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Abstract
The aim of this study was to describe

the structural and ultrastructural aspects of
the myotendinous junction (MTJ) and the
proximal and distal sarcomeres of the ster-
nomastoid of aged Wistar rats subjected to
an experimental model of menopause and
swimming training. A total of 20 female
elderly rats were divided into the following
four groups (n=5 in each group): seden-
tary/no-menopausal (SNM), trained/no-
menopausal (TNM), sedentary/menopausal
(SM), and trained/menopausal (TM). The
MTJ samples were dissected and analyzed
using transmission electron microscopy. We
showed that the TNM Group rats exhibited
changes in morphological characteristics as
a consequence of physical exercise, which
included an increase of 36.60% (P<0.001)
in the evagination length of the MTJ and a
reduction in the length of the distal
(77.38%) (P<0.0001) and proximal
(68.15%) (P<0.0001) sarcomeres. The SM
Group exhibited a reduction of about
275.93% (P<0.001) in the muscle-tendon
interface and in the lengths of distal sar-
comeres (55.87%) (P<0.0001) compared
with SNM Group. Our results suggest that
the swimming training under experimental
model of menopause promoted tissue reor-
ganization and increased muscle-tendon
interaction with a drastic development in
the length and thickness of the sarcoplas-
matic invaginations and evaginations. In
addition, the sarcomeres exhibited different
lengths and a reduction in both groups sub-
jected to swimming training.

Introduction
The sarcomere presents a series of light

and dark bands, where Z lines are dark, rec-
tilinear, and perpendicular to the myofibrils
and the length of each sarcomere is deter-
mined between a pair of adjacent Z lines.1
Considering its functionality, the sarcomeres
follow a single force–length relationship,
and differences in their lengths can result in
changes in force after the activation of the
muscle fibers.2 In addition to evidences that
suggests variations in lengths of sarcomeres
and nonuniformity in relation to their differ-
ent locations in the muscle.3 Each muscle
has distinct morphologies in the face of dif-
ferent levels of contractile strength that they
may be subjected to according to the execu-
tion of various training protocols, with
respect to the angle of the myofibrils and
the directions of the collagen fibers of the
tendon.4

The myotendinous junction (MTJ) is an
interface area between the muscle and ten-
don, which receives the highest transmis-
sion of the contractile force of locomotor
apparatus, also storage of elastic energy,
stability, and position of joints.5 Therefore,
it is a region highly predisposed to injuries
resulting from physical exercise to a seden-
tary lifestyle in different age groups during
excessive efforts and eccentric
contractions.6

Regular practice of aerobic physical
exercise has been denoted as a nonpharma-
cological intervention with benefits in terms
of physiological, functional, and structural
aspects of the human body. Swimming is a
widely recommended aerobic exercise for
middle-aged women, used as a therapeutic
modality in the treatment and prevention of
diseases and injuries associated with mus-
culoskeletal disorders in aging that demon-
strated positive results due to their low
impact nature, hydrostatic pressure and
water temperature.7,8 Furthermore, this
physical exercise works to the attenuation
of muscular oxidative capacity, which
delays the onset of sarcopenia and stimu-
lates the synthesis of proteins and mito-
chondrial contents to increase metabolic
capacity. 9-11 As a result of several changes
in the female organism related to aging, the
muscular system suffers multiple morpho-
logical changes in this process. Thus, the   
MTJ area suffers several implications in
their morphological and ultrastructural
characteristics, causing drastic changes in
the transmission of force between the mus-
cle and tendon. If there is no intervention,
this process may lead to greater weakness,
difficulty to perform activities of daily liv-
ing, dependence, and in extreme cases, the
death of the elderly particularly in women.12

For the purpose of investigating and under-

standing the morphofunctional changes and
mechanisms involved, this phase is simulat-
ed by an experimental model denominated
ovariectomy, a technique of bilateral ovari-
an removal, in order to replicate the signs,
the symptoms and physiological changes
under the female organism.13

Therefore, the aim of this study was to
describe the adaptations to the lengths of
sarcomeres and the associated ultrastructur-
al aspects of the muscle-tendon interface of
the sternomastoid of aged female Wistar
rats subjected to an experimental model of
menopause and swimming training. We
hypothesized that it is in this primary region
of force transmission that a reduction
occurs in the lengths of sarcomeres.

