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SUMMARY: Peripheral nerve injury is an extremely important medical and socio-economic problem. It is far from a solution,
despite on rapid development of technologies. To study the effect of long-term electrical stimulation of peripheral nasessawe
domestically produced electrical stimulation system, which is approved for clinical use. The study was performed on Z®rafmits.
of regeneration was carried out after 3 month with morphologic techniques. The use of long-term electrostimulation tezduiotogy |
an improvement in the results of the recovery of the nerve trunk after an injury, both directly at the site of damagenuldigonsti
begins in the early period, and indirectly, after the nerve fibers reach the effector muscle.

KEY WORDS: Experiment; Peripheral nerve injury; Neuro-muscular complex; Long-term electrostimulation;
Morphology.

INTRODUCTION

Traumatic injuries of peripheral nerves (PN) occuof surrounding tissues, the timing of surgery, changes in
with a frequency of 13 to 23 per 100,000 per year in thepinal cord motoneurons and effector organs (Gordon, 2021).
general population (Robinsaat al, 2022). In the overall
pattern of traumatic injuries, 5 % of patients have peripheral After transection of the nerve, axons that lose contact
nerve injuries and 1 % have brachial plexus injuriewith the neuron body undergo Wallerian degeneration. Even
(Padovancet al., 2022). Peripheral nerve damage isafter performing a microsurgical suture of the nerve, the
accompanied by impaired movement and sensitivitphenomena of degeneration continue and axons have to
neuropathic pain syndromes. Despite the possibilities of eagdgrout along the entire distal end of the damaged nerve, in
diagnosis and the modern development of microsurgickict along the connective tissue matrix. After the end of
techniques, complete recovery of peripheral nerves af@éggenerative processes, regeneration processes begin.
injuries never occurs (Miclesat al, 2019; Bellaireet al,  Schwann cells form fibers in the direction from the proximal
2021). The problem of restoring not only the structure, behd of the nerve to the distal end, sprouting the area of the
also the function of peripheral nerves remains relevant neérve damage up to the target organ @tial, 2019, Nocera
only in the medical, but also in the socio-economic plag Jacob, 2020).
(Amanet al, 2022).

The time during which the sprouting of nerve fibers

Peripheral nerve recovery is influenced by a varietyakes place is of critical importance, since denervation of

of factors, such as the type and level of damage, the conditibe muscle, even after immediate restoration of the integrity
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of the nerve, leads to the loss of 65 % of the functiondleurosurgery NAMS of Ukraine". Operative interventions
potential of the muscle. In the case of chronic denervatiovas performed in aseptic conditions and in compliance with
of the muscle, the loss of functional potential decreasestte rules of bioethics.
10 %. Another factor is the number of Schwann cells and
their ability to migrate from the proximal end of the damaged Under general anesthesia with solutions of ketamine
nerve to the distal end and participate in the reinnervatitwydrochloride 10 % (50 mg/kg), xylazine hydrochloride 2
of the muscle (Wangt al, 2019; Aidharmat al, 2022). % (5 mg/kg) and atropine sulfate (0.05 mg/kg), surgical
approach to the sciatic nerve in a rabbit was performed.
In addition, the deficiency of motor units may arise
due to insufficient number of axons due to the peculiaritid3istribution of groups depending on the method of
of reconstructive surgeryon the nerve trunk (for examplsurgical intervention:
with nerve transfer, autoplasty, size differences and
histoarchitectonics of the nerve endings) (Rayeteal, Group 1 (n=7), control: suture of the sciatic nerve and
2020). implantation of the non-working antenna of the electrical
stimulation device. This group of animals will not be
The effect of the electromagnetic field on nerve tissugtimulated.
is related to the transmembrane potential. During influence
of electromagnetic field, neuron changes its restinGroup 2 (n=7): sciatic nerve suture + implantation of an
membrane potential to an action potential. The cedlectric stimulator antenna and the beginning of stimulation
membrane is depolarized or hyperpolarized, which causes the 2nd day.
excitation or inhibition of electrical impulse conduction (Fu
et al, 2020; Jiret al, 2022). Group 3 (n=7): sciatic nerve suture + implantation of an
electric stimulator antenna and the beginning of stimulation
Axon regeneration through the nerve suture line iat a time point that will coincide with the beginning of signs
slow and axons sprout through it within 3-4 weeksof reinnervation of the effector muscles.
Regeneration is accelerated by electrical stimulation with a
frequency of 20 Hz within 1 hour after performing a nerv&roup 4 (n=7): autograft of the sciatic nerve + implantation
suture, and stimulation of regeneration occurs mainly dué an electric stimulator antenna and the beginning of
to an increase in the rate of axon sprouting and not thetimulation at a time point that will coincide with the
number (Javeeet al, 2021). beginning of signs of reinnervation of the effector muscle.
Surgical procedure. In group 1, we perform approach to SN
The positive effect of transcutaneousn aseptic conditions, at a distance o£B® mm from the
electromyostimulation and temporary intraoperativeoint of its exit from the pelvic cavity, cut the nerve with
neurostimulation is known (Shapira & Midha, 2015; 20 blade and make epineural suture (monofilament polyamide,
al., 2020). The question of the effect of long-term invasiv@.0). Antenna of electrostimulation device (NeySi-3M) (Fig.
electric neurostimulation on the recovery of thd) was implanted subcutaneously (at thigh level) and
neuromuscular complex as a functional unit in case efectrodes was sutured to epineurium by atraumatic sutures

