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ABSTRACT

BACKGROUND: Peripheral nerve injuries represent a significant medical and social concern both in peacetime and during armed
conflict. These injuries require prolonged inpatient care and frequently result in long-term disability. In response to peripheral
nerve damage, retrograde reactive changes occur in the parent neurons and associated spinal cord cells. Understanding these
processes may allow for more accurate predictions of clinical outcomes and recovery timelines. Elucidating the response of the
lumbar spinal cord segment to peripheral nerve injury and subsequent treatment may enhance therapeutic efficacy.

AIM: To examine the regularities of reactive changes in the spinal cord segment following neurotmesis in order to improve the
strategy and tactics of treating patients with this pathology.

MATERIALS AND METHODS: Experimental neurotmesis of the sciatic nerve was surgically induced in six male Wistar rats.
Three animals received ipidacrine for seven days, whereas the remaining three served as untreated controls.

RESULTS: This electron microscopy study examined changes in the lumbar segment of the spinal cord seven days after neu-
rotmesis, with and without ipidacrine treatment. Retrograde processes following sciatic nerve injury affected not only the
parent neurons of the damaged fibers but also nerve fibers, glial cells (including oligodendrocytes), and the microcirculatory
bed. Qualitative and quantitative differences in spinal cord morphology were observed between the experimental and control
groups, and morphological predictors of successful recovery were identified.

CONCLUSION: The results of this study demonstrated that a 7-day course of ipidacrine administration following sciatic nerve
neurotmesis exerted a beneficial effect on adaptive neuroplastic processes in the lumbar segment of the spinal cord.
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AHHOTALMA

AkTyanbHocTb. TpaBMbl nepudepuyeckMx HepBOB MNpeLACTaBNsAOT CODOM CepbesHyld MeaMKo-couManbHylo npobnemy
KaK B MUPHOE, TaK U B BOeHHoe BpeMsi. OHM TpebyoT ANMTENBHOMO CTALMOHAPHOTO SIEHEHNS M 4acTo NPUBOLAT K MHBANNMAM-
3auUuMM nauueHToB. B 0TBeT Ha MoBpeX/aeHNe HepPBHbIX BOJIOKOH B «POAMUTENLCKUX» HEMpOHaX U ApYrUX CBA3aHHBLIX C HUMM
KIeTKax CMMHHOrO Mo3ra MPOMCXOAST PeTporpagHble PeaKTUBHbIE M3MEHEHWS, MOHMMaHWe KOTOPbIX JACT BO3MOMHOCTb
MPOrHo3M1POBaHMsA UCXOAO0B M CPOKOB BOCCTAHOBJEHMS. 3HAHWE TOr0, Kak MOSICHUYHLIA OTAEN CMMHHOrO Mo3ra pearvpyet
Ha TpaBMy nepudeprUyecKoro Hepea 1 NoOCNeAykoLLee nevyeHne No3BOAUT NOBLICUTL IPGEKTUBHOCTL TEPANUM.

Llenb — u3yyeHne 3aKOHOMEPHOCTEN CErMEHTapHbIX CMIMHAJBbHBIX PEAKTUBHBIX M3MEHEHWI MPX HEBPOTME3NCe AJ1S YCOoBep-
LUEHCTBOBaHMUS CTPATEry M TaKTUKM JieYeHns BOMbHBIX C JaHHOM MaTosorme.

Matepuanbl U MeToAbl. 3KCMepPUMEHTaNbHbIA HEBPOTME3NUC CeAaNNULLHOr0 HepBa co3faBancs y 6 camuoB Kpbic Wistar xu-
PYPruyeckuM nyteM. 3 KpbiCbl B TeYeHUe 7 CyT MoJyyanu JieYeHne UNMAAKPUHOM, a 3 COCTaBUIM KOHTPOJSIbHYIO rpynny —
0e3 neyenus.