Materials and Methods

Animals
A total of 20 female Wistar rats aged 1

year and 2 months were randomly divided
into the following four groups (n=5 in each
group): sedentary/no-menopausal (SNM):
animals not subjected to swimming training
and ovariectomy; trained/no-menopausal
(TNM): animals subjected to swimming
training; sedentary/menopausal (SM): ani-
mals subjected to ovariectomy; and
trained/menopausal (TM): animals subject-
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ed to ovariectomy and swimming training.
The animals were allocated in cages
(33x40x16 cm) with four rats within, under
the conditions of temperature monitoring
(23±2°C) and 12 h light/dark period, with
food and water available ad libitum. The
procedures applied in this study were
approved by the Committee on Ethics in
Animal Use of the Institute of Biosciences
of the Paulista State University (no.
1078/2018).

Menopause experimental model
The SM and TM Groups were anes-

thetized using ketamine (50 mg/kg) and
xylazine (10 mg/kg) via the intraperitoneal
route and subjected to trichotomy and asep-
sis of the ventral region. The abdominal wall
was sectioned for exposure and dissection of
the ovaries bilaterally. After this procedure,
the rats were subjected to asepsis at the sur-
gical incision site and treated with analgesics
(Paracetamol® 300 mg/kg) via drinking water
for 7 days postoperatively.14

Swimming training protocol
In the fourth postoperative month, the

TNM and TM Groups were subjected to
adaptation in a water tank for a week. The
swimming training protocol consisted of 5
weekly sessions with duration of 60 min
each that were performed for 8 weeks, com-

prising a total of 40 sessions. The animals
were placed individually in rectangular
tanks containing water heated to 31°C and
immersed to a depth of 40 cm.15 Overload
was used for training equivalent to 5% of
the body mass, which was fixed to the tho-
rax, measured, and corrected weekly.16

Transmission electron microscopy
Animals from each experimental group

were euthanized using an overdose of anes-
thetics through intraperitoneal administration
of ketamine (200 mg/kg) and xylazine (50
mg/kg). Then, samples of the sternomastoid
muscle-tendon interface (3 mm³) were dis-
sected and immersed in 0.1 M sodium
cacodylate buffer solution (pH 7.4) at 4°C.
Subsequently, the samples were post-fixed
with 1% osmium tetroxide solution at 4°C
and washed with saline solution. The sam-
ples were subjected to dehydration in an
increasing series of alcohols (70%, 80%,
90%, and 95%) and then embedded in resin.
Ultrathin sections of 60 nm were collected in
200-mesh copper screens (Sigma-Aldrich,
St. Louis, MO, USA), contrasted with a
uranyl acetate solution 4%, washed in dis-
tilled water, contrasted in an aqueous solu-
tion of 0.4% lead citrate for 3 min, and then
washed with distilled water.17 The grids were
examined using Philips Transmission
Electron Microscopy (TEM) CM 100.

Morphometric analysis
For morphometric analysis, the lengths

of the distal and proximal sarcomeres and
the muscle–tendon interface (n=50) were
measured for each group. A total of 100
measurements of lengths and thicknesses of
sarcoplasmatic invaginations and evagina-
tions of the myotendinous interface were
made with the help of the ImageJ software®.
The obtained mean values were statistically
evaluated by analysis of variance (two-way
ANOVA, followed by Bonferroni post-hoc
test) using the Graph Pad 6.0 software®. For
the delineation of the myotendinous inter-
face, the relationship base (MTJ)/length of
the sarcoplasmatic invaginations was adopt-
ed as a measure of the myotendinous inter-
face.18

Results
The swimming training protocol

applied in the menopause experimental
model in this study resulted in morphologi-
cal and morphometric adaptations through-
out the myotendinous interface (Figures 1
and 2) and in sarcomeres of this region
(Figure 3) of the sternomastoid muscle.

In the SNM Group, the myotendinous
interface showed an adjacent wide area of
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Figure 1. A-D) Transmission electron microscopy micrography of the myotendinous junction of the sternomastoid muscle; the organi-
zation of the sarcoplasmatic invaginations (arrow), of sarcoplasmatic evaginations (arrow head) and of bundles of collagen fibers (*) is
shown; scale bars: 0.5 µm. I) Mean and standard deviation of length (µm) of sarcoplasmatic invaginations and evaginations of the SNM,
TNM, SM and TM Groups; **P<0.001; ***P<0.0001. II) Mean and standard deviation of thickness (µm) of sarcoplasmatic invagina-
tions and evaginations of the SNM, TNM, SM and TM Groups; *P<0.05; ***P<0.0001.
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collagen deposition of extracellular matrix.
The sarcoplasmatic invaginations from the
tendinous tissue were found to be mis-
aligned in parallel to the bundles of myofil-
aments and communications that extend in
proximity to the sarcomere Z line.
Furthermore, the sarcoplasmatic evagina-
tions exhibited arrangements and irregular
formats (Figure 1A).

