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Abstract

| &
Background: Forced physical activity causes a violation of all organ\d systems

interactions. Allogeneic biomaterial has been used for many years for regene@ b tyremote
exposure hasn’t been studied. ‘ \ y

Objectives: The aim of this research is the morphologi tuvir of expefimental animals'
precentral gyrus neocortex under conditions of back(und foreed ph}Xal activity and after
intramuscular injection of allogeneic biomaterial.

Methods: Male Wistar rats were used for t Q ?The Porsolt test, or despair test,
was used for 30 days. In the main group (XO),MH 30 swimming sessions, allogeneic
biomaterial (BMA) was injected intramus arlyJIn the control group (n=10), the animals were
injected with saline in the same’vblu .5 a'd 21 days after the injections, a tolerance load test
was performed, after whlch‘e an&ls were taken out of the experiment by insufflation of a
lethal dose of chloro(G \\ the brain was removed, and morphological studies were
performed. -

\ th\xperlmental group 5 days after the BMA injection, the median level of the

muN/ osolerant load was significantly higher than in the control group, respectively, and

remained so in the long term. The neocortex of the control group animals was characterized by
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the development of pathomorphological changes. After 21 days, these signs persisted. In the
[ ¢
early period after the BMA injection, no signs of nervous tissue edema were deQKd. A clear

architectonics of the neocortex neurocytes layers was preserved.

Conclusions: Allogeneic biomaterial has a positive systemic \w prgamsm

Also, neuroprotective and immunomodulating effects have ¢0‘ed
d

Keywords: allogeneic biomaterial, cerebral cortex SWi 1ng, neuroprotection,

rats.
() F

Introduction

The sport of the highest achie SJa mle, is associated with extreme physical and
emotional stress, which 1mposgs hn sed'lemands on health. In most cases, overwork and
overtraining are superimpo on\:h other, giving a symptom complex of an organism’s
function disturbances c xe central nervous system (CNS), which can be considered a
neurosis (Alekhin etalv202‘! Kholodny et al., 2021; Zehtabvar et al., 2023; Meftani et al.,
2023). Nf ue\upts the coherence of interactions between the cerebral cortex, underlying
parts of the n‘vou\s system, and internal organs (Ilyin and Alvani, 2016; Trouski and Parham,

2021; Jaber Al-Mamoori et al., 2022). Allogeneic biomaterial is known as a regeneration
3



stimulator when applied locally, including skeletal muscle tissue (Lebedeva et al. 2019 a).

However, studies of systemic influence, remote action, and feedback have not previously been
conducted. To identify the pharmacological effects of the allogeneic biomate %e‘:entral
nervous system, the behavioral despair test or Porsolt forced swimming tit wwjmming to
complete fatigue with a load that reflects the state of depressi f tl% animals) was performed.

G and \mtional components

D

(Khabibullin et al. 2019). The purpose of the researc to study»the experimental animals’

This test is a complex, severe stress that combirg phy

cerebral cortex structure after forced physical activ@ 0 eﬁeic biomaterial use.

X

Materials and methods ( J\

In the experiment, matuge&n is'r rats weighing 200-240 g (N=20). The rats were
kept in plastic cages at a t&)erat of 22-24°C, fed with pelleted mixed fodder. Water was
supplied ad libitum g) €w\§fore the start of the "forced swimming" test, all experimental
rats were taught to swr 3’days without a load for 10 minutes once a day.

\m el Nmaerobic physical activity was chosen as the method of forced swimming

of Nl c<‘1plete fatigue with a load, the Porsolt test, or the despair test (Zhou et al. 2021) in

modification (patent for invention No. 261706 dated April 21, 2017). The swimming test was
4



conducted daily for 30 consecutive days, from 9:00 a.m. to 11:00 a.m. The weight of the animals
¢
was measured daily. The weight of the load was selected in accordance with the w*ﬁng results
and was equal to 10% of the body weight.
C\N
In the main group (n=10), after all 30 training sessions, a disperse‘a w biomaterial

saline to achieve a 0.2% concentration. A total of 8 in{am sing&njections were made