Pe3ynbTtatbl. B npeacTaBNeHHOM 3M1EKTPOHHO-MUKPOCKOMMYECKOM WUCCNIE0BaHUW ONpefensivi U3MeHeHNs, KOTopble Mpo-
UCXOAWIN B MOSICHUYHOM CErMeHTe CMMHHOrO Mo3ra nocsie HeBpOTMesuca Yepes3 7 CyT Tepanuu UnMLaKpUHOM u be3 Hee.
Bbino ycTaHOBNEHO, YTO B PpeTPOrpagHbIX NpoLeccax, MPOMCXOAALLMX B CMMHHOM MO3Te Noc/ie TpaBMbl CEAaNULLHOIO HepBa,
Y4acTBOBaNM He TOJIbKO «POAMUTENbCKME» HEMPOHbI MOBPEMAEHHbIX BOIOKOH, HO M HEPBHbIE BOJIOKHA, FMMalbHbIe KIETKM
(onmMrozieHApPOLMTLI) U MUKPOLMPKYNATOPHOE pycno. OOHapyKeHbl KaueCTBEHHbIE U KOJIMYECTBEHHbIE pasninymnsa B Mopdono-
WM CTPYKTYP CMIMHHOTO MO3ra B 3KCMEpUMEHTaNbHON M KOHTPOJILHOM rpynnax v onpeaeneHbl Mopdoniornyeckiue nNpeanKTops
WX YCMELIHOr0 BOCCTAHOBNEHHUS.

3akntouenue. PesynbTathl UCCNELOBaHNUA MOKa3au, YTO NMPUMEHEHUE UNMMLAKPUHA B TeYeHWe 7 LHeN nocse HeBpoTMe3snca
CelaNMLLHOrO HepBa OKa3aso MOJIOKUTESbHOE BAMAHME Ha MPOLLECCh alanTMBHON HEMpPONiacTUYHOCTU B NOSICHUYHOM Cer-
MEHTE CMMHHOro Mo3ra.

KnioueBble cnoBa: UNKULAKPUH; HEPOTINS; HENPOH; HEPBHbIE BOJIOKHA; pereHepaLus; CMHHOI Mo3r; TpaBMa nepude-
PUYECKUX HEPBOB; 3/IEKTPOHHAA MUKPOCKOMMUS.

Kak untnpoBatb

Jlnteunenko W.B., uneonynos C.A., Onmwenko J1.C., KnumkuH AB., THesoiwes E.H., Maromenos K.P. Mopdonorundyeckoe pemofenvpoBaHve CMHHO-
r0 M03ra nocsie 3KCNepUMEHTasIbHOr0 HeBPOTMe3unca Ha GoHe paHHero NPUMeEHeHWs MNMAAKPUHA (3NEKTPOHHO-MUKPOCKOMMYECKoe UcCneaoBaHe) //
N3BecTus Poccuiickoit BoeHHO-MeaunuMHCKo akagemuu. 2025. T. 44, N° 1. C. 87-94. DOI: https://doi.org/10.17816/rmmar642372

Pykonucb nonyyena: 29.11.2024 Pykonucb ogo6pena: 11.02.2025 Ony6nukoBaHa: 31.03.2025
V-2
3KO®BEKTOP CraTba noctynHa no nveHavin CC BY-NC-ND 4.0 International

© 3xo-Bextop, 2025


https://creativecommons.org/licenses/by-nc-nd/4.0/deed.ru
https://creativecommons.org/licenses/by-nc-nd/4.0/deed.ru
https://doi.org/10.17816/rmmar642372
https://doi.org/10.17816/rmmar642372

ORIGINAL STUDY ARTICLE

BACKGROUND

The high incidence of peripheral nerve injuries, es-
pecially during armed conflicts, their frequent disabling
consequences, and consequent prolonged hospitaliza-
tions underscore their significant medical and social
impacts. The clinical management of such injuries re-
mains challenging. Despite advances in understand-
ing he mechanisms underlying peripheral nerve regen-
eration, therapeutic approaches aimed at structural and
functional recovery remain fundamentally insufficiently
substantiated. Consequently, the effectiveness of treat-
ment strategies directly depends on a thorough un-
derstanding of nervous system alterations at multiple
levels following nerve injury, as previously reported by
our group [1].

