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The study is dedicated to the relevant problem of studying the patterns of age-related
(prenatal) restructuring in the brain and spinal cord and provides opportunities for
predicting and correcting the occurrence of congenital defects. The aim of the research
was to establish the nature of immunohistochemical marker expression in the gray
matter structures of the human spinal cord during the late prenatal period. The material
for the study consisted of spinal cord preparations from 27 human fetuses at gestational
age 35-40 weeks. The following methods were used during the research: anatomical,
general histological, special histological, immunohistochemical, morphometric, and
statistical analysis of the obtained data. It was found that at 35-36 weeks of the gestational
period, the proliferation of neural stem cells (NSCs) occurs more intensively in the
ventral neuroepithelium of spinal cord segments compared to the dorsal neuroepithelium.
In the ventral neuroepithelium, there are 5-6 mitotic or post-mitotic NSCs, while in the
dorsal part, there are only 2-3 cells. In fetuses at 39-40 weeks, the proliferative activity of
neural stem cells in the dorsal neuroepithelium is higher in cervical and lumbar segments,
where Ki-67 expression is detected in 6 % of cells (reactive in 7-8 cells), and in thoracic
and sacral segments, it is 4 % (reactive in 3-4 cells). In contrast to the dorsal
neuroepithelium, in the ventral part of the neuroepithelium of the segments, the proliferative
activity of neural stem cells is slightly less intense. In cervical and lumbar segments, Ki-
67 expression occurred in 4 % of cells (reactive in 3-4 cells), and in thoracic and sacral
segments, it was 2 % (reactive in 1-2 cells). At 35-36 weeks of gestation, high vimentin
expression was observed around the neuroepithelium, at the base of the posterior horns,
and along the posterior median septum. Vimentin expression in the mantle layer was
relatively weak and persisted along blood vessels and in the area of spinal cord root
formation. Before birth, relatively weak vimentin expression was detected inthe remnants
of radial glia surrounding the neuroepithelial layer. Vimentin expression was absent in
the neuroepithelium proper, but focal vimentin expression was observed around blood
vessels. The absence of vimentin expression in the neuroepithelium indicates the
disappearance of radial cells. At 35-40 weeks of the gestational period, relatively strong
synaptophysin expression was observed in the mantle layer of spinal cord segments,
indicating the intensity of neuronal connectivity establishment and myelination of nerve
fibers. These processes continue after birth. Synaptophysin expression was absent in
the neuroepithelium proper.

Keywords: brain, spinal cord, central nervous system, radial glia, neural stem cells,
prenatal period, immunohistochemistry, neuron.

Introduction

The stages of emergence, genetic mechanisms of
development, and processes of differentiation of neural
stem cells in the gray matter of the brain and spinal cord of
human embryos and fetuses have always been a priority
in scientific research [6]. Such studies contain a large
amount of scientific data and facts, but to this day, the

results of such work have conflicting aspects that require
further clarification [3].

As a result of the emergence of modern research
technigues, such as immunohistochemical or
immunofluorescent analysis, as well as computer
morphometry etc., new opportunities arise for thorough
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studies of the structures of the human central nervous
system [1].

It is known that neural stem cells and progenitor cells
are the source of neuroblasts and glioblasts, which may
exhibit different morphological and cytochemical properties
at different stages of ontogenesis and in different structures
of the central nervous system [11]. Neural stem cells arise
in the neuroepithelium of the spinal cord. The coexistence
of neuronal and glial cell precursors in the ventricular zone
of the neural tube at very early stages has been confirmed
using cell markers such as neuron-specific enolase and
glial fibrillary acidic protein [4]. In contrast, the available
literature lacks results regarding the application of
immunohistochemical markers such as vimentin, S-100,
CDX-2, and synaptophysin in the study of structures in the
human fetal spinal cord.

The aforementioned techniques have allowed us to
establish that neuroblasts, originating from the
neuroepithelium, subsequently migrate in a targeted
manner through amoeboid movements in various
directions towards their sites of further differentiation along
the radial glial fibers [5]. There is a viewpoint that these
"guiding" glial cells disappear after the maturation of
neurons. Cessation of further neuronal migration in the
adult brain is attributed to the disappearance of glial radial
processes [17]. However, the authors have not described
the sequential morphology of radial glia during prenatal
human ontogenesis, which requires further investigation
and clarification. As the neuronal cytoplasm differentiates,
the growth and differentiation of its processes occur, and
intercellular connections, including the formation of synaptic
structures, are established [7].

