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The study of radial glia morphology and procesg$eargeted migration of neural stem cells in hum@msains far from
being resolved. The purpose of this study is tal#isth the morphological aspects of radial gliaphal cord of human in prenatal
period. Morphological examination of the spinal