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Abstract: The myotendinous junction (MT]) is an interface that different stimuli alter their morphol-
ogy. One of the main stimuli to promote alterations in the MT] morphology is physical exercise.
The present study aimed to investigate the morphology and molecular MT] adaptations of biceps
brachii muscle in adult Wistar rats submitted to different ladder-based protocols. Forty Wistar rats
(90 days old) were divided into four groups: Sedentary (S), Climbing (C), Overload Climbing (OC),
Climbing, and Overload Climbing (COC). The results of light microscopy demonstrated the cell and
collagen tissue reorganization in the experimental groups. The sarcomeres lengths of different regions
showed a particular development according to the specific protocols. The sarcoplasmic invagina-
tions and evaginations demonstrated positive increases that promoted the myotendinous interface
development. In the extracellular matrix, the structures presented an increase principally in the COC
check for group. Finally, the immunofluorescence analysis showed the telocytes disposition adjacent to the
updates MT] region in all experimental groups, revealing their network organization. Thus, we concluded
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that the different protocols contributed to the morphological adaptations with beneficial effects in
distinct ways of tissue and cellular development and can be used as a model for MT] remodeling to
future proteomic and genetic analysis.
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1. Introduction
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The myotendinous junction (MT]) consists of a highly specialized interface where the
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published maps and institutional affil- The MT] ultrastructure is characterized by long and thin projections, originating

iations. from the extracellular matrix, known as sarcoplasmic invaginations (finger-like processes)
that penetrate and bind to the muscle belly, through the sarcoplasmic evaginations. The

myofibrillar bundles at its distal end are involved by these “interdigitations” [1,5].

EY Morphologically, interdigitations increase the MT] contact interface and allow the
Copyright: © 2022 by the authors.  contractile force transmission from the skeletal striated muscle to the tendon [6]. The MT]J
Licensee MDPI, Basel, Switzerland. - development is directly related to the interaction influence of myoblasts and extracellular
This article is an open access article  matrix elements, as well as the practical interaction between muscle and tendon tissues [7].

This anatomical region remains under extensive investigation, mainly regarding its
adaptations and functional repercussions. The risk of muscle tension is probably a conflu-
ence of many factors linked to the MT] ultrastructural architecture and its tissue contact
surface [5,8-10].
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The MT]J ultrastructure presents a higher adaptive capacity with physical exercise,
with an increase in its contact area and different development aspects of sarcoplasmic
invaginations and evaginations interaction [4,11]. MTJ showed structural changes in this
region correlated to moderate aerobic training, a consequence of a higher number of tendon
bifurcations and interdigitations, in addition to its relation to the sarcomeres interface,
denominated proximal (PS), and distal (DS) sarcomeres [11,12].

The MTJ demonstrated a considerable increase in the length and thickness of its
invaginations and evaginations, the collagen support area, and a reduction in the basal
lamina after the ladder-based exercise, with and without overload. Furthermore, the first
telocyte niche was reported in the MTJ interface after training [13].

It is possible to evidence changes in M1J sarcomeres, for example in elderly female
Wistar rats in menopause after swimming training [12]. The ladder-based protocols too
demonstrated distinct characteristics in soleus and plantar muscles [11] with sarcomeres
lengths” changes as well as in the tibialis anterior and soleus muscle in an obesity experi-
mental model [14].

Thus, this research aimed to investigate the MTJ] remodeling and variation of described
biceps brachii muscle submitted to different exercise stimuli, and the need for their general
structural investigation and adaptation news.

2. Materials and Methods
2.1. Animals

Forty male Wistar rats, 90 days old, were divided into four Groups (n = 10): Sedentary
(S)—did not participate in any experimental protocol; Climbing (C)—performed climbs
without overload; Overload Climbing (OC)—performed climbs with additional progressive
overload; Climbing and Overload Climbing (COC)—performed combined climbing proto-
cols. During the experimental period, the animals were allocated to cages (33 x 40 x 16 cm,
n = 4), under the conditions of temperature monitoring (23 & 2 °C) and 12 h light/dark
period, with food and water “ad libitum”. The study procedures applied were approved
by the Sao Paulo State University Committee on Ethics in Animal Use of the Biosciences
Institute (CEUA— No.2207, 28 March 2019).

2.1.1. Climbing Protocol

The C Group performed an 8-week training protocol/1 (3 x /week) with 24 sessions in
a vertical ladder-based (110 x 18 cm, 2 cm grids, 80° inclination) (Figure 1A). The sessions
consisted of 9 climbs without additional overload (Figure 1B), where the animals were
allowed to rest for 60 s in each [11,13].

2.1.2. Overload Climbing Protocol

The OC Group performed an 8-week overload training protocol (3x /week). The
sessions consisted of four to nine climbs with an additional and progressive overload, and
the rats were allowed to rest for 120 s in each.

The 1st, 2nd, 3rd, and 4th climbs were performed, respectively, with 50%, 75%, 90%,
and 100% of their weekly additional body mass overload, and in the subsequent climbs
a 30 g of the extra progressive overload was added until the 9th climb was completed or
exhaustion [11,13]. The load was fixed to the tail proximal region (Figure 1C).

2.1.3. Climbing and Overload Climbing Protocol

The COC Group protocol consisted of an 8-weeks training protocol (3 x /week) in
a vertical ladder with and without an additional overload in alternate days. In the 1st
session of the protocol, the COC Group executed four to nine climbs with additional and
progressive overload. In the 2nd session, the rats realized nine climbs without additional
load and so on until the 24th session was completed.
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Figure 1. In the illustrative image we demonstrate the measurements of the main tool (A) the vertical
ladder used in all experimental protocols; and the example of animals performing the (B) Climbing
and (C) Overload Climbing (additional overload—circle) protocols that originate the association of
the COC protocol.

2.2. Light Microscopy—Image Area and Fractal Dimension

Three animals from each experimental group were euthanized (Anesthetic Overdose—
Ketamine 100 mg/Kg, intraperitoneally), MTJ] samples (3 mm?) from the right biceps
brachii muscle were dissected and cryofixed in liquid nitrogen—196 °C. The samples
were sectioned transversely at 10 pm (Cryostat—HM 505 E, MICROM®, Ramsey, MN
USA), posteriorly dehydrated in increasing concentrations of alcohols, and stained with
Hematoxylin-eosin (HE) [15] and Picro-Sirius Red (PSR) [16].