(BMA) suspension was injected intramuscularly. For this, 1 @1 Oég) W%S'd uted in 5 ml of
uscular
.
into the muscles of the thoracic limbs (the shoulder bi (m. bicepsbrachii), the superficial
muscles of the forearm flexors - the ulnar and rad@: S oiz\he wrist (m. flexorcarpiulnaris,
m. flexorcarpiradialis)), and the pelvic lilx (gWemius (m. tricepssurae), quadriceps
femoris (m. quadriceps femoris)). 0.5 leBM\spension was injected (4 ml in total). The
dose of BMA was chosen arbitr’ar"lle\‘A dispersed form the “Alloplant” biomaterial, with
a particle size of 50-80 ],m*ras l‘d The “Alloplant” biomaterial was developed at the All-
Russian Center for Ey€d ‘s\ Surgery, Ministry of Health of the Russian Federation, Ufa.
The biomaterial istmanufactured in accordance with the technical specifications 42-2-537-87,

ertiﬁe\d%m&%or use in clinical practice by order of the Ministry of Health of the USSR

c
No\901-8‘of July 22, 1987. For the present study, BMA was made from the extracellular



matrix of rat tendons. In the control group (n=10), the animals were injected with physiological

[ ¢

saline in similar zones and at the same volume.

After 5 and 21 days after the injections, a tolerance load test waﬁ&nid, and
swimming time (minutes) was recorded. After that, the animals were tak? M experiment
by insufflation of a chloroform vapor lethal dose (695 mg/kg). coénenda‘t.io' of the EEC No.
33; Material Safety Data Sheet, Chloroform MSDS){ecapl ion and\traction of the brain
were carried out. For histological examination, tissue pi f the precentral gyrus were fixed in
a 10% neutral formalin solution, dehydrated in a w lcoﬁols of increasing concentration,
and embedded in paraffin according to the gexallyWed method. Histological sections were
prepared on a LEICA RM 2145 microtom{Ge M and stained with hematoxylin and eosin.

For immunohistochemicglpsQ I%arafﬁn sections 4 pum thick were stained using a
LeicaMicrosystemsBond™ 4 mun‘istotainer (Germany). The primary antibodies used were

CD 68 at a dilutior@‘ ‘& (ED1 clone), Gfap at a dilution of 1:300, and bcl-2

(SantaCruzBiotechnology, USA). The indirect streptavidin-biotin detection system LeicaBOND

(NovoW&Ge&ny! was used for staining. (Ozawa, 2019; Magaki et al., 2019; Sukswai
anNy, il9; Moreno et al., 2022; Prichard, 2014).



For electron microscopic examination, tissue pieces were fixed in 2.5% glutaraldehyde
solution prepared in cacodylate buffer (pH 7.2—7.4) with additional fixation in 1%' 4 solution
in the same buffer. The material was dehydrated in alcohols of increasing &t'ﬁn and
poured into Epon-812 according to the generally accepted method. Semi‘i Nﬁ I pm thick
were preliminarily prepared and stained with toluidine blue i .5“2 anhyglg soda solution.
On these sections, areas for electron microscopic examinz;q were \ected. Semithin and
ultrathin sections were prepared on an EM UC 7 ultrat eica, Germany). Ultrathin sections
were counterstained with a 2% aqueous solution W cetbte and lead citrate, according to
Reynolds, and studied under a JEM-101l trarW)n microscope (Jeol, Japan) at an
accelerating voltage of 80 kV. (Condello EQ., ZM,(im etal., 2021; Klang et al., 2013).

Cells were counted in.2p S 8f view for each sample. The examination and
visualization of samples w carri*)ut using a Leica DMD 108 microscope (Germany) with
specialized software foeanx settings and image capture. Kruskal-Wallace rank analysis of
variance was used: median(Me) and quartiles (Q1 - 25%; Q3 - 75%), and the Mann-Whitney
test to W&hw of individual observation periods within one series of experiments or
be then"Schlattmann et al. 2019). Differences were considered statistically significant at

P<0.05. The statistical software package Statistica 10.0 was used.