It is well established that after peripheral nerve
transection, pathological changes extend beyond Wal-
lerian degeneration. Reactive alterations also occur in
the proximal nervous system components, including the
spinal ganglia, spinal cord, and suprasegmental struc-
tures [2]. Nerve fiber damage triggers retrograde chang-
es in the proximal axonal segment and the adjacent,
functionally connected neurons. Such changes are linked
to the disrupted retrograde transport of trophic factors
[2-4].

However, the exact distribution and dynamics of such
retrograde responses following peripheral nerve injury
remain poorly defined. Evidence indicates that these re-
sponses are heterogeneous and variable, influenced by
the extent and location of axonal damage, vascular sup-
ply to the affected limb segment, and age. Furthermore,
the predominant mode of neuronal death during the early
post-axotomy period—whether necrotic or apoptotic—
has not been established. This lacuna is of critical clinical
relevance: a better understanding of retrograde altera-
tions and the development of evidence-based strategies
to preserve segmental spinal cord function may enhance
regenerative and collateral sprouting, thereby improving
clinical outcomes [5, 6].

We previously demonstrated that magnetic stimulation
and ipidacrine administration improved adaptive neuro-
plasticity and nerve regeneration 1 month after traumatic
neuropathy [7]. However, data on the early morphological
changes within the lumbar spinal cord following neurot-
mesis (sciatic nerve injury) and ipidacrine administration
are limited. The present study was therefore designed to
address this knowledge gap.

We aimed to investigate the patterns of segmen-
tal spinal reactive changes following neurotmesis by
comparing retrograde morphological alterations within
the lumbar spinal cord segment during the early stag-
es of treatment with or without ipidacrine, to opti-
mize the therapeutic strategy and procedures for such
patients.
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MATERIALS AND METHODS

The selected model of traumatic neuropathy result-
ing in neurotmesis simulates injuries caused by sharp
objects or gunshot wounds, incorporating the primary
surgical management of wounds.

The experimental model was established through a
multistep surgical procedure [7]. For electron microsco-
py, three male Wistar rats were selected for each study
group.

In the experimental group, the animals received in-
tramuscular injections of the anticholinesterase agent
ipidacrine at 0.07 mL/day for 7 days, beginning on day 7
post-operation. This regimen mirrored clinical practice.
The control group did not receive ipidacrine.

Tissue samples were harvested from the correspond-
ing lumbar spinal cord segment and prepared for elec-
tron microscopy using standard protocols [8]. Ultrathin
contrasted sections were examined using a JEM-100CX
transmission electron microscope (JEOL Ltd., Tokyo, Ja-
pan). The electron micrographs obtained were scanned
and analyzed descriptively.

RESULTS

In the control group, the lumbar segment of the spi-
nal cord predominantly contained hyperchromic neurons,
characterized by densely structured nuclei and cyto-
plasm. These neurons exhibited a greater number of mi-
tochondria; however, many exhibited indistinct structural
features, suggesting low activity (Fig. 1). The surround-
ing myelinated and unmyelinated fibers were markedly
altered.

A small number of normochromic neurons were also
observed. These had pale nuclei with diffuse chromatin
distribution and, occasionally, dense, inactive nucleoli.
Their cytoplasm contained dilated cisternae of the rough
endoplasmic reticulum (RER) and, in some instances,
dense lipid inclusions. Numerous ribosomes surrounded
the nucleus, and a majority of the mitochondria exhibited
a normal matrix and cristae structure.

These findings indicate the morphological and func-
tional reactivity of the neurons. The axonal cylinders and
myelin sheaths of the adjacent nerve fibers exhibited
moderate alterations (Fig. 2).

Further, in the control group, the chromatin distribu-
tion of some oligodendrocyte (OL) nuclei was consistent
with apoptosis. The surrounding myelinated and unmy-
elinated fibers exhibited varying degrees of degeneration
(Fig. 3). Such a morphology is indicative of the apoptosis-
mediated functional inactivation of OLs.

One week after initiation of ipidacrine therapy, small
neurons with pale nuclei, irregularly contoured, and mild-
ly altered chromatin architecture were observed in the
experimental group. Their cytoplasm comprised various
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Fig. 1. Hyperchromic neuron rat spinal cord without treatment:
I — nucleus; 2 — mitochondria (arrow), x8,300.