The images were acquired by a light microscope (Carl Zeiss® Microimaging, Axioskop
2, Gottingen, Germany) were used only when they filled all the pixels with the analyzed
tissue (n = 15) and it was calibrated using the Image]® software (National Institutes of
Health—NIH, Bethesda, MD, USA). The cell nuclei, collagen, and muscle fiber results—area
and fractal dimension (FD)—were also obtained, after binarization.

The FD is used to quantify the organization of cellular elements through pixels distri-
bution in the image space, without considering the image texture, its standardized value
expressed will always be from 0 to 2, in which values that are close to 2 represent tissue or
cell disorganization [17], the values were associated with the each analyzed variable area.

2.3. Transmission Electron Microscopy (TEM)

Four animals from each experimental group were euthanized (Anesthetic Overdose—
Ketamine 100 mg/Kg, intraperitoneally), MT] samples (3 mm?) from the right biceps brachii
muscle were dissected and immersed in modified Karnovsky solution (containing 2.5%
glutaraldehyde and 2% paraformaldehyde in sodium phosphate buffer solution, pH 7.4)
for 48 h at 4 °C [18]. Afterward, the samples were post-fixed with 1% osmium tetroxide
solution for 2 h at 4 °C, washed with saline solution, and the samples were submitted to
dehydration in an increasing series of alcohols.

After dehydration, the samples were embedded in Spurr resin (Low Viscosity Embed-
ding Media Spurs Kit Electron Microscopy Sciences, Sigma® -Aldrich, Saint Louis, MO,
USA). The sample blocks were trimmed to make 10 pm semi-thin sections (Leica® Ultracut
UCT, Gottingen, Germany), and stained with the 1% toluidine blue method. After selecting
the interest area, ultra-thin 60 nm cuts were made, collected on 200 mesh copper grids
(Sigma®—A1driCh, Saint Louis, MO, USA) and contrasted with a 4% uranyl acetate solution,
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washed in distilled water, contrasted in an 0.4% lead citrate aqueous solution, and then
washed with distilled water [19].

The grids were examined using the Transmission Electron Microscope (Philips® CM
100, Eindhoven, Netherlands) at the Laboratory of Electronic Microscopy Applied to
Agricultural Research (NAP/MEPA-Sao Paulo University ESALQ/USP, Sao Paulo, Brazil).
In the sarcomere analysis, we used 100 sarcomeres lengths for belly sarcomeres (BS), PS,
and DS sarcomeres regions each one to establish their morphometric difference [20].

Moreover, the lengths (n = 75) and thickness (n = 100) of sarcoplasmic projections
(invaginations and evaginations) (n = 75), also were measured the total MT] interface
(n = 10), which was delimited and standardized at 5 cm per image, at 48.4% amplification
in the software, calibrated from the scale bars (Image]®—National Institutes of Health,
Bethesda, MD, USA) [11].

The basal lamina thickness was measured in different regions along the MTJ (n = 50),
and the collagen support layer thickness (CSL) (n = 50), and the transverse collagen fibers
perimeter that form the CSL (n = 50) were too identified and measured in the extracellular
matrix region [14].

2.4. Immunofluorescence

The MT] biceps brachii samples (n = 3) were dissected and cryofixed in liquid
nitrogen—196 °C. The samples were sectioned longitudinally at 20 pm (Cryostat—HM
505 E, MICROM®) and stained with CD34 for identifying the telocytes (CD34+) in the
MT]J region. The muscle slides were washed in phosphate-buffered saline (PBS) for 5 min
and incubated overnight at 4 °C with primary antibody CD34 (1:1000, IgG polyclonal,
Invitrogen®, Oregon, OR, USA) diluted in PBS with 1% bovine serum albumin (BSA). After
two washes in PBS, the slides were incubated with goat anti-rabbit secondary antibody
Alexa Fluor 594 (1:1000, IgG, Invitrogen®, Oregon, OR, USA) diluted in PBS with BSA 1%
solution for 1 h at room temperature.

The nuclei were stained with 4’,6-diamidino-2-phenylindole (DAPI) (Molecular Probes®,
Eugene, USA). The histological sections were analyzed with a fluorescence microscope
(Olympus BX61- NAP/MEPA—Sao Paulo University ESALQ/USP, Sao Paulo, Brazil) and
the images were acquired at 200 x magnification to visualize the muscle fiber disposition
and the muscle-tendon interface [13].

3. Results

The results of the present study were analyzed and presented in topics related to
each technique used, in addition, the summary of the quantitative results for a better
understanding of the comparisons between groups was added in Table 1.

3.1. Light Microscopy—Image Area and Fractal Dimension

The FD of cell nuclei in the C Group was higher than in the OC and the COC group
(p < 0.05), also the OC group presented a value higher than all the experimental groups
(Figure 2A). The nuclei area in the C group had the higher nuclei area followed by OC, and
COC had the lower area value (Figure 2B).

The FD of collagen tissue in the C group was higher than in the S group (p < 0.05) and
lower compared to the OC group. The C group had a higher FD value compared to the
experimental groups, besides the OC group was higher than the S and COC groups and
lower than the C group. The COC group had a lower value and higher variation than all
the experimental groups (Figure 2C).

The collagen tissue area in the C group was higher than the S and COC groups and
lower than the OC group, in addition, the OC group had the higher collagen tissue area of
the experimental groups principally compared to the S group (p < 0.05). The COC group
had a larger area than the S group, but a lower area result compared to the other trained
groups (Figure 2D).
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Table 1. Quantitative results were obtained in all experimental groups.