7



The experiment was approved by the ethical committees of Bashkir State Medical

University and Saint Petersburg State University of Veterinary Medicine. \

Results ‘ \ ’

In the experimental group after the administration of after 5 d e median level
of multiplicity was significantly (Z=2.17, P<0.04) hqr thanﬂ the &trol group: Me=1.70
(Q1=1.46, Q3=2.01) and Me=1.00 (Q1=0.62, Q3=1 spectlxly After 21 days in the

experimental and control groups, the level of maltiplicitysi keased insignificantly (Me=1.88;

QI1=1.88, Q3=2.02) and Me=1.47; Q1=1. 37&1 Mpectively, but not significant (Z=0.96,

P>0.37 and Z=1.85, P>0.07). At th tim Jln the experimental group, the excess of the

multiplicity level over the contrgl ren’med and remained statistically significant (Z=2.13,

('

S

P<0.04). (Fig.1)
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Figure 1. Multiplicit &Ew&! duration in rats after exhausting physical activity

under conditions of in‘icm\I rhction of BMA (experimental group) and saline (control

group). The X-axir\o the: number of days after BMA administration. On the y-axis, the
N

@ unit.
ical analysis revealed that in the control group, after 5 days, in the cerebral

cortex e precentral gyrus, all the cell layers characteristic of the cerebral cortex were traced.



However, there were many hyperchromic pycnomorphic nerve cells of medium and small sizes
[ ¢

with a dense elongated nucleus and jagged edges, containing a dense osmiophiliv&joplasm,

in which signs of chromatin disorganization and condensation were revealed. th ky dark

cytoplasm contained hypertrophied Golgi complexes with dilated ca 1 &oﬂ secretion

stagnation in them, and condensation of the granular cytopl rﬁlcul ese cells were
often detected in direct contact with macroglial cells - astrocytes,/The petinuclear cytoplasm in
this cells was optically clear due to the accumulation o oles and total destruction, followed

by the reduction of cytoplasmic organelles. In aﬂt both the bodies themselves and the
terminal processes surrounding the capillari werWatous and showed signs of organelle
destruction. In them, lipofuscin inclusiorngi\"wear—and—tear" pigment) were observed.
Also, there was a thickening of crﬁ ect")ns of the basement membrane, a large number of

pinocytic vesicles in the c lasn\f endothelial cells and pericytes, microvesicular bodies,

(‘ N\
)
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which is not typical for the norm. The capillary lumen was not free - it was filled with cell
fragments and various inclusions (Fig. 2). Consequently, signs of pericellular a rivascular

edema were observed, which is evidence of a breach of the blood-brain barrier.

Figure 2. Edema of astrocytes in the cerebral cortex of the prece rat after
forced swimming and intramuscular injection of saline after 5 SOA — of an astrocyte
(AC) and pycnomorphic neuron (PMN) B — Swelling of the te pedieles of astrocytes (AC).

Electronogram.

The neurocyte profiles were sharply ex o otganelles were vacuolized, the
mitochondria were enlarged, rounded with ia ntation of the cristae. The synaptic

apparatus was poorly developed (Fig. 3 :




forced swimming and intramuscular injectio saline after 5 days. Electronogram.

Figure 3. Vacuolization of the neuropile %Wral gyrus’ cerebral cortex after

In the inner pyramidal layer, along with all number of hyperchromic neurocytes,

light cells were observed - sh %tmg neurons"), which arose as a result of their

chromatolysis (irreversible robiotic changes). Microglial cells were often detected in close

contact with necrobioti ered neurocytes - Betz cells.
21 days a%r the amuscular injection of physiological saline, signs of trophic
disorde th%a barrier persisted. Destruction of lamellar structures and accumulation
i n

ere determined in neurons. Apoptotic-altered cells and glial proliferation

| layers of neurons in the cerebral cortex were viewed. The outer granular layer

12



was thinned and sparse. Zones of local accumulation of glial cells - glial scars - formed in the
surrounding brain tissue. Neurocytes were detected in a state of programm Il death -
apoptosis. The nuclei of these cells were hyperchromic with condensed clumpﬁli omatin
was absent. The cytoplasm was marked by an increased electron de M’ibosomal
dispersion. The cisternae of the Golgi complex are vacuolat h*y ed, and elongated.

Their hypertrophy was observed. Mitochondria are dark, dest 'cris&were not determined.

idlial bodies (Fig. 4).

L\

The cytoplasm contained numerous phagosomes and re

LN -
ig Mgical changes in the nervous tissue in the precentral gyrus after forced
S ing and mtramuscular injection of saline after 21 days. A- Focal proliferation of glial
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cells. Hematoxylin and eosin staining. B-Apoptosis of the hyperchromic neurocyte.