The active study of neural stem cells over the past twenty
years has been associated with the creation of
opportunities for tissue and organ regeneration in damaged
or aging organisms, thus improving quality of life and
extending lifespan [9, 16].

Thus, the significance of the research results on the
morphology of the development of the brain and spinal
cord in clinical practice is exempt from any doubt.

The aim of the study is to determine the expression
pattern of immunohistochemical markers in the structures
of the gray matter of the human spinal cord during the late
prenatal period.

Materials and methods

The material for the study consisted of spinal cord
specimens from 27 human fetuses at a gestational age of
35-40 weeks. These specimens were obtained during
medical abortions or from relatively healthy women due to
stillbirths. The fetuses had perished due to causes unrelated
to anomalies in the development of the brain or spinal cord.

During the examination, it was found that the materials
used in this study comply with the fundamental bioethical
norms of the Helsinki Declaration adopted by the General
Assembly of the World Medical Association, the Convention

on Human Rights and Biomedicine of the Council of Europe
(1977), relevant provisions of the WHO, the International
Council of Medical Scientific Societies, the International Code
of Medical Ethics (1983), the Convention for the Protection of
Vertebrate Animals Used for Experimental and Other Scientific
Purposes of the Council of Europe of 18.03.1986, Directive
86/609/EEC of 24.11.1986, and Order No. 281 of the Ministry
of Health of Ukraine of 01.11.2000. The bioethical examination
has determined that this research may be presented for the
publication of the obtained results.

This work is a part of the planned scientific research of the
Department of Human Anatomy at Vinnytsia National Medical
University named after M. I. Pirogoy, titled "Establishment of
Morphological Changes in the Formations of the Human
Central Nervous System during the Prenatal Ontogenesis
Period (Macroscopic, Histological, Morphometric,
Immunohistochemical Study)", with the state registration
number 0118U001043.

The spinal cord histological specimens were stained with
silver nitrate (Bilshovsky impregnation), hematoxylin-eosin,
and the Nissl staining method was applied.

Immunohistochemical techniques (monoclonal
antibodies) were used as follows: Ki 67 as a marker of neural
cell proliferation, vimentin as a marker of radial glial fibers
and radial cells [10]; S-100 as a marker of glial cells, and
synaptophysin as a marker of synaptic vesicles [8]. A semi-
guantitative scale was used to assess protein expression
intensity, with the following scoring: 0 - an absence of positive
cells, weak - 30 % positive cells, moderate - 31-60 % positive
cells, strong - 60 % or more stained cells [2].

Morphometry of the spinal cord formations was performed
using a light microscope, with the following magnifications:
x4, x10, x40, x100, and x200. Cytohistometry was carried out
using PhotoM 1.21 software (computer histometry).

Statistical analysis of the quantitative data obtained from
the results was performed on a personal computer using the
standard software package "Statistica 6.1" by StatSoft (owned
by the Scientific and Research Center of National Pirogov
Memorial Medical University, Vinnytsia, license number
BXXR901E246022FA). The correctness of the feature
distribution was assessed for each variation series, including
the calculation of mean values and standard deviations for
each feature. The differences between independent variables
were considered significant at p<0.05.

Results

In fetuses at 35-36 weeks of gestation, the proliferation
of neural stem cells (NSCs) occurs more prominently in
the ventral neuroepithelium of the spinal cord segments
compared to the dorsal neuroepithelium. It has been found
that the ventral neuroepithelium contains 5-6 mitotic or
postmitotic NSCs (Fig. 1). While the dorsal region of the
neuroepithelium has only 2-3 such cells.

