemius muscle of dystrophic dogs.
Immunostaining in regenerating myofibers (*) and blood vessels (arrow). Bar = 5 um. 1/J. Immunohistochemical reaction
for utrophin.. I: Myotendinous junction of non-dytrophic dogs: blood vessel (strong immunostaining near center), weak
immunostaining for utrophin at the sarcolemma. Bar = 10 um. J: Myotendinous junction of dystrophic dogs: blood vessel

(strong immunostaining under center), strong immunostaining for utrophin at the sarcolemma. Bar = 20 um.
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Table 5. Mean and standard error, minimum and
maximum score for immunostaining of the MHCII antigen
in gastrocnemius muscle and myotendinous junction of
dystrophic dogs.
Sample

Mean + SD
Gastrocnemius muscle 1.83£0.60 (a)
Myotendinous junction 1.33+£0.75 (a)

Means followed by different letters indicate significant

differences (P <0.07) by the method of Kruskal-Wallis.

SD: standard error.

Table 6. Mean and standard error, minimum and
maximum score for immunostaining of vimentin antigen in
gastrocnemius muscle and myotendinous junction of
dystrophic dogs.
Sample

Mean + SD
Gastrocnemius muscle 2.83+£0.40 (a)
Myotendinous junction 2.33+0.75 (a)

Means followed by different letters indicate significant

differences (P <0.07) by the method of Kruskal-Wallis.

SD: standard error.

In the GMs of the dystrophic dogs, the slow
contracting FTI was replaced by fast contracting FTII, and
in the MTJ, the number of FTII increased. In our previous
study of 7- to 13-month-old GRMD, FTII was replaced by
FTI in six muscles (i.e., the masseter, semimembranosus,
biceps femoris, cranial sartorius, biceps, and triceps
brachii).

The fiber types of the skeletal musculature are
controlled by nerve activity through specific signaling
pathways, such as the calcineurin (Cn)-nuclear factor of
activated T-cells (NFAT) pathway. The Cn-NFAT
pathway the principal signaling route responsible for
maintaining the activity of genes that produce slow
contraction fibers in adult muscles and during regeneration
of these muscles (31). Studies showed that there is an
attenuated form of the disease in lines of dystrophic mdx
mice with enhanced activity of the Cn pathway because
FTI may express greater quantities of utrophin, a
membrane protein that compensates for the lack of
dystrophin (4, 19, 49). However, even though the 7- to 13-
month-old GRMD had a higher proportion of FTI, they
had more severe histopathologic alterations. In the present
study, dystrophic animals showed an increased number of
FTIl and more moderate histopathologic lesions. Thus,
taken together, these data still do not support a role for FTI
predominance in GRMD.

The average minimum diameter and area of FTII
in the MTJs were equal to those observed in the normal
animals, suggesting that visible atrophic or hypertrophic
lesions were absent. This result suggests that the larger
contact area of FTII (29, 32) and the connection between
muscle fibers and tendons mediated by integrin (37)
generates greater stability in the MTJ, preserving it from
the stress of contraction.

Utrophin was strongly expressed in both
structures studied, corroborating what has been previously
described for the soleus and the extensor digitorum longus
muscles (9, 10), as well as the MTJs of dystrophic mice
(37, 42, 54). The MTJ appeared more morphologically
preserved than the GM. These data coupled with the
predominance of fiber type and morphological lesions
suggest that utrophin is not the only stabilizing protein
acting in this region. Therefore, joint action with another
protein normally found in the MTJ, such as integrin, may
play an important role in the organizational and structural
maintenance of this region and could explain the milder
lesions found in these areas.

The significant increase in CD4* and CD8* cells
in the dystrophic fibers strongly suggests the action of the
immune system in the inflammatory process in GRMD,
corroborating other studies on human patients with DMD
(7, 35) and on GRMD (38). There was no statistical
difference between the number of CD4* and CD8" cells in
the GMs and MTJs of dystrophic animals. These findings
contradict studies describing a predominance of CD4* and
CD8* cells in the muscles of mdx mice (2, 16, 17, 46),
GRMD (38), and humans with DMD (35). However, the
results reinforce previous findings demonstrating that
lymphoid infiltrates have variable locations and intensities
in dystrophic canine muscle tissue (14).

The similar number of CD4* and CD8* cells
indicates that there is a joint action of these cells in
dystrophic muscle, without one cell type overpowering the
other. An interaction between CD4* and CD8* cells has
been reported in studies of mdx mice, where the cytokine
interleukin-2 released by CD4* cells acted favorably on
CD8* cell proliferation (50, 21).

MHCII immunoreactivity in dystrophic cells
ranged from weak to moderate; it was observed in
macrophages and areas of necrosis and degeneration,
corroborating studies that have reported its expression in
GRMD (38) and humans with DMD (14, 30). MHCII is
responsible for the appearance and activation of CD4*
cells, which activate potent microbicidal substances that
destroy phagocytosed pathogens when associated with
macrophages (47). Thus, in this study, there was evidence
that CD4* lymphocytes can activate macrophages and
induce CD8" cell migration, similar to the results observed
for other muscles in GRMD (38).

The expression of MHCI was detected on the
surface of dystrophic myofibers and in areas of necrosis,
regeneration, and inflammation. These findings agree with
those reported for the vastus lateralis, rectus femoris,
deltoid, and quadriceps muscles in human patients with
DMD (1, 16, 30, 35), as well as with the results reported
for the masseter, diaphragm, biceps brachii, long head of
triceps  brachii, semitendinosus, semimembranosus,
superficial head of the biceps femoris, and cranial sartorius
muscles in GRMD (38). The degree of MHCI expression
was more moderate in dystrophic MTJ cells than in GM
cells. Its presence in the target cells is essential for the
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cytotoxic activity of CD8" lymphocytes (34, 36). Under
these conditions, the lower expression of MHCI in MTJ
myofibers may be related to decreased activation of CD8*
cells and consequently less damage to myofibers.
However, other factors, such as cytokines and
costimulatory molecules, may contribute to this reduction.

The immunoexpression of vimentin was intense
in the MTJs and GMs of dystrophic muscles. The presence
of this protein has also been reported in the dystrophic
muscles of humans with DMD (18). Vimentin acts in the
regenerative process and is responsible for the migration,
fusion, and structural modeling of myogenic cells (11, 51).
The strong intensity of immunostaining observed in this
study disagrees with other studies of GRMD, in which
vimentin was expressed weakly in the eight muscles
examined (38). These findings suggest that the GM and the
MTJ maintain their regenerative capacity even in the final
stages of the disease.

Considering the morphofunctional preservation of
the MTJ observed in this study, a number of factors may
act together. One factor is greater anchoring of FTII in the
MTJ, causing less severe lesions and a lower release of
cytosolic proteins. Therefore, there is lower MHCI-peptide
complex expression, which is responsible for the presence
and activation of cytotoxic T cells in the muscle to
modulate the myofiber lesions.

We conclude that morphological preservation of
the MTJ may be directly related to better stabilization of
FTI, lower expression of the MHCI, and decreased
immune system activity. Studies on the morphological
conservation of FTII and the immune system in the MTJ
are still needed, but these results support investigations of
GRMD physiopathogenesis.
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