" ¢

Electronogram. \
ON\N

After 5 days, no pathomorphological signs in the form of cell e Mfyimmatory
cell infiltration were detected in the autopsy material of t cel:{;ral cq'rt& of rats in the
experimental group. On histological samples it was possible to identify all the layers
characteristic of the cerebral cortex. Pyramidal normoc ic neuroeytes in this period showed
signs of mosaic structural and functional activiw 0& hand, the nucleus was large,
outlined by a clear double karyolemma, in‘ichWr pores were revealed. Euchromatin
uniformly filled the entire karyoplasm. (the Masm, mitochondria of various sizes were
found, from rounded to elongate’dr me‘lar cristac were clearly parallel. On the other hand,
they were swollen and de*yedf‘ places. The mitochondrial matrix is light, moderately
edematous. Signs of h@rp\i ere determined in the lamellar Golgi complex. Also, both

(

ribosomal rosettes \and fre€" ribosomes were observed in the cytosol. The morphological

charact\ti&f \nuclear elements and cytoplasm of these cells linked to their enhanced

fulNact‘ity.\These neurons formed contacts with each other (Fig. 5).
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Figure 5. Structure of the rat precentral gyrus after forced swimming and BMA

injection. A - Cerebral cortex. Hematoxylin an in staining. B - Interneuronal contacts.
Electronogram

21 days after the intramuscul BMA, the layers of neurocytes of the cerebral
cortex were clearly visible. T ere ns of edematous phenomena in the perivascular and

pericellular spaces. The is dense, not sparse. The hemocapillaries had a dense, well-

defined basement t formed splits. Pericytes were located in these duplications. The

perivascular from pathological changes and inclusions. The end legs of astrocytes

ement membrane, tightly covering the hemocapillary and forming a sleeve.

-dendritic and axon-axon synapses were noted in the perivascular field (Fig. 6).
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Figure 6. Neuropile and he i 21 days after forced swimming and intramuscular
injection of BMA. Electronogra

Immunohistochemical ‘determination of some functionally significant cells revealed that

on the fifth day of ebse %& the number of GFAP+ cells in the main group was significantly
lower than in ol groups (Z=3.7 (P<0.0001)). On the 21st day, in the experimental and
control groups, there was a significant, sometimes double, (Z=2.1 + Z=4.92, P<0.04 + P<0.0001)

decreaseyin the number of GFAP-cells. However, when using BMA, the level of GFAP cells was

16



remarkably lower than in the control group (Z=3.0 (P<0.002)). GFAP is manifested in the
cytoplasm of astrocytes, which perform a trophic, supporting role, form the glial'@@&brane and
the blood-brain barrier, isolate the receptive surfaces of neurons from e)ﬁu ifferent
influences, but don’t conduct nerve impulses (Flanagan et al. 2017; Azi wlfyziz Anah,
2023). Reparative function consists in proliferation and ﬁegent of dead nerve cells.
Therefore, it is a marker of gliosis in the cerebral cortex

After 5 days, the levels of Bel-2+ cells in the i group were significantly (Z=3.5 +
7=4.25, P<0.0005 + P<<0.0001) higher than in th@ roﬁ)s. On the 21st day, the number
of Bcl-2+ cells in the main group 1ncreasMZ w<0.0001)). In the control group, the
number of Bcl-2+ cells, on the contra&reliy decreased (Z=2.18 (P<0.03). Bcl-2 -
suppresses apoptosis in many ce}lu stsms, including lymphohematopoietic and neuronal
cells. These cells regulateacell d th by controlling mitochondrial membrane permeability

(Elgendy et al. 2022). c \\

On the ﬁfth day, thé number of CD-68+ cells in the main group was significantly

(P<0.0N1*r tNln the control group. On the 21st day in the main group, the number of

CD\Cells‘ncreased remarkably (Z=5, P<<0.0001). In the control group, on the contrary,

there were no significant changes (Z=1.1 + Z=0.1, P>0.24 + 0.93) and, as a result, remarkable

17



excess (£=5.49 ~ Z=5.83, P<0.0001) of the main group data over the control group became even

¢
more contrasting. CD-68 is a phagocytic macrophage marker. They are microsiagl enzyme

( a&kov et
al. 2015). ‘ A\

&
The number of shadow cells in the main group decre sig{iﬁcantlx th time (Z=3.1

of secondary lysosomes. CD-68 in the cerebral cortex was found in microglia

(P<0.002)). And it turned out to be a multiple and signif{:antl wer thaniin the control group at
all times of observation (Z=5.56 +~ Z=5.68, P<0.0001) ( 1). ®