Puc. 1. TunepxpoMHbIii HEMPOH CMIMHHOIO Mo3ra Kpbichl be3 neye-
Hus: 1 — appo; 2 — MuToXoHApuK (cTpenka), x8 300.

Fig. 3. Oligodendrocyte rat spinal cord without treatment with
signs of apoptosis. 1 — nucleus with uneven and dense accu-
mulations of heterochromatin in the karyoplasm; MB — myelin
fibers, x10,000.

Puc. 3. OnurogeHApoUMT CMMHHOMO MO3ra Kpbickl 6e3 nedveHus
C MpU3HaKaMm anonTo3a: i — A4po C HepaBHOMEPHLIMMU U MOT-
HbIMI CKOM/EHUSIMU FeTEepPOXpPOMaTIHa B Kapuonnasme; MB — mu-
eJIMHOBbIE BOJIOKHa (cTpenkm), x10 000.

organelles, predominantly mitochondria, along with RER
cisternae and the Golgi apparatus (Fig. 4). This mor-
phology reflects high functional activity. In addition to
these active normochromic neurons, hyperchromic neu-
rons were also detected in the lumbar spinal cord of the
treated rats, albeit less frequently than in the controls.
These cells exhibited diffusely distributed heterochroma-
tin and prominent nucleoli, suggesting reduced functional
capacity. Pale neurons undergoing intracellular repair
were also observed in the spinal cords of the experi-
mental group rats. This observation was indicated by the
presence of numerous ribosomes; however, a few mi-
tochondria in the cytoplasm, along with the absence of
other organelles (Fig. 5).

Notably, axonal growth cones were observed in the
spinal cords of the treated rats at this stage. Some were
pale and contained vesicles, mitochondria, RER, microtu-
bules, and neurofilaments (Fig. 6), whereas others were
hyperchromic and boot-like in shape (Fig. 7).

Similarly, the cytoplasmic changes in the OLs from the
experimental group were marked. Some cells contained a

DOI: https://doiorg/ 10.17816/ rmmarb42372

Fig. 2. Normochromic neuron rat spinal cord without treatment:
I — nucleus; 2 — myelin fiber, x5,000.

Puc. 2. HopMOXpoMHbIii HEJpOH CMMHHOIO Mo3ra Kpbickl be3 neve-
Hus:: 1 — appo; 2 — MuennHoBoe BoJokHo, x5 000.

Fig. 4. Normochromic neuron in a treated rat: 7 — nucleus;
2 — nucleolus, x4,000.
Puc. 4. HopMOXpOMHBIN HEMPOH KpbiCkl NoCe fedeHuns: T — aapo,
2 — apapbiwlKo, x4 000.

full complement of organelles, whereas others displayed
marked organelle depletion, indicative of pale-type dys-
trophic changes.

Certain OLs had nuclei with a normal chromatin orga-
nization. Their cytoplasm featured large vacuolated RER
cisternae, numerous ribosomes, and occasional pha-
golysosomes (Fig. 8), reflecting population heterogeneity
and partial recovery of functional activity. In some OLs,
formation of new myelin sheaths, a marker of normal
morphofunctional activity was observed.

By day 14 post-neurotmesis, the lumbar spinal
cords from untreated rats showed myelinated fibers
with dense, unlaminated myelin. The axonal cylinders
of these fibers were either intact or highly condensed,
suggesting dark-type dystrophic axonopathy. Fibers
with dense myelin but axonal cylinders exhibiting pale-
type changes were also identified. In other cases, the
axons appeared translucent, and the myelin sheath
was significantly thin or partially absent. These find-
ings indicate concurrent myelinopathy and axonopathy
(Figs. 1, 3).
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Fig. 5. Neuron rat spinal cord after treatment in the state of intra-
cellular reparation: 7 — cytoplasm; 2 — mitochondria; 3 — axial
cylinder of myelin fiber, x10,000.