Experimental Groups

C ocC cocC
Nuclei FD (HE) ™ M 0
Nuclei Area (HE) ™ 0 4
Collagen FD (PSR) ™ 0 M1
. . 11 A PSR
Light Microscopy  Muscle Mot T
(PSR) 4 4 N
Muscle Fiber Area
(PSR) { ) "
Belly 7 T \
Sarcomeres Proximal T 1 1
Distal T 1 ™
Sarcoplasmic
L Invaginations ' " T
ength Sarcoplasmic
Evaginations T T T
Transmission Sarcoplasmic 1 ! "
Electron Microscopy Thick Invaginations
1ckness Sarcoplasmic m m !
Evaginations
Myotendinous
Interface T T T
Basal Lamina 0 ™ 4
Extracellular Matrix ~ Support Collagen
Lover 71 M1
Collagen Fiber
Perimeter T + il

The analyses are a comparison to S group and classified by 1 (reasonable increase); 11 (considerable increase);
11 (expressive increase); | (reasonable reduction); || (considerable reduction); ||| (expressive reduction).

The muscle fibers FD value in the C group was higher than the OC group (p < 0.005)
and the COC group (p < 0.005). The OC group was lower than the S group (p < 0.05) and
the C group (p < 0.05), but larger than the COC group, finally the COC group’s muscle fiber
FD was lower compared to all the experimental groups (Figure 2E).

The C group had the lowest muscle fiber area, the OC group had the higher area value
and the COC group was higher than the S and C groups but lower than the OC group
(Figure 2F).

3.2. Transmission Electron Microscopy
3.2.1. Sarcomeres

The BS lengths were longer in the C group compared to the S, OC, and COC groups
(p < 0.0001). In addition, the OC group had longer sarcomere lengths than the S (p < 0.001)
and COC groups and shorter than the C group, and finally, the COC group’s lengths were
shorter than the S (p < 0.001), C, and OC groups (Figure 3C).

The PS lengths demonstrated in the C group were longer than the S, OC (p < 0.05), and
COC groups. The OC group was shorter than S and C groups, and longer than the COC
group. In addition, the COC group had the shortest lengths of the experimental groups
(Figure 3C), demonstrating the effects in the MT] region.

In relation to the DS lengths the C group had higher values than the S group (p < 0.01),
and the OC group (p > 0.0001) and lower than the COC group. The OC group had the
lowest values of the other experimental groups, finally, the COC group had higher values
than the S (p > 0.0001), C, and OC (p > 0.001) groups (Figure 3C), also demonstrating the
effects in the MT] region.
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Figure 2. Fractal dimension data from the Hematoxylin and Eosin (HE) and Picro-Sirius (PSR) images
to establish the stack and binary selection of nuclei (N.BINARY), collagen tissue (CT.BINARY), and
muscle fiber (ME.BINARY) analysis from the Sedentary (S), Climbing (C), Overload Climbing (OC)
and Climbing and Overload Climbing (COC) groups. Means and standard deviations: (A) Cell nuclei
fractal dimension and (B) area; (C) Collagen tissue fractal dimension and (D) area; and the (E) muscle
fiber fractal dimension and (F) area from all experimental groups (um?). Data were statistically
analyzed using the Kruskal-Wallis test of variance, with Dunn’s post-test (p < 0.05). Cell nuclei:
* C # COC (p < 0.05); Collagen tissue: * S # OC (p < 0.05). Muscle Fiber: S # OC e S # COC
*p>0.05C #0OCeC #COC**p>0.005 ****S #C,S # COC, C # OC, C # COC (p <0.0001). Bar:
200 pum Magnifications: 200 x.

3.2.2. Myotendinous Junction

The lengths of the sarcoplasmic invagination were longer in the C group than in the
S group, and shorter than in the OC and COC groups. The OC group presented higher
lengths than the S (p < 0.0001), C (p < 0.0001), and COC (p < 0.05) groups. The COC
group values were higher than the S (p < 0.0001) and C groups, and lower than OC group
(Figure 4E).

The lengths of sarcoplasmic invaginations in the C group were longer than the S
group (p < 0.05) and shorter than the OC and COC groups. The OC group had values
higher than in the S (p < 0.0001), C (p < 0.001), and COC groups. The COC group had
longer sarcoplasmic invaginations than the S and C groups and shorter than the OC group
(p < 0.0001) (Figure 4E).

Regarding the invagination thickness, in the C group the values were higher than
the S (p < 0.05) and OC groups and lower than the COC group. The OC group presented
thickness lower than the S, C, and COC groups, and the COC group values were higher
than those of the S (p < 0.01), C and OC (p < 0.05) groups (Figure 4F).
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Figure 3. Ultrastructure image (TEM) of the (A) muscle belly sarcomere (BS); (B) proximal sarcomere
(PS), and distal sarcomere (DS) of the MTJ; (C) Means and standard deviations of the muscle belly
sarcomere lengths; (B) proximal sarcomere lengths, and distal sarcomere lengths of Sedentary (S),
Climbing (C), Overload Climbing (OC), and Climbing and Overload Climbing (COC) groups. Data
were statistically treated with Kruskal-Wallis analysis of variance, with Dunn’s post-test and signifi-
cance level of p < 0.05. Belly: *** S #£ C, C # COC, OC # COC (p < 0.0001); ***S # OC, S # COC
(p < 0.001). MT]J: Proximal: * C # OC (p < 0.05). Distal: ** S # C (p < 0.01); *** S # COC, C # OC
(p < 0.0001); *** OC # COC (p < 0.001). Bar: 1 pm. Magnifications: (A) 10,000x; (B) 12,000 x.
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Figure 4. Ultrastructure images (TEM) of the myotendinous junction region with the sarcoplasmic
invaginations (arrow) and evaginations (arrowhead) of the experimental groups (A) Sedentary (S),
(B) Climbing (C), (C) Overload Climbing (OC), and (D) Climbing and Overload Climbing (COC).
Means and standard deviations data were statistically treated using Kruskal-Wallis analysis of
variance, with Dunn’s post-test (p < 0.05). (E) Invagination lengths: **** S # OC, S # COC, C # OC
(p <0.0001); * OC # COC (p < 0.05). Evagination lengths: * S # C (p < 0.05); *** C # OC (p < 0.001);
5 S #£ OC, OC # COC (p < 0.0001); (F) Invagination thickness: * S # C, OC # COC (p < 0.05); ** S
# COC (p < 0.01). Evagination thickness: **** S £ OC (p < 0.0001); * C # OC, OC # COC (p < 0.05);
(G) Myotendinous interface lengths of all experimental groups. Bars: 1 pum. Magnifications: 10,000 x.



Biomedicines 2022, 10, 480

8of 13

In the thickness results of sarcoplasmic evagination, the C group presented lower
values than the S and COC groups and higher than the OC group. The OC group had
thinner evaginations than the S (p < 0.0001), C (p < 0.05), and COC groups. The COC group
was thinner than the S group, and larger than the C and OC groups (p < 0.05) (Figure 4F).

All the trained groups had an increase in the MT] interface, however, did not present
significant differences. The C group had a 19% longer interface, in the OC group it was
79.7% longer and in the COC group it was 28.9% longer than the S group. Compared to the
C group, the OC group presented 51% higher values, and the COC group 8.3%. Among
the groups that used additional overload during the protocols, the OC group values were
28.2% higher than the COC group (Figure 4G).

3.2.3. Extracellular Matrix

The thickness of the basal lamina in the C group was larger than in the S and COC
groups (p < 0.05) and shorter than in the OC group. The OC group had a higher thickness
than the S, C, and COC groups (p < 0.01). The COC group had the lowest values than the
other experimental groups (Figure 5D).

=4
@

0.4

Basal Lamina (um)
Collagen Fiber Perimeter (um)

e
o

S c oc coc S c oc coc
m S =3 Cmm OC =3 COC

S c oc coc

Figure 5. Ultrastructure images (TEM) of the basal lamina (star) that delimit the myotendinous
interface and the extracellular matrix (A) where we can identify the sarcoplasmic invaginations
(arrow) and evaginations (arrowhead); (B) in addition to the extracellular matrix, it was possible to
identify and measure the (brace) Collagen Support Layer (CSL) and (C) (dashed circle) transverse
collagen fiber that is present in the CSL of Sedentary (S), Climbing (C), Overload Climbing (OC)
and Climbing and Overload Climbing (COC) groups. Means and standard deviations data were
statistically treated using Kruskal-Wallis analysis of variance, with Dunn’s post-test (p < 0.05).
(D) Basal Lamina: * S # COC, OC # COC (p < 0.05); ** OC # COC (p < 0.01); (E) Collagen Support
Layer: ** C # OC (p < 0.01), ***S # C, S # OC, S # COC, OC # COC (p < 0.0001); (F) Collagen
Fiber Perimeter: *** C # COC (p < 0.001); *** S £ COC, OC # COC (p < 0.0001). Bars: (A) 200 nm.
(B) 100 nm (C) 50 nm. Magnifications: (A) 50,000 %, (B) 80,000, and (C) 30,000 x.

The thickness of the collagen support layer in the C group was higher than the S
(p < 0.0001) and OC groups and lower than the COC group (p < 0.001), in the OC group the
values were higher than the S group (p < 0.0001) and lower than the C and COC groups
(p < 0.0001). In the COC group the collagen support layer was larger than the S (p < 0.0001),
C (p <0.001), and OC groups (p < 0.0001) (Figure 5E).

The collagen fiber perimeter in the C group was lower than the S and OC groups
(p < 0.001) and longer than the COC group. In the OC group, the perimeter was lowest
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compared to the S, C, and COC p < 0.0001) groups. In the COC group, the perimeters were
longer than the S (p < 0.0001), C, and OC (p < 0.0001) groups (Figure 5F).

4. Immunofluorescence

The immunostaining results with CD34+ and DAPI markers showed the telocytes’
disposition and their relationship with the MT] region. In the S group, the telocytes are
adjacent to the MT] region principally aggregated in the tendon tissue. Already, in Group
C, it was possible to identify telocytes in the MT] region, especially close to its interface. In
the OC group, it was possible to identify the presence of telocytes in the MT] region, and
between the muscle fibers close to this interface, they formed an integrated network that
interconnected through their branches with the telopods. In the COC group, the telocytes
were evidenced in a condensed network in the region of the myotendinous interface and in
the tendon tissue (Figure 6).

Figure 6. The MT]J interface (*) with Sedentary (S), Climbing (C), Overload Climbing (OC) and
Climbing and Overload Climbing (COC) at DIC filter (gray), CD34+ immunofluorescence stain for
telocytes identification (red), and DAPI (blue) for nuclei identification. The S group presents the
identification of telocytes (arrow) in the MT] region (*). In the C group, telocytes are in a tiny niche of
the MT]. In the OC group, the telocytes are present in specific clusters of each muscle fiber, whereas
in the COC group the clusters are more distant. Bars: 20 pm. Amplification: 200 x.

5. Discussion

The present research demonstrated the cell nuclei organization, the collagen tissue
area increase, the MTJ structures” development, mainly in the muscular region after the
overload protocol, and in the extracellular matrix, a highlight to the CSL increase and the
telocytes network disposition in all the experimental groups.

In groups C and OC, there was an increase in the cell nuclei area in the muscle tissue,
especially in the OC group (Figure 2B). Such changes were related to increased cellular
activity and by a possible inflammatory process caused by exercise with overload, some
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aspects are demonstrated and associated with muscle recovery activity, the activation of
satellite cells and muscle hypertrophy in humans [21,22].

The collagen tissue FD was higher in all groups that performed the protocol, especially
in the OC group (Figure 2C). This indicates the accumulation of interstitial collagen associ-
ated with muscle development and, consequently, the increase in cell nuclei responsible for
maintenance, and corroborates with a study that established FD to measure tissue health
status and with fibrosis modulations caused by dystrophy [17,23].

The protocols contribute to sarcomeres becoming shorter with proximity to the MT]
interface (Figure 3C). The C and OC experimental models promoted shorter PS compared
to the BS, and the DS lengths presented a higher length variation between the experimental
groups. This can be associated with the development of the evagination and invagina-
tion, with thickness remodeling corroborating with different variations in the sarcomere
ultrastructure, promoted by swimming [12,19] and ladder-based protocols [11].

The C group demonstrated a wide ramification of its invaginations (Figure 4B), cor-
roborating studies that developed similar characteristics with exercise protocols too [4,24].
The experimental studies were subjected to exercises that prioritized aerobic capacity, and
the findings complemented that, by showing the formation of sarcoplasmic invaginations’
ramifications, which involved evaginations and contributed to greater resistance of the
muscle-tendon interface.