Table 1. The number of GFAP+, Bcl-2+, 6 ellS\nd shadow cells on the 5th and

21st days of observation. x g

Group / cell type GFAP* &T CD-68" shadow cells
Experimental group | Me=15 (%3?1 ei22,5 (20, | Me=1 (0, 2) Me=14 (12, 18)
(5™ day) * ANED

Experimental group GQ\ ) Me=31 (27, 34) | Me=3 (2, 3) Me=3 (3, 5)
(21* day) w

Contro\‘c& (We:% (21, 28) | Me=8,5 (6, 12) | Me=0,5(0,1) | Me=21 (10, 36)
day) ‘ >
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Control group (21% | Me=13 (11, 15) | Me=6 (5, 7) Me=1 (0, 2) Me=18 (9, 23)
¢
day)

C\N\

Disscusion ‘ \\ y

@

It is known that BMA is a cell-free extracellular matri llVeneic.&gin and contains
collagen, glycosaminoglycans, and proteoglycans (L@deva et\all. 201» Its pharmacological
action is to stimulate tissue regeneration when appli ly, wl%ch activates angiogenesis,
causes chemoattraction of mesenchymal stem c@n imulation of their differentiation,
followed by induction into tissue-specific tixs. M is an inhibitor of fibrosis during the
healing of various tissues (Lebedeva 1.2021 Jebedeva et al. 2018). BMA exerts its range of
influences through the system of o ucle'r phagocytes — M1 macrophages, which migrate in
response to biomaterial imp“tatiowd phagocytize it, acquiring a special phenotype. That is,
BMA is an immungti@at\o&he cellular link of immunity (Lebedeva et al. 2019 b). The
remote effect of B biodeé?adation products has not been studied to date. It can be assumed
that in\o t&e introduction of BMA into the muscle tissue of the upper and lower
extremities, vx‘ich were subjected to intense physical activity, they showed an actoprotective

effect, which is confirmed by an increase in the level of the tolerant load multiplicity compared
19



to the control group (Baryshev et al. 2022, Kuznetsov et al. 2022, Ponamarev et al. 2022).
Normoxic muscle tissues can also contribute to the immune-adaptive defense of various tissues,
including nervous. CD-68 macrophages in nervous tissue have a similar effeﬁs)hq{essing

tissue gliosis. (Badi et al., 2022; Chukwu et al., 2023; Prusakova et al., ‘) \alﬁ)va etal.,

2023b) Recovery, stabilization or stimulation of angiogenesi es ace h1 is observed in
the main group. Due to this, neurohumoral homeostasis is maintained, N’las a neuroprotective
effect and leads to a decrease in chromatolysis in neur: which'is confirmed by an increase

in the number of Bcl-2+ cells in the main group, ﬂ ud&tly, a decrease in the number of

GFAP+ and shadow cells. ‘ g

Conclusion . }Q '

Forced anaerobic ph&al activity contributed to the development of pathomorphological
changes in the nervous SUE\X cerebral cortex in the precentral gyrus. In the control group,
signs of cell edem@ropll, perivascular pool, and synaptic apparatus inactivation were
determN o&nd chromatolysis of neurocytes ended with focal gliosis. Moreover, these
sigNste%for\Zl days. The number of GFAP+ cells and shadow cells increased. And the

number of Bel-2+ cells was reduced compared to the main group.
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Five days after the injection of BMA under conditions of prolonged forced swimming

[ ¢
with a load, no signs of edema of the nervous tissue were detected. The layers ow)cy‘[es of

the cerebral cortex retained a distinct architectonics. Synaptic activity was twctural
features of neurocytes also indicated their functional viability: restora‘) 1gy balance,
activation of biosynthetic processes and secretory activity, l*ls thelr operation. The
content of CD68+ macrophages was increased. S

Therefore, on the basis of the results obtained,qit ean be cchcluded that the allogeneic
biomaterial has a systemic effect on the animal orgafi he&locally injected into muscles, it

has actoprotective, neuroprotective and 1mmxn W effects.

The work was carried out within tQ‘ra ework of State Assignment No. 056-00124-21-
00, approved on 12/23/2020 and ?t peilse of the Strategic Academic Leadership Program
of the Bashkir State Medica*nvewl (PRIORITET-2030).

Conflict of mt{ thors declare no explicit or potential conflicts of interest

related to the pubhc tion of this article.
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