NSCs migration from the neuroepithelium after mitosis
occurs along the remnants of radial glial fibers. The radial
direction is maintained only at a certain distance around
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Fig. 1. Horizontal section of the human fetal spinal cord at 35-36 weeks. A - expressionr ofi Ki-67 in the neuroepithelium. Ki-67. x400.
B - remnants of radial glia. Vimentin; x100.

e

Fig. 2. Horizontal section of the human fetal spinal cord at 39-40 weeks. A - Ki-67 exprssion in theneuroepithelium. Ki-67. x400.
B - remnants of radial glial fibers near blood vessels. Vimentin; x100. C - S-100 expression in the mantle layer glial cells of the segments.
S-100. x400. D - a relatively strong expression of synaptophysin in the gray matter of the segments. Synaptophysin. x40.

the neuroepithelium (see Fig. 1). Additionally, the radial membrane and comprising its thickness. Long radial glial
glial fibers change direction and extend in a fan-like pattern  fibers extend from the basal membrane of the dorsal
into the boundaries of the dorsal horns. Short fibers are  neuroepithelium and run along the posterior median
located within the neuroepithelium, starting from the basal  septum. Strong vimentin expression was observed in the
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neuroepithelium and along the posterior median septum
(see Fig. 1). In the mantle layer, vimentin expression was
relatively weak and persisted along the blood vessels and
at the site of spinal cord root formation. Within the marginal
zone, there was weak vimentin expression, indicating the
absence of radial glia.

During the investigation of S-100 expression in glioblasts
and gliocytes in spinal cord segments, it was found that
strong expression occurred in the neuroepithelial layer
(reacted in 100 % of cells). Additionally, strong S-100
expression was observed in the gray matter of the anterior
horns (reacted in 90 % of gliocytes). We also observed a
similar pattern of strong S-100 expression in glial cells of
the gray matter in the posterior horns (reacted in 92 % of
cells).

Relatively strong expression of synaptophysin was
observed in the segments of the spinal cord, particularly in
the mantle layer, indicating the intensity of neuronal
connectivity processes. Additionally, synaptophysin
expression in the marginal layer was moderate, while no
expression of synaptophysin was detected in the
neuroepithelium itself.

In fetuses at 39-40 weeks, the proliferative activity of
neural stem cells in the dorsal neuroepithelium is relatively
highest in the cervical and lumbar segments, where Ki 67
expression was observed in 6 % of cells (7-8 cells reacted),
and in the thoracic and sacral segments, where it was 4 %
(3-4 cells reacted) (Fig. 2). In contrast to the dorsal
neuroepithelium, the ventral neuroepithelium of the
segments showed the slightly lower intensity of proliferative
activity of neural stem cells. Specifically, in the cervical and
lumbar segments, Ki-67 expression occurred in 4 % of
cells (3-4 cells reacted), and in the thoracic and sacral
segments, it was 2 % (1-2 cells reacted) (see Fig. 2).

During this age period, a slowdown in the migration
processes of NSCs is observed, both in the gray matter of
the anterior regions and in the gray matter of the posterior
horns, where their differentiation into neurons and glial cells
occurs. In the mantle layer of the spinal cord segments,
mitoses were only observed in glial cells. It should be noted
that the intensity of glial cell mitoses was relatively higher in
the posterior horns compared to the anterior horns, which
may be associated with the relatively higher cell density in
this area of the segments. In qualitative terms, Ki-67
expression in the posterior horns was weak, with 8 % of
cells reacting, while in the anterior horns, it was 3 %. No
mitoses of neuroblasts were detected in the mantle layer.

In fetuses at 39-40 weeks, vimentin expression was
relatively weak in the remnants of radial glia surrounding
the neuroepithelial layer. No vimentin expression was
observed in the neuroepithelium itself, while focal vimentin
expression was detected around blood vessels (see
Fig. 2). Therefore, the absence of vimentin expression in
the neuroepithelial layer indicates the absence of radial
cells among the epithelial cells of the neuroepithelium.

S-100 expression in the segments of the spinal cord is

relatively strong at the base of the anterior and posterior
horns. There is a relatively higher density of glial cells in
the posterior horns compared to the anterior horns.
Specifically, S-100 expression occurred in 98 % of glial
cells in the posterior horns and in 77 % of glial cells in the
anterior horns (see Fig. 2).

Discussion

In their study, A. Ruiz-Sauri et al. [12] indicate that during
the first half of the prenatal period, the intensity of mitosis in
neural stem cells occurs more prominently in the ventral
neuroepithelium than in the dorsal neuroepithelium.
However, this pattern changes to the opposite before birth.