peripheral nerve injuries remains open. (monofilament polyamide, 9/0) (Fig. 1B). Layer-by-layer
suturing of the wound. The same procedure was performed
MATERIAL AND METHOD in group 2 and group 3. In group 4, nerve gap with a length

of up to 1@2 mm was cut out with the help of a blade (at a
This study was conducted in strict accordance wittlistance of 381.5 mm from the point of its exit from the
the recommendations of the National Institutes of Healthfgelvic cavity). After turning the fragment by 180°, it was
Guide for the Care and Use of Laboratory Animals. Thagain sewn between the ends of the SN. 3-6 epineural sutures
research protocol with animal experimentation was approvecere applied using an atraumatic needle with a 9/0
by the Scientific Ethics Committee of State Institutiormonofilament polyamide using an operating microscope
“Romodanov Neurosurery Institute Of NAMS Of Ukraine”(x12 magnification). This method simulates the nerve
(Protocol Number: 17/2022). All surgery was performedutografting operation in the clinic.
under general anesthesia and every effort was made to
minimize suffering. The NeySi-3M neurostimulation system is a
Ukrainian-made neurostimulator that is partially implantable,
The study was conducted on 28 rabbits of this used in neurosurgery and is intended for long-term
vivarium of the State Institution "Romodanov Institute oklectrical stimulation of peripheral nerves and plexuses, the
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Fig. 1. NeySi-3M neurostimulator. A - gene-
ral view. Nonimplantable part: 1.
transmission antenna, 2. pulse generator unit
(combined with the control panel);
Implantable part: 3. receiving antenna, 4.
electrodes. B - intraoperative photo:
electrodes was fixed to the epineurium of
sutured sciatic nerve.