In the TNM Group, large tissue adapta-
tions were observed with various provisions
of the bundles of myofilament proteins with
the presence of cellular components of
tenocytes. The sarcoplasmatic invaginations
and evaginations were found to be organ-
ized in parallel, especially in the central
region of the interface (Figure 1B), There
was no significant difference in the sar-
coplasmatic invaginations but there was a
29.10% of increase, and 36.6% (P<0.05) in
evaginations compared to SNM Group. The
thickness of sarcoplasmatic invaginations
and evaginations presented no statistical
difference between these Groups, but
increase of 8.8% and 5.8%, respectively. 

When TNM Group was compared with
TM there was decreased by 64.76%
(P<0.0001) in length of sarcoplasmatic
invaginations, while about evaginations
there was no difference. Although, the
thickness of sarcoplasmatic evaginations
increased 97.66% (P<0.0001), and invagi-

nations 26.58% but no statistical difference.
The SM Group showed ultrastructural

disarrangement in the extension of the
myotendinous interface with a wide area of
collagen deposition in the tendinous tissue
where the cellular fragments of tenocytes
spread, and the sarcoplasmatic invagina-
tions derived from the extracellular matrix
were extremely short with irregular formats
(Figure1C), with reduction of 53.1%
(P<0.001) in the length of the sarcoplasmat-
ic invagination and 59.3% (P<0.0001) of
evaginations compared with animals in the
SNM Group. Furthermore, the thickness of
sarcoplasmatic evagination of SM Group
presented increased by 64.10% (P<0.0001),
and the invagination was increased by
30.76% (P<0.05).

Rats in the TM Group exhibited thin
collagen fibers present in the entire area of
the interface. The sarcoplasmatic invagina-
tions were elongated, thin, with communi-
cations, and parallel to the bundles of
myofilaments of sarcomeres in series
(Figure1D) with an increase of 325.6%
(P<0.0001), and then in evaginations there
was 298.1% (P<0.0001) of increased com-
pared to that in the SM Group. There was no
difference in thickness of sarcoplasmatic
invaginations and evaginations between
TM and SM Group, but increase of 3.3%
and 11.81%, respectively. Regarding the

length of sarcomeres (Figure 3), we identi-
fied the presence of reduced myofilaments,
and misalignment of sarcomeres in series in
the SM Group with a greater reduction in
distal sarcomeres by 55.87% (P<0.0001)
compared with the SNM Group, and 6.57%
in proximal but no was difference. When
the sarcomeres of the SM Group were com-
pared to those of the TM, there was
decreased by 36.65% (P<0.001) in distal
and increased by 155.42% (P<0.0001) in
proximal. The swimming training protocol
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Figure 2. Mean and standard deviation of
length (µm) of the myotendinous interface
of the SNM, TNM, SM and TM Groups;
*P<0.001.

Figure 3. A-D) Transmission electron microscopy micrography of the myotendinous junction of the sternomastoid muscle; the organ-
ization of the proximal sarcomere (PS), of the distal sarcomere (DS) and of bundles of collagen fibers (*) is shown; scale bars: 1 µm. I)
Mean and standard deviation of length (µm) of the proximal sarcomere and distal sarcomeres of the SNM, TNM, SM and TM Groups;
**P<0.001, ***P<0.0001.
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(TNM Group) resulted in sarcomeres
organized in series along the longitudinal
axis of the MTJ, delimited by sarcoplasmat-
ic invagination, with decreases of 68.15%
(P<0.0001) and 77.38% (P<0.0001) in the
proximal and distal sarcomeres, respective-
ly, compared to those in the SNM Group.
Moreover, there was an increase of
250.11% P<0.0001) in proximal sarcomeres
and 1.31% in distal, with no statistical dif-
ference, of TM when compared to the TNM
Group.

About morphometric analysis of the
length of the muscle-tendon interface, the
SM Group revealed 179.52% P<0,0001)
increased compared to that TM Group
(Figure 2).                                                     

Discussion
This study has demonstrated the bene-

fits of swimming training based on the reor-
ganization of the ultrastructural and mor-
phometric aspects of the MTJ and of the
sarcomeres of the sternomastoid in aging
female rats in the menopause experimental
model.