In our study, overall, evaluating the expression of Ki-67 in
the neuroepithelium of the segments during this age period
using a semi-quantitative scale, it was weak in both the
ventral and dorsal regions. In terms of percentage, the cell
expression accounted for 6 % in the ventral region and 3 %
in the dorsal region.

It should be noted that further differentiation of
neuroblasts takes place in the mantle layer itself. We did not
observe neuroblast proliferation. In the gray matter of the
anterior horns, the expression of Ki-67 in glial cells was
weak, as only 10 % of the cells showed expression. The
proliferation of satellite glial cells in the anterior horns was
also low, with only 1-2 mitotic cells observed. Relative cell
density was maintained in the gray matter of the posterior
horns, despite a relatively low intensity of mitosis in glial
cells within the posterior horns. The expression of Ki-67 in
the mantle layer of the posterior horns was also weak,
accounting for 17 % of the cells. The degree of Ki-67
expression in the marginal layer was quantitatively weak,
where mitoses were observed in 6 % of the cells.

The results of our study coincide with the findings of
V. S. Shkolnikov et al. [14], who state that strong expression
in the fibers of the radial glia in the spinal cord segments
occurs until the 17-18th week. Subsequently, a gradual
involution of the radial glia takes place, and by birth, the
expression of vimentin is observed only in its remnants within
the neuroglial complexes and along blood vessels.

During the investigation of CDX-2 expression in the fibers
of the radial glia in the spinal cord segments, it was found
that for this age period, the expression of this protein is
absent. The results of the study by V. S. Shkolnikov and
S. V. Vernygorodskyi [13] provide data indicating that CDX-2
expression in the fibers of the spinal cord radial glia occurs
only during the embryonic period.

Evidence that in the human fetal spinal cord at 39-40
weeks, the neuroepithelium is composed of ependymocytes
and the absence of radial glial cells is the relatively strong
expression of S-100 in the neuroepithelium. It should be
noted that some neurons also exhibited S-100 expression.
In their study, S. Skarlatou et al. [15] support the idea that S-
100 is not expressed in neurons before birth, which is
consistent with our findings at 39-40 weeks. In the
neuroepithelial layer, radial glial cells are absent.
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The relatively strong expression of synaptophysin in the
gray matter of the spinal cord segments at 39-40 weeks,
especially within the neuro-glia complexes, indicates the
ongoing processes of establishing interneuronal
connections and myelination of nerve fibers that continue
until birth. However, synaptophysin expression is absent in
the neuroepithelium proper.

The prospect of further research lies in studying the
peculiarities of immunohistochemical marker expression
in the formations of the spinal cord in mature individuals
and comparing the obtained results with similar ones in
fetuses.

Conclusion
1. At 35-36 weeks, the proliferation of neural stem cells
is more intensive in the ventral neuroepithelium compared
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IMYHOTICTOXIMIYHA XAPAKTEPUCTUKA CIPOi PEYOBMHW CMUHHOIO MO3KY NIOAUHM Y MI3HHOMY NMPEHATANIBHOMY
nEPIOAI

HoezaHb O. B., BnaceHko O. B., [TonaduHeuyb O. I, CemeHeHko A. I, lyHac I. B., Bo6pyk B. I1.