spinal cord, and areas of the brain, with the aim of relieving Muscle fragments were processed using standard
neuropathic pain, as well as restoring the functions phraffin-embedded techniques. Paraffin sections of 5-7 mm
damaged structures of the central and peripheral nervausre made on a rotary microtome Sakura Accu-cut SRM
systems (nerves, plexuses, brain and spinal cord). 200 (Sakura, Japan), stained with hematoxylin-eosin. The
obtained micro samples were photographed on an Olympus
The NeSi-3M electrostimulation device is includedBX51 microscope (Olympus, Japan), and processed with
in the State Register of Medical Equipment and Medic#the ImageJ V1.50 biomedical image processing program
Products of Ukraine and isapproved for use in medicéNIH, USA).
practice. State registration certificate No. 7439/2008.
The values of the indicators were calculated using
Electrostimulation protocol. During the electrical the methods of descriptive statistics. The normality of data
stimulation session, voltage pulses from the devicetistribution was checked by the Shapiro-Wilk W-test. Since
generator were transmitted through the transmitting antentiae test did not confirm that the distribution law was nor-
which was applied to the surface of the skin above thmal, for multiple intergroup comparisons of the mean values
receiving antenna implanted in the animal's body. From tlo¢ independent groups, the non-parametric Kruskal-Wallis
receiving antenna, voltage pulses were sent through a thirtest was used, followed by pairwise comparisons of groups
cable to the electrodes, which are sewn to the epineuriumusing the U-Mann-Whitnetest (Mann— Whitney U-test. The
the sciatic nerve. The electrostimulation mode was used witierage values were presented as M (25 %; 75 %) (n), where
a variable frequency of pulses per cycle: half of the T peridd is the median; (.) is the interquartile range. The electronic
— pulse generation, half of the T period — pulse pulse in tdatabase was created using the MS Excel 2013 program.
function, T — from 0.5 s to 15 s, minimum frequency (FStatistical analysis and graphical presentation of results was
min.) — 2 Hz, maximum frequency (F max.) — 120 Hz, angderformed using the Prizm v. 8.0 (GraphPad, USA, free trial)
with a fixed frequency of 20 Hz and 80 Hz. The amplitudand STATISTICA 7 (StatSoft Inc. (2003)) software package.
of the pulses in all modes with a load resistance of(10 k
was from 8 V to 20 V. Electrical stimulation sessions lastinBESULTS
5 minutes per day were conducted every day.
Three month after the injury, signs of regeneration
Control of regeneration was carried out after 8 weekaias macroscopically present in the area of surgical
After the animal was anesthetized, access to the sciatic neintervention. Histological examination revealed that the
was performed, and it was removed together with the calfiture site included numerous newly formed nerve fibers,
muscles. After the collection of materials, tissues are remiolood vessels, and an implanted stimulator antenna. Newly
ved from the experiment by injection of a lethal dose dbrmed nerve fibers (Fig. 2A) went from the proximal (cen-
drugs for anesthesia. tral segment) through the injury site and grew into the distal
(peripheral segment). Newly formed nerve fibers are located
The material was fixed in a 10 % solution of bufferedelatively evenly, butin a disorderly manner. Alarge number
formalin. Longitudinal frozen sections were made on a MKaf thin nerve fibers deviate from the longitudinal axis of the
2 microtome-cryostat, after which impregnation with silvenerve and are located at large angles. The number of blood
nitrate was carried out by the Bylshovsky method imessels is insignificant. In the suture site, there are no signs
modication of Chaikovsky (Chaikovslet al, 2016). of fibrosis or excessive growth of connective tissue around
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Fig. 2. A. Suture site in animals of the | group. Chaotic, relatively uniform arrangement of a large number of nenragitegrrsation

with silver nitrate. B. Fragment of the calf muscle of animals of the | group. Muscle fibers of medium and small diametiexylitema
eosin staining.

the antenna. In the area of suture site, the number of newlgnificant. The unevenness of the nerve fibers of the suture
formed nerve fibers was 8082,1 (7696,7; 868idr6j/ site area is noted: a significant number of nerve fibers pass
near and along the antenna of the stimulator (Fig. 3). Such

During the histological examination of calf musclesierve fibers are oriented along the antenna and are placed
in animals of this group, muscle fibers of medium and smatt an orderly manner. At a certain distance from the
diameter forming bundles were found (Fig. 2B). Most o$timulator, nerve fibers have a tortuous course, are arranged
the muscle fibers have eosinophilic cytoplasm anchaotically, deviate from the longitudinal axis of the nerve.
peripherally located nuclei, but there is a moderate numbEne number of newly formed nerve fibers was 11705
of luminal fibers and fibers of small diameter with thei(11302,2; 12513,1) um?, which was significantly
centrally located nuclei. The cross-sectional area of tlfp<0.0004) more than the similar indicator in animals of
muscle fibers was 295.3 (180,7-415)* (Median; 95 % the 1st group (Fig. 3A).
Cl of Median).

High density of newly formed nerve fibers around

Similarly, to the previous group, in the area of injurythe area of implantation of the stimulating electrode. In the
the animals of this Il group had a suture site consisting afea of the suture site bordering the peripheral segment of
thin newly formed nerve fibers that sprouted from the injurthe nerve, there is a large number of newly formed nerve
site and grew to the distal segment of the injured nervefilers, which were placed unevenly, with a high density in
small number of blood vessels, and an implanted antertha central part of the nerve trunk, which corresponds to the
of the stimulator. The number of newly formed fibers islepth of implantation of the stimulator (Fig. 3B).