The invagination and sarcoplasmic evaginations lengths specifically in the C group
corroborate with the data observed in a menopause model and swimming protocol [12]
which presented a greater length of the sarcoplasmic invaginations than the evaginations.
The mentioned study is significant in relation to the S group, where the MT] demonstrated
adaptations that contributed to their ultrastructure increase, even in exercise without
overload [13].

In the OC group, there was high cellular activity at immunofluorescence analysis in
the region close to the MTJ, and longer sarcoplasmic projections. These characteristics
promoted a greater contact area, proven by the increase in the myotendinous interface
already identified [25], consequently lowering susceptibility to injuries. Such modifications
directly benefit the MT] structure and can be considered in the future in human studies.

While in the OC group (Figure 3C), the increase in invagination lengths corroborated
with the study which analyzed treadmill exercise in humans with progressive intensity [24],
similar lengths’ results were presented, which indicate a greater adaptive response of the
muscle tissue in the MT] region associated with hypertrophy and the adaptation of the MT]
sarcomeres that compose the sarcoplasmic evagination.

Resistance exercise promoted morphological alterations that contributed to the muscle—
tendon interface development [4,24,26,27]. This was presented in studies in different
vertical ladder protocols [11,13] which demonstrated the proposed exercise’s beneficial
effects with the MT]J ultrastructural development.

In relation to the basal lamina in Group C, there was attenuation in its thickness as
in Group OC, results that differ from those found in studies [24] that used exercise on a
treadmill, which showed an increase in this structure. This factor may be associated with
the action of metalloproteinases that make up this region as different levels of laminin and
type IV collagen [28], as they are responsible mainly due to the formation of the membrane
skeleton at this region, in addition, that is associated with myogenic activity [29,30].

The basal lamina rearrangement in Figure 5A indicated cell activity also coming from
its envelope. The satellite cells that presented, when activated control the homeostatic
balance at the micro-injured tissues [31] and promoted changes in the membrane proteins
as well as the different types of collagens in this region. In addition, they can influence their
morphological adaptations, consequently, also the adjacent cells” adaptations [32] mainly
in muscle tissue [33].

The changes in SCL and its collagen fibers transversely arranged in Figure 5B,C
with the protocols corroborates with the increase in collagen deposition [34]. The muscle
adaptations, with different ladder-based protocols [13], and obesity [14], consequently
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promoted extracellular matrix remodeling and increased collagen production in different
skeletal muscle regions [35]. In the MT]J such an association was evident mainly through
the combination of protocols.

The perimeter increases in collagen fibers promoted a structural contribution to the
extracellular matrix and, according to the contractile transmission force required in this
region, promoted less risk of injuries and an increase in its region’s resistance [36,37].

The telocytes are particularly found in the interstitial area of some tissues such as
smooth muscle [38], cardiac [39], in the tongue (skeletal striated muscle) [40], and in some
organs such as the pancreas [41], testis [42], and liver [43] in different species. Telocytes
have not yet been associated with exercise-related stimuli that may present its changes
demonstrated in Figure 6 and in the future can be functionally analyzed in the human
muscle-tendon interface.

The telocytes have already been identified in protocols of immobilization and aquatic
remobilization [44], but their network and possible proliferation in the face of physical
exercise was only demonstrated in exercise on a treadmill [45], albeit in a moderate way,
compared to the vertical ladder exercises where we could observe their organization and
diversification in relation to the protocols proposed.

Furthermore, the identification of a close telocyte niche and its extensions involving
MT] in all groups reinforces the fact that these cells are involved with the development of
other cellular structures in this region. The finding of these cells at the MT] may determine
its niche of myoblast proliferation and the beginning of the post-inflammatory process
arising from microlesions [46], mainly because in this region telocytes and satellite cells
were found together in a similar vertical ladder experimental model [13].

6. Conclusions

We concluded that the adaptations are wide in the face of different vertical-based
protocols, the present results demonstrated the morphological benefits to muscle and ten-
don tissue in different aspects, specifically at the myotendinous interface. The remodeling
of MT]J is presented by an increase in its ultrastructure that supports and stabilizes the
transmission of force through the region necessary for the different exercises.

Therefore, in the future, the experimental protocols in animals can be used as standards
for this region’s development and for trends that encompass different genetic, proteomic,
and molecular pathways acting during the process of MT] remodeling. The telocytes
network in all experimental groups indicated a link to muscle development caused by
the exercise and can hereafter be associated with the myogenic and trophic factors acting
on MT]J.

Author Contributions: A.P.C. and J.P.N. conceived and designed the research study; J].PN., L.C.R.-B.,
C.d.S.J. and A.N.T. contributed to protocol; A.P.C. and J.P.N. prepared the figures and wrote the
paper; APC,, J.PN, L.CR.-B, C.d.S]. and AN.T. contributed to the analysis and interpretation of
data. All authors have read and agreed to the published version of the manuscript.

Funding: The work was supported by Grants #2017/12525-1, #2017/21977-3 and #2018/09199-8,
Sao Paulo Research Foundation (FAPESP) and in part by the Coordenagao de Aperfeicoamento de
Pessoal de Nivel Superior—Code 001, Brazil.

Institutional Review Board Statement: The study procedures applied were approved by the Sao
Paulo State University Committee on Ethics in Animal Use of the Biosciences Institute (CEUA—No.
2207, 28 March 2019).

Informed Consent Statement: Not applicable.
Data Availability Statement: All relevant data are within the paper.

Acknowledgments: We thank Sonia Regina Yokomizo from the Department of Anatomy at the
University of Sao Paulo for the Electron Microscopy technique, Eliot Watanabe Kitajima at the
NAP/MEPA /ESALQ University of Sao Paulo for providing the Electron Microscope, and Henrique



Biomedicines 2022, 10, 480 12 of 13

Ferreira from the Department of Biochemistry and Microbiology at LGB/ UNESP—Rio Claro—SP for
fluorescence microscope.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Ciena, A.; Luques, I.U,; Dias, FJ.; de Almeida, S.R.Y.; Iyomasa, M.M.; Watanabe, I.-S. Ultrastructure of the myotendinous junction
of the medial pterygoid muscle of adult and aged Wistar rats. Micron 2010, 41, 1011-1014. [CrossRef] [PubMed]

Ciena, A.P;; De Almeida, S.R.Y.; Bolina, C.D.S.; Bolina-Matos, R.D.S.; Rici, R.E.G.; Da Silva, M.C.P.; Miglino, M.A.; Watanabe,
L.-S. Ultrastructural features of the myotendinous junction of the sternomastoid muscle in Wistar rats: From newborn to aging.
Microsc. Res. Tech. 2012, 75, 1292-1296. [CrossRef] [PubMed]

Tidball, J.G.; Quan, D.M. Modifications in myotendinous junction structure following denervation. Acta Neuropathol.
1992, 84, 135-140. [CrossRef]

Kojima, H.; Sakuma, E.; Mabuchi, Y.; Mizutani, J.; Horiuchi, O.; Wada, L.; Horiba, M.; Yamashita, Y.; Herbert, D.C.; Soji, T.; et al.
Ultrastructural changes at the myotendinous junction induced by exercise. J. Orthop. Sci. 2008, 13, 233-239. [CrossRef]

Charvet, B.; Ruggiero, F.; Le Guellec, D. The development of the myotendinous junction: A review. Muscle Ligaments Tendons J.
2012, 2, 53-63.

Tidball, J.G.; Chan, M. Adhesive strength of single muscle cells to basement membrane at myotendinous junctions. J. Appl. Physiol.
1989, 67, 1063-1069. [CrossRef] [PubMed]

Rodriguez-Guzman, M.; Montero, J.A.; Santesteban, E.; Ganan, Y.; Macias, D.; Hurle, ]. M. Tendon-muscle crosstalk controls
muscle bellies morphogenesis, which is mediated by cell death and retinoic acid signaling. Dev. Biol. 2007, 302, 267-280.
[CrossRef] [PubMed]

Blankenbaker, D.G.; De Smet, A.A. MR imaging of muscle injuries. Appl. Radiol. 2004, 33, 14-20.

Fiorentino, N.; Epstein, FH.; Blemker, S.S. Activation and aponeurosis morphology affect in vivo muscle tissue strains near the
myotendinous junction. J. Biomech. 2012, 45, 647-652. [CrossRef]

Guerini, H.; Pluot, E.; Pessis, E.; Thevenin, F.; Campagna, R.; Feydy, A.; Gaudin, P; Drapé, J. Tears at the myotendinous junction
of the infraspinatus: Ultrasound findings. Diagn. Interv. Imaging 2015, 96, 349-356. [CrossRef]

Rocha, L.C.; Pimentel-Neto, J.P.; De Sant’Ana, J.S.; Jacob, C.D.S.; Barbosa, G.K.; Krause-Neto, W.; Watanabe, 1.; Ciena, A.P.
Repercussions on sarcomeres of the myotendinous junction and the myofibrillar type adaptations in response to different
trainings on vertical ladder. Microsc. Res. Tech. 2020, 83, 1190-1197. [CrossRef] [PubMed]

Sierra, L.R.; Favaro, G.; Cerri, B.R.; Rocha, L.C.; Almeida, S.R.D.Y.D.; Watanabe, I.-S.; Ciena, A.P. Myotendinous junction plasticity
in aged ovariectomized rats submitted to aquatic training. Microsc. Res. Tech. 2018, 81, 816-822. [CrossRef]

Pimentel-Neto, J.P.; Rocha, L.C.; Barbosa, G.K.; Jacob, C.D.S.; Neto, W.K.; Watanabe, 1.-S.; Ciena, A.P. Myotendinous junction
adaptations to ladder-based resistance training: Identification of a new telocyte niche. Sci. Rep. 2020, 10, 14124. [CrossRef]
[PubMed]

Grillo, B.A.C,; Rocha, L.C.; Martinez, G.Z.; Neto, J.P; Jacob, C.D.S.; Watanabe, I.-S.; Ciena, A.P. Myotendinous Junction
Components of Different Skeletal Muscles Present Morphological Changes in Obese Rats. Microsc. Microanal. 2021, 27, 598-603.
[CrossRef] [PubMed]

Cardiff, R.D.; Miller, C.H.; Munn, R.J. Manual Hematoxylin and Eosin Staining of Mouse Tissue Sections. Cold Spring Harb. Protoc.
2014, 2014, 655-658. [CrossRef]

Bhutda, S.; Surve, M.; Anil, A; Kamath, K.; Singh, N.; Modi, D.; Banerjee, A. Histochemical Staining of Collagen and Identification
of Its Subtypes by Picrosirius Red Dye in Mouse Reproductive Tissues. Bio Protoc. 2017, 7, €2598. [CrossRef] [PubMed]

Cury, S.S.; Freire, P.P.; Martinucci, B.; dos Santos, V.C.; de Oliveira, G.; Ferretti, R.; Dal-Pai-Silva, M.; Pacagnelli, F.L.; Delella, FX,;
Carvalho, R.F. Fractal dimension analysis reveals skeletal muscle disorganization in mdx mice. Biochem. Biophys. Res. Commun.
2018, 503, 109-115. [CrossRef] [PubMed]

Barbosa, G.K.; Jacob, C.D.S.; Pimentel-Neto, J.P.; De Oliveira, M.F,; Rici, R.E.G.; Watanabe, I.; Ciena, A.P. Structural and
ultrastructural characteristics of the tongue of the Collared Peccary (Pecari tajacu, Linnaeus, 1758). Anat. Histol. Embryol. 2020,
49, 532-540. [CrossRef]

Jacob, C.D.S.; Rocha, L.C.; Pimentel-Neto, J.P.; Watanabe, 1.-S.; Ciena, A.P. Effects of physical training on sarcomere lengths and
muscle-tendon interface of the cervical region in an experimental model of menopause. Eur. J. Histochem. 2019, 63, 131-135.
[CrossRef]

Rocha, L.C.; Jacob, C.D.S; Barbosa, G.K.; Pimentel-Neto, ].P.; Krause Neto, W.; Gama, E.F; Ciena, A.P. Remodeling of the skeletal
muscle and postsynaptic component after short-term joint immobilization and aquatic training. Histochem. Cell Biol. 2020,
154, 621-628. [CrossRef]

Crameri, R M.; Langberg, H.; Magnusson, P; Jensen, C.H.; Schreder, H.D.; Olesen, J.L.; Suetta, C.; Teisner, B.; Kjaer, M. Changes
in satellite cells in human skeletal muscle after a single bout of high intensity exercise. |. Physiol. 2004, 558, 333-340. [CrossRef]
[PubMed]

Wackerhage, H.; Schoenfeld, B.J.; Hamilton, D.; Lehti, M.; Hulmi, J.J. Stimuli and sensors that initiate skeletal muscle hypertrophy
following resistance exercise. J. Appl. Physiol. 2019, 126, 30-43. [CrossRef] [PubMed]


http://doi.org/10.1016/j.micron.2010.04.006
http://www.ncbi.nlm.nih.gov/pubmed/20656496
http://doi.org/10.1002/jemt.22063
http://www.ncbi.nlm.nih.gov/pubmed/22522658
http://doi.org/10.1007/BF00311385
http://doi.org/10.1007/s00776-008-1211-0
http://doi.org/10.1152/jappl.1989.67.3.1063
http://www.ncbi.nlm.nih.gov/pubmed/2793700
http://doi.org/10.1016/j.ydbio.2006.09.034
http://www.ncbi.nlm.nih.gov/pubmed/17070795
http://doi.org/10.1016/j.jbiomech.2011.12.015
http://doi.org/10.1016/j.diii.2014.11.009
http://doi.org/10.1002/jemt.23510
http://www.ncbi.nlm.nih.gov/pubmed/32500573
http://doi.org/10.1002/jemt.23040
http://doi.org/10.1038/s41598-020-70971-6
http://www.ncbi.nlm.nih.gov/pubmed/32839490
http://doi.org/10.1017/S1431927621000313
http://www.ncbi.nlm.nih.gov/pubmed/33879277
http://doi.org/10.1101/pdb.prot073411
http://doi.org/10.21769/BioProtoc.2592
http://www.ncbi.nlm.nih.gov/pubmed/34595270
http://doi.org/10.1016/j.bbrc.2018.05.189
http://www.ncbi.nlm.nih.gov/pubmed/29852164
http://doi.org/10.1111/ahe.12557
http://doi.org/10.4081/ejh.2019.3038
http://doi.org/10.1007/s00418-020-01910-9
http://doi.org/10.1113/jphysiol.2004.061846
http://www.ncbi.nlm.nih.gov/pubmed/15121802
http://doi.org/10.1152/japplphysiol.00685.2018
http://www.ncbi.nlm.nih.gov/pubmed/30335577

Biomedicines 2022, 10, 480 13 of 13

23.

24.

25.

26.

27.

28.
29.

30.

31.

32.

33.
34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Korolj, A.; Wu, H.-T.; Radisic, M. A healthy dose of chaos: Using fractal frameworks for engineering higher-fidelity biomedical
systems. Biomaterials 2019, 219, 119363. [CrossRef] [PubMed]

Curzi, D.; Salucci, S.; Marini, M.; Esposito, F.; Agnello, L.; Veicsteinas, A.; Burattini, S.; Falcieri, E. How physical exercise changes
rat myotendinous junctions: An ultrastructural study. Eur. |. Histochem. 2012, 56, e19. [CrossRef]

Guzzoni, V.; Selistre-De-Aratjo, H.S.; Marqueti, R.D.C. Tendon Remodeling in Response to Resistance Training, Anabolic
Androgenic Steroids and Aging. Cells 2018, 7, 251. [CrossRef]

Hart, D.A.; Zernicke, R.F. Optimal Human Functioning Requires Exercise Across the Lifespan: Mobility in a 1g Environment Is
Intrinsic to the Integrity of Multiple Biological Systems. Front. Physiol. 2020, 11, 156. [CrossRef]

Curzi, D.; Baldassarri, V.; De Matteis, R.; Salamanna, F.; Bolotta, A.; Frizziero, A. Morphological adaptation and protein
modulation of myotendinous junction following moderate aerobic training. Histol. Histopathol. 2015, 30, 465-472.

Hohenester, E.; Yurchenco, P.D. Laminins in basement membrane assembly. Cell Adhes. Migr. 2013, 7, 56—63. [CrossRef]
Popescu, L.M.; Faussone-Pellegrini, M.-S. Telocytes—A case of serendipity: The winding way from Interstitial Cells of Cajal
(ICC), via Interstitial Cajal-Like Cells (ICLC) to Telocytes. J. Cell. Mol. Med. 2010, 14, 729-740. [CrossRef]

Rayagiri, S.S.; Ranaldi, D.; Raven, A.; Azhar, N.LEM.; Lefebvre, O.; Zammit, P.; Borycki, A.-G. Basal lamina remodeling at the
skeletal muscle stem cell niche mediates stem cell self-renewal. Nat. Commun. 2018, 9, 1075. [CrossRef]

Dahiya, S.; Bhatnagar, S.; Hindi, S.M.; Jiang, C.; Paul, PK.; Kuang, S.; Kumar, A. Elevated levels of active matrix metalloproteinase-
9 cause hypertrophy in skeletal muscle of normal and dystrophin-deficient mdx mice. Hum. Mol. Genet. 2011, 20, 4345-4359.
[CrossRef] [PubMed]

Dumont, N.A.; Wang, Y.X.; Rudnicki, M.A. Intrinsic and extrinsic mechanisms regulating satellite cell function. Development 2015,
142, 1572-1581. [CrossRef] [PubMed]

Sanes, ].R. The Basement Membrane/Basal Lamina of Skeletal Muscle. J. Biol. Chem. 2003, 278, 12601-12604. [CrossRef]
Gumucio, J.P; Sugg, K.B.; Mendias, C.L. TGF-3 Superfamily Signaling in Muscle and Tendon Adaptation to Resistance Exercise.
Exerc. Sport Sci. Rev. 2015, 43, 93-99. [CrossRef] [PubMed]

Davis, M.E.; Gumucio, J.P,; Sugg, K.B.; Bedi, A.; Mendias, C.L. MMP inhibition as a potential method to augment the healing of
skeletal muscle and tendon extracellular matrix. J. Appl. Physiol. 2013, 115, 884-891. [CrossRef] [PubMed]

Kjaer, M. Role of Extracellular Matrix in Adaptation of Tendon and Skeletal Muscle to Mechanical Loading. Physiol. Rev. 2004,
84, 649-698. [CrossRef] [PubMed]

Mendias, C.L.; Schwartz, A.J.; Grekin, J.A.; Gumucio, J.P.; Sugg, K.B. Changes in muscle fiber contractility and extracellular
matrix production during skeletal muscle hypertrophy. . Appl. Physiol. 2017, 122, 571-579. [CrossRef]

Liang, Y.; Wang, S.; An, T.; Tarique, L.; Vistro, W.A_; Liu, Y.; Wang, Z.; Zhang, H.; Shi, Y.; Haseeb, A_; et al. Telocytes as a Novel
Structural Component in the Muscle Layers of the Goat Rumen. Cell Transplant. 2019, 28, 955-966. [CrossRef]

Marini, M.; Rosa, I.; Ibba-Manneschi, L.; Manetti, M. Telocytes in skeletal, cardiac and smooth muscle interstitium: Morphological
and functional aspects. Histol. Histopathol. 2018, 33, 1151-1165.

Rosa, I.; Taverna, C.; Novelli, L.; Marini, M.; Ibba-Manneschi, L.; Manetti, M. Telocytes constitute a widespread interstitial
meshwork in the lamina propria and underlying striated muscle of human tongue. Sci. Rep. 2019, 9, 5858. [CrossRef]

Bosco, C.; Diaz, E.; Gutiérrez, R.; Gonzalez, ].; Pérez, J. Ganglionar nervous cells and telocytes in the pancreas of Octodon degus:
Extra and intrapancreatic ganglionar cells and telocytes in the degus. Auton. Neurosci. 2013, 177, 224-230. [CrossRef] [PubMed]
Liu, Y; Liang, Y.; Wang, S.; Tarique, L; Vistro, W.A.; Zhang, H.; Haseeb, A.; Gandahi, N.S.; Igbal, A.; An, T; et al. Identification
and characterization of telocytes in rat testis. Aging 2019, 11, 5757-5768. [CrossRef] [PubMed]

Liu, J.; Cao, Y,; Song, Y.; Huang, Q.; Wang, F.; Yang, W.; Yang, C. Telocytes in Liver. Curr. Stem Cell Res. Ther. 2016, 11, 415-419.
[CrossRef] [PubMed]

Rocha, L.; Barbosa, G.; Pimentel-Neto, J.P; Jacob, C.; Knudsen, A.; Watanabe, I.-S.; Ciena, A. Aquatic Training after Joint
Immobilization in Rats Promotes Adaptations in Myotendinous Junctions. Int. . Mol. Sci. 2021, 22, 6983. [CrossRef]

Ravalli, S.; Federico, C.; Lauretta, G.; Saccone, S.; Pricoco, E.; Roggio, E; Di Rosa, M.; Maugeri, G.; Musumeci, G. Morphological
Evidence of Telocytes in Skeletal Muscle Interstitium of Exercised and Sedentary Rodents. Biomedicines 2021, 9, 807. [CrossRef]
Urciuolo, A.; Quarta, M.; Morbidoni, V.; Gattazzo, F.; Molon, S.; Grumati, P.; Montemurro, F.; Tedesco, E.S.; Blaauw, B.; Cossu, G.;
et al. Collagen VI regulates satellite cell self-renewal and muscle regeneration. Nat. Commun. 2013, 4, 1964. [CrossRef]


http://doi.org/10.1016/j.biomaterials.2019.119363
http://www.ncbi.nlm.nih.gov/pubmed/31376747
http://doi.org/10.4081/ejh.2012.19
http://doi.org/10.3390/cells7120251
http://doi.org/10.3389/fphys.2020.00156
http://doi.org/10.4161/cam.21831
http://doi.org/10.1111/j.1582-4934.2010.01059.x
http://doi.org/10.1038/s41467-018-03425-3
http://doi.org/10.1093/hmg/ddr362
http://www.ncbi.nlm.nih.gov/pubmed/21846793
http://doi.org/10.1242/dev.114223
http://www.ncbi.nlm.nih.gov/pubmed/25922523
http://doi.org/10.1074/jbc.R200027200
http://doi.org/10.1249/JES.0000000000000041
http://www.ncbi.nlm.nih.gov/pubmed/25607281
http://doi.org/10.1152/japplphysiol.00137.2013
http://www.ncbi.nlm.nih.gov/pubmed/23640595
http://doi.org/10.1152/physrev.00031.2003
http://www.ncbi.nlm.nih.gov/pubmed/15044685
http://doi.org/10.1152/japplphysiol.00719.2016
http://doi.org/10.1177/0963689719842514
http://doi.org/10.1038/s41598-019-42415-3
http://doi.org/10.1016/j.autneu.2013.05.002
http://www.ncbi.nlm.nih.gov/pubmed/23707239
http://doi.org/10.18632/aging.102158
http://www.ncbi.nlm.nih.gov/pubmed/31413207
http://doi.org/10.2174/1574888X10666150630112035
http://www.ncbi.nlm.nih.gov/pubmed/26122909
http://doi.org/10.3390/ijms22136983
http://doi.org/10.3390/biomedicines9070807
http://doi.org/10.1038/ncomms2964

	Introduction 
	Materials and Methods 
	Animals 
	Climbing Protocol 
	Overload Climbing Protocol 
	Climbing and Overload Climbing Protocol 

	Light Microscopy—Image Area and Fractal Dimension 
	Transmission Electron Microscopy (TEM) 
	Immunofluorescence 

	Results 
	Light Microscopy—Image Area and Fractal Dimension 
	Transmission Electron Microscopy 
	Sarcomeres 
	Myotendinous Junction 
	Extracellular Matrix 


	Immunofluorescence 
	Discussion 
	Conclusions 
	References