HocnidxeHHs1 npucesiyeHe akmyarbHil npobrnemi 8ue4YeHHs1 3aKOHOMIpHOcmel 8iKoeoi (MpeHamaribHoI) nepebydosu ymeopie 20/108HO20
ma CruUHHO20 MO3Ky ma Hadae MoXueocmi wj0do rpoeHO3y8aHHs ma KOPeKUii 8UHUKHEHHST 8podxeHuUx 8ad. Memor AocidxKeHHs
Oyr10 8CcmMaHoBIeHHs1 XxapaKkmepy eKcrnpecii iMyHo2iCmoxiMiYHUX MapKepie y cmpyKkmypax Cipoi pedo8UHU CMUHHO20 MO3KY NTH00UHU Y
ni3HbOMYy npeHamasnbHoMy repiodi. Mamepianom Onsi docnidxeHHs cryayeanu npenapamu CrUHHO20 MO3Ky 27 nmnodie noduHU
2ecmauitiHum mepmiHom 35-40 muxHig. [1id yac nposedeHHs1 OOCIOXEHHS 8UKOpUCMaHi HacmynHi Mmemodu: aHamoMiYHi, 3a2asbHi
2icmonoeiyHi, cneyianbHi 2icmonoeaiyHi, iMyHo2icmoximiyHi, MOpghoMempuyHi ma cmamucmuyHUl aHasni3a ompumaHux OaHux.
BcmanoeneHo, wo y 35-36 muxHie eecmauitiHo2o nepiody npornighepauis HelpanbHux cmoabyposux knimuH (HCK) 6inbw iHmeHcusHo
8i0bysaembcsi y eeHmpanbHOMY Helpoernimernii ceameHmie CruHHO20 MO3KY, HiK y 0op3anbHOMY. Y eeHmpanbHoMy Helpoenimenii
Hanidvyembcs 5-6 mimomu4Hux, abo nocmmimomuyHux HCK, 8 mol xe yac y 0op3anbHili YacmuHi - 2-3 knimuHu. Y nnodie 39-40
muxHie rposighepamueHa akmueHicmb HelpanbHUX cmoebyposux KiimuH y dop3anbHOMY Helpoenimenii € 8UW00 y WUlUHUX |
rnonepekosux ceameHmax, 0e ekcrnpecisi Ki-67 siomideHa 6 6 % knimuH (npopeazysano 7-8 KiimuH), y epyOHUX ma Kpuxoeux
ceameHmax - 4 % (npopeaaysano 3-4 knimuH). Ha eidmiHy 8i0 dop3anbHO20 Helpoerimenito y 8eHmparsbHil YyacmuHi Heljpoernimernito
ceameHmig nporighepamueHa akmueHicmb HelparnbHUX cmogbyposux KnimuH Oewo MeHWoi iHmeHcusHocmi. Tak, y wulHUX ma
roriepekosux ceameHmax ekcrpecisi Ki-67 eidbynacb y 4 % knimuH (npopeaaysano 3-4 knimuHuU) ma y epyOHUX i Kpuxoeux - 2 %
(npopeazysano 1-2 knimuHu). Y 35-36 muxHie eecmauii sucoka eKkcripecisi iMeHmuHy ecmaHo8rieHa HagKoso Helipoernimenito, 8
OCHo8i 3adHix pozie ma 83008 3a0HbOi cepeOUHHOI nepe2opodKuU. Y MaHmIlHOMY wapi ekcripecisi eimeHmuHy byrna 8iOHOCHO crabkot
ma 36epicanacb y3008x cyOuH ma y Micyi popMmyeaHHsI KOpPIiHUi8 CIUHHO20 MO3KY. [Jo HapoOxXeHHs1 y 3anuwkax padianbHoi i
HaeKkorno HelpoernimerniasbHO20 Wapy ecmaHoserneHa 8iOHOCHO criabka ekcripecisi geiMeHmuHy. Y camomy Helpoenimenii ekcrnipecisi
siMeHmMuHy b6yna 8i0cymHbOl0, ane Haskono cyOuH criocmepizanacb 8o2HUWE8a eKkcrpecisa siMeHmuHy. BidcymHuicmb ekcnpecii
g8iMeHmuHy y Helpoenimerii c8id4umpb Npo 3HUKHEeHHS1 padianbHux KraimuH. Y 35-40 muxHie 2ecmauiliHo2o nepiody y ceameHmax
CMUHHO20 MO3KY 8CmaHoefieHa 8iOHOCHO CuflbHa €KCrpecis cuHanmodisuHy y MaHmitlHOMYy wapi, Wwo c8idyumb rpo iHMEeHCUBHICMb
rpouecie 8cmaHo8eHHs1 HeUpPOHalIbHUX 38'3Ki8 ma MiesniHi3auii Hepgosux 60s710KOH. [Jo HapoOxeHHs1 0aHi Mpoyecu He 3aKiH4ymbCs.
Be3nocepedHbo 6 Helipoenimernii ekcripeciss cuHanmMoisuHy 8idCymHsi.

KniouoBi cnoBa: 20/108HUll MO30K, CMUHHULU MO30K, UeHmpasbHa Hepeosa cucmema, padianbHa enis, HelpasbHi cmoebyposi KiimuHu,
npeHamanbHUl nepiood, iMyHo2icmoximisi, HeUpPOH.
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