e
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Fig. 3. A. Suture site of Il group animals. B. Suture site and peripheral segment of the sciatic nerve of animals ofithé llagge
number of newly formed nerve fibers. Impregnation with silver nitrate. C. Fragment of the calf muscle of animals of thellagyeu
diameter muscle fibers. Hematoxylin-eosin staining.
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During the histological examination of the calfarea of injury in the animals (between the central segment
muscle, bundles of muscle fibers with a predominance of the nerve and the insertion area and between the insertion
muscle fibers of large and medium diameter witlarea and the peripheral segment of the nerve, respectively).
eosinophilic cytoplasm and peripherally located nuclei wela the area, proximal to suture site, there were thick and thin
noted in their composition (Fig. 3C). The cross-sectionalewly formed nerve fibers that germinated at the site of the
area of the muscle fibers was 1094,9 (791,3; 14084021/ injury and grew into the area of the insertion. An uneven
which was reliable (p<0.0001) for a similar indicator ofirrangement of nerve fibers in the composition of the suture
animals from the 1st group. site is noted. Most of the fibers are placed in a relatively

orderly manner, maintaining a longitudinal orientation (Fig.

According to the results of the research, the animafs\). The specific number of fibers was 9223,5 (8880.3;
of lll group had numerous thin and thick newly formed nerv@586,7) 1um?, which was significantly (p=1,0) more than
fibers in the area of the suture site, which went from thtee corresponding indicator in animals of the | group, but
central segment and grew into the peripheral segment of thés indicator was significantly less (p=0,043) for a similar
injured nerve trunk. Nerve fibers were located relativelindicator in animals of the Il group and did not differ
unevenly, relatively disorderly (Figs. 4A,B). A significantsignificantly (p=1.0) from a similar indicator in animals of
number of fibers in the peripheral part of the neuromihe Il group.
retained signs of longitudinal orientation; on the other hand,
in the middle part of the suture site, a large number of thin In the area of the distal suture site (Fig. 5B), the
nerve fibers had a chaotic arrangement, deviated @riesence of a small number of thick and a significant number
significant angles from the longitudinal axis of the nerveof thin nerve fibers growing into the peripheral segment of
The specific number of newly formed nerves in the area tife nerve trunk was noted. The placement of fibers in the
the suture site was 9788 (9283; 10394,/ which was area of the insertion is relatively uniform, however, not all
insignificantly (p=0.38) more than the similar indicator irfibers reach the peripheral segment of the nerve trunk, which
animals of the 1st group and insignificantly (p=0.39) lessauses its uneven reinnervation. The average number of thin
than this indicator in animals of the Il group. newly formed nerve fibers deviates from the longitudinal

axis of the nerve, has a transverse or recurrent course. The

Histological examination of the calf muscle revealetiumber of fibers was 6559,3 (6357,5; 6962,n%/ which
a polymorphism of the morphological pattern: there amas significantly less than the similar indicator both in the
medium-diameter fibers with eosinophilic cytoplasm angdroximal suture site in animals of this group (p<0.012) and
eccentrically located nuclei, as well as small-diameter fibeirs animals 1l (p<0.0001) and Il (p=0.0005)) experimental
with centrally located nuclei and small fibers with mangroups and did not differ significantly (p=0.49) from the
nuclei (Fig. 4C). The cross-sectional area of the muscle fibesigilar indicator in animals of the 1st group.
was 570.1 (343.2; 761.2) 2, which was significantly
(p<0.0001) higher than the similar indicator in animals of During the histological examination of the calf
the | group, but was significantly lower (p<0.0001) than thmuscle on the side of the injury, single fibers of medium
same indicator in animals of the Il group. diameter and numerous small fibers that were part of the

bundles were found (Fig. 5C). Numerous groups of

According to the results of histological examinatioradipocytes were also found in the spaces between muscle
of the injured nerve trunk in group IV, it was establisheflbers. The cross-sectional area of muscle fibers was 355.1
that proximal and distal to suture site were formed in th253.3-492.1) 1{m?, which was not significantly different

AT SR 2 M EOT B e 400 um [ = ‘ T toopm
Fig. 4. A, B. Suture site of animals of the Ill group. Chaotic, uneven arrangement of nerve fibers. Impregnation wittratiévet i
Fragment of the calf muscle of animals of the IIl group. Muscle fibers of medium diameter. Hematoxylin-eosin staining.