The SNM Group exhibited an extensive
area of collagen deposition in the MTJ with
irregular and asymmetrical projections,
whereas the sarcomeres in this region
showed a disarrangement, such that these
morphological changes in the muscle tissue
and tendon characterize muscle atrophy.
Due to physical inactivity, the resulting
muscular atrophy leads to a reduction in
muscle quality, more muscle weakness, dif-
ficulty or inability to perform activities of
daily living, dependency, and, in extreme
cases, death of the individual with age, par-
ticularly women.13

The sternomastoid MTJ showed
changes resulting from aging associated
with a sedentary lifestyle, promoting tissue
disruption through the deposition of colla-
gen in the tendinous tissue with thickening
near the area of interaction and misalign-
ment and irregular interdigitations. Similar
morphological adaptations were reported
describing the morphology of the medial
pterygoid MTJ of aging rats, which belongs
to the masticatory apparatus that inserts into
the medial surface of the mandible.19

In our study, the lengths of the sar-
coplasmatic invaginations and evaginations
were higher in the groups subjected to the
training protocol. These morphological
changes in myotendinous interface suggests
an advantageous distribution of the contrac-
tile force, thus, a lower level of force can be
transferred to each point.20,21 In the SM
Group that was deprived of ovarian hor-
mones, there was a considerable quantity of
fragments of tenocytes that characterized

the muscle atrophy. Sarcoplasmatic invagi-
nations and evaginations were extremely
reduced, and as a consequence there was
shorter length of muscle–tendon interac-
tion. Menopause is generally associated
with an increase in adipose tissue and a
decrease in muscle mass and strength with
or without weight gain.22 Some studies have
demonstrated the effects of physical exer-
cise under the MTJ, mainly during rehabili-
tation. Kojima et al. showed that the area of
contact between muscle tissue and tendon
collagen fibers was reduced by approxi-
mately 50% in both types I and II fibers.23

After the swimming training protocol, mor-
phological characteristics of cellular remod-
eling and restructuring of the MTJ were
observed, primarily in the TM Group in the
length and thickness of the sarcoplasmatic
invaginations and evaginations and in the
length of the proximal and distal sarcom-
eres analyzed in this study. The ramification
of the sarcoplasmatic invaginations and
evaginations allows the contact areas to
increase in size, that leads to the enlarge-
ment of the entire tendon-muscle surface
area and, therefore, a better resistance to
tension.24

Aerobic training in women in
menopause entails significant benefits in
terms of the reduction of body fat and
triglyceride levels and loss of muscle mass
and fat, which improve muscle quality.25 In
addition, aerobic exercises at different
intensities concomitant with the physiologi-
cal effects of training have been shown to
induce morphological changes in the gas-
trocnemius MTJ, with an increase in the
area of interaction between tissues.26 

For exerting the extreme ability of tis-
sue plasticity and acting at the interface
between the cells of skeletal muscle and
tendinous cells, the MTJ exhibits a high
level of morphological adaptations, such as
an increase in the length and thickness of
the sarcoplasmatic invaginations and evagi-
nations resulting from physical exercise,
aging, or development according to the
function, angle, or topography of skeletal
striated muscles.27

The ultrastructural units of muscle
fibers demonstrated large adjustments in
their lengths. Alterations were observed in
the lengths of the last (distal) and the penul-
timate (proximal) sarcomeres present in the
MTJ organization, with an emphasis on the
distal sarcomeres. We assume that the distal
sarcomeres are indicators of the addition of
new sarcomeres in series with the formation
of the central region to the cell periphery of
MTJ.14

Sarcomerogenesis, under the conditions
of chronic stretching, can be a regenerative
process that requires the participation of
satellite cells.28 The initial length of the sar-

comere has an influence on the strength of
muscle contraction, and the stiffness of the
tendon determines the size of shortening
that occurs in this length even when the
angle of the linkage does not change.29

Through the swimming training proto-
col, the proximal and distal sarcomere seg-
ments exhibited an increase in length, bands
I more evident and alignment in your a
more evident increase in the length of bands
I and alignment in their

organization. This increase in the
length of sarcomeres can reduce the spacing
between thin and thick filaments, which
consequently increases the production of
force.30 Swimming training has several ben-
efits to several organ systems of the human
body and has been used primarily in the
treatment of musculoskeletal disorders and
prevention of diseases to improve muscle
power and strength, flexibility, and agility.31

As a result of the experimental design
of this initial research project, the variation
represented in the results is limited in accor-
dance with the number of samples (n=5).
Additional studies should be made in order
to more fully examine the adaptations in
MTJ in menopause model in front of aero-
bic training.

The swimming training protocol of ster-
nomastoid muscle under isometric contrac-
tion indirect demonstrated its beneficial
effects through the morphological adapta-
tions in the muscle–tendon interface in
aging allied to menopause in development
and in the large changes in MTJ, as the
length of the sarcoplasmatic invaginations
where such changes are more relevant in
training after the ovariectomy. The distal
and proximal sarcomeres exhibited differ-
ent adaptations in their lengths, where in the
distal sarcomere lengths were reduced com-
pared to that of the proximal sarcomeres,
due to the hormonal deprivation, which sup-
ports our hypothesis that the sarcomeres
demonstrated different lengths in the region
of the MTJ.
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