Puc. 5. HelpoH cnuHHOro Mo3ra KpbICkl Moc/e fe4eHus B COCTOS-
HWW BHYTPUKIIETONHOM penapaumm: | — uutonnasMa; 2 — MuTo-
XOHAPUM; 3 — 0CeBOW LMAMHAP MUENMHOBOrO BosIokHa, x10 000.

Fig. 6. Growth flask from an axon with light axial cylinder (*),
x5,000.

Puc. 6. Konba pocTa n3 aKcoHa CO CBET/IbIM OCEBbIM LMIMHA-
pom (¥), x5 000.

Fig. 7. Growth flask from a hyperchromic axon in the form of
a boot (7). 2 — process of normal axial cylinder, x26,000.

Puc. 7. Konba pocTa 13 runepxpoMHOro akcoHa B Buae canora (7).
2 — oTpocToK 0bbi4Horo Buaa, x26 000.

Notably, in the treatment group, 2 weeks after neu-
rotmesis, isolated myelinated fibers in the spinal cord
showed a substantial structural restoration of the my-
elin sheath, accompanied by moderate axonal cylin-
der dystrophy (axonopathy) and signs of remyelination
(Fig. 9, a, b).

In the control group, the capillaries of the lumbar
spinal microcirculatory bed had intact basal membranes.
However, erythrocyte aggregation into rouleaux was ob-
served in the vessel lumina, indicating erythrostasis.

Endothelial cells exhibited dystrophic changes, more
frequently of the dark-type than pale-type. Astrocytic
end-feet were often absent around the capillaries, with
numerous adjacent myelinated fibers showing signs of
myelinopathy and axonopathy (Fig. 10). These vascular
and perivascular changes reflect moderate microcircula-
tory impairments.

Seven days after ipidacrine treatment, some capil-
laries in the examined spinal cord segment contained
abnormally shaped erythrocytes that did not form rou-
leaux. The capillary walls were extensively vacuolated,

DOI: https://doiorg/ 10.17816/ rmmarb42372

Fig. 8. Oligodendrocyte rat spinal cord after treatment: 1 — nu-
cleus; 2 — cytoplasm; 3 — myelinated fibers; 4 — capillary with
an erythrocyte, x5,000.

Puc. 8. OnvroaeHapounT CIMHHOMO MO3ra KpbIChl NOCIIE JIeYeHus:
] — appo; 2 — uutonnasma; 3 — MWUENUHOBbIE BOJIOKHA; 4 —
Kanunnsp ¢ aputpountoM B npocsete, x5 000.

and the perivascular space appeared clear, lacking astro-
cytic end-feet, an essential component of the blood-brain
barrier (Fig. 11). These findings suggest an incomplete
restoration of the microvasculature.

DISCUSSION

The findings on the structural state of the lumbar spi-
nal cord segment following sciatic nerve injury or neu-
rotmesis with or without a subsequent 7-day ipidacrine
treatment indicate the onset of structural improvements
among all components — neurons, glial cells, myelin-
ated fibers, and the microcirculatory bed — in the ex-
perimental (treatment) group.

Of note is the higher morphofunctional activity of neu-
rons in the ipidacrine-treated group, as evidenced by the
preserved integrity of organelles, particularly the nucleus
and mitochondria. The maintained energy status of the spi-
nal cord cells prevents the development of excitotoxicity
and oxidative stress — key mechanisms of injury — and
thereby inhibits the onset of necrosis and apoptosis [9].

91



92

OPUTHATTBHOE NCCIELOBAHNE

Tom 44, N2 1, 2025

VI3BecTis Poccuiickon
BOEHHO-MeAVILIMHCKOM aKaaeMin

Fig. 9. Myelinated fibers with remyelination patterns: @ — due to the inner mesaxon leaflet. x15,000; b — due to the outer mesaxon
leaflet (in the center of the image), x20,000. The arrow indicates the area of the onset of remyelination in both images.

Puc. 9. MuenvHoBble BOMOKHA C MPU3HaKaMU PEMUENMHU3ALMU: @ — 33 CYET BHYTPEHHEro JIUCTKa Me3akcoHa, x15000; b — 3a cuet
Hapy)XHOro JIMCTKa Me3aKcoHa (B LieHTpe cHuMKa), x20000. Ctpenkoit 0603HaYeH y4acToK Hayana peMUeNIMHM3aLMM Ha 000MX CHUMKaX.