170



PETRIV, T; ALMHAIRAT, R. M. D.; LIKHODIEVSKIY, V.; LUZAN, B.; TSYMBALIUK, Y.; VASLOVYCH, V.; MALYSHEVA, T. & TSYMBALIUK, V. Effect of long-term peripheral nerve
stimulation on neuro-muscular complex morphologic recovery in experinent. Morphol., 42(1)166-172, 2024.

from the similar indicator in animals of group | (p=1.0) andhan the similar indicator in animals of || experimental group
group Il (p=0.35) but this indicator was significantly lower(p<0.0001).

"\—-t o
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Fig. 5. A. Proximal suture site of IV group animals. Chaotic, uneven arrangement of nerve fibers. Impregnation with atiéveB.nitr
Distal suture site of IV group animals. Chaotic, uneven arrangement of nerve fibers. Impregnation with silver nitratee@t &fragth
muscle of IV group animals. Muscle fibers of medium and small diameter, atrophied fibers. Hematoxylin-eosin staining.

DISCUSSION

Histological research data indicate the presence Bfwas also established that there was no irritating or
reactive changes in response to damage to the nerve tr@agnaging effect of stimulation both in the place of electrode
both in the area of direct injury and in the effector orgai,ﬁnplantation which, however, requires further research. In
along with the location of neuron bodies, which is describdfe animals of the Il experimental group, in which
in the classical literature. It is also common knowledge th&timulation with an implanted electrode was carried out in
suture site form in areas of severe damage to nerve truniks remote period after the injury, histological examination
especially after damage in the form of a complete sectid?f.the material of various organs also showed a typical pattern
The nature of the changes that were revealed during the st@fiyate changes both at the site of the injury and in distant
of fragments of the nerve trunk and muscle of animals §fgans. However, the degree of severity of these changes
the | group are typical and corresponds to the picture of tHffered from that in animals of the Il group: the degree of
|0ng-term consequences of nerve injury grade V (accordi%derliness and orientation of the nerve fibers approached
to Sunderland), neurotmesis (according to Seddon) aftgpse of the animals of the | group. However, a higher index
nerve suture, which is well described in the literature sourcé¥. the cross-sectional area otisele fibers may probably
Such changes include the relatively disordered arrangeméiticate a mediated proregenerative effect not on the sprouting
of newly formed nerve fibers in the area of nerve injur?f nerve fibers through the injury site, but on muscle recovery,
with the sprouting of nerve fibers into the peripheral segmegince the reaching of muscle fibers by nerve fibers and the
restoration of the shape of neurons, incomplete restoratibfginning of electrical stimulation coincide in times. Small
of their Size, the appearance of Chromatoph”ic Substanceqwerences in the number of nerve fibers between the Il and
neurons of the spinal cord, the central location of the nuclegroups of animals can be explained by the late start of
of neurons and the average diameter of muscle fibers. WHginulation, which does not coincide in time with the moment
examining the material of the animals of the Il experiment&f sprouting of nerve fibers through the injury site, since this
group, changes similar to those of the | group were al§ocess occurs earlier. In animals of group IV, where
found. However, the animals of this group had a greatatoplasty was performed with the beginning of stimulation
number of nerve fibers in the area of the injury, at the sartiethe remote period after the injury, morphological changes
time with a greater degree of their orderliness, especiafjtd morphometric parameters in the proximal suture site are
around the area of implantation of the stimulating electrod@Milar to those in animals of group Ill, which can also be
which, in combination with the presence of full-fledgecXplained by the discrepancy in the time of fiber sprouting
muscle fibers of large diameter indicates a more successfid the beginning of stimulation. A morphological study of
regeneration in animals of this group. This effect can ghe muscle revealed changes characteristic of incomplete,
explained both due to the positive effect of the electric fieldneven restoration ofststructure in the form of the
of the implanted electrode in the area of the injury in th@Ppearance of groups of small fibers, an increase in the
form of stimulation of the sprouting of a larger number ofumber of adipocytes, which occurs due to the delay and

ordered nerve fibers, and due to the indirect stimulating effdétevenness of the reinnervation of the muscle, although the
on successfully reinnervated muscle fibers. presence of muscle fibers of medium diameter, forgiving
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