N

Fig. 10. Capillary with erythrocytes (3) in the lumen. MB — myelin
fibers (arrows), x6,600.

Puc. 10. Kanunnsp c sputpountamm (3) B npocsete. MB — Mue-
JIMHOBbIE BOJIOKHa (CTpenkm), x6 600.

While the morphological changes in the OL were qual-
itatively similar between the control and experimental
groups, the number of affected cells differed. The quan-
tity and quality of the preserved OLs reflect the overall
potential for subsequent neural tissue recovery, as these
cells not only produce myelin but also provide trophic
support to neurons and are involved in regulatory func-
tions [10-14].

The neurons undergoing intracellular repair and the
so-called “growth cones” within the spinal cord identi-
fied in our study have not been described previously, in
the context of nerve injury. Notably, growth cones on day
7 of ipidacrine treatment after nerve injury have been
reported by a few studies only in the peripheral nerves
[4, 15]. Notably, growth cones were first observed in the
early stages of post-transection regeneration as early
as the 19" century by Ramon y Cajal. Their presence
indicates a directed pattern of regeneration from the
center to the periphery and the potential for navigated
axonal outgrowth. The preservation of the central spinal

DOI: https://doiorg/ 10.17816/ rmmarb42372
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Fig. 11. Capillary with vacuolized wall (arrows) and erythrocyte (3)
irregularly shaped in the lumen, x5,000.

Puc. 11. Kanunnap c BaKyonMsvpoBaHHOW CTEHKOM (CTPesiku)
1 3puTpoLmToM (3) HenpaBunbHoi popMbl B NpocseTe, x5 000.

structures enables centrifugal axonal extension toward
the target organ [16].

The microcirculatory response and early disruption of
the blood-brain barrier are critical contributors to neu-
ronal death after neurotmesis [17]. After 7 days of ipida-
crine treatment, the condition of the microcirculatory bed
improved partially.

The number of myelinated fibers with altered and
normal structure differed between the control and ex-
perimental groups. Although both groups exhibited vari-
ous forms of axonopathy and myelinopathy, pathological
myelinated fibers were more frequent in the absence of
ipidacrine. A key finding supporting the beneficial effects
of ipidacrine on myelinated fiber restoration is the occur-
rence of fiber remyelination in the spinal cord segment
studied, consistent with previous reports on peripheral
nerve regeneration [4, 15].

One of the major consequences of neurotmesis is the
spinal reorganization of neuronal ensembles, primarily driv-
en by changes in synaptic number and structure [5]. Synaptic
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plasticity underlies adaptive neuroplasticity [18], a dynamic
process regulated by neuronal activity [19]. The pivotal
role of acetylcholine in the development and maintenance
of adaptive neuroplasticity is well established. Therefore,
ipidacrine, which increases acetylcholine levels, enhances
the capacity for adaptive neuroplastic responses [20].

In this study, ipidacrine administration resulted in
morphological changes across all components of the
segmental spinal apparatus, including neurons, neuro-
glia, nerve fibers, and the microcirculatory bed. Such
a detailed electron microscopy-based analysis provides
a comprehensive understanding of the reactive spinal
cord changes following neurotmesis. It further supports
the rationale for using anticholinesterase agents in treat-
ing peripheral nerve injuries.

CONCLUSION

Thus, the findings of this study indicate similar micro-
scopic features comprising early retrograde pathomor-
phological changes in the segmental apparatus of the
spinal cord in both groups.

However, a comparative analysis revealed distinct
characteristics in animals treated with ipidacrine: preser-
vation of neuronal organelles, presence of axonal growth
cones, signs of active remyelination in the myelinated fi-
bers, a relatively greater number of OLs, and an improved
state of the blood-brain barrier.

Given the effects of early ipidacrine administration on
the spinal cord segment following sciatic nerve injury, these
findings indicate an improvement in regenerative potential
due to better preservation of the spinal structures.

This, in turn, may promote a more favorable thera-
peutic outcome and prognosis in patients with this con-
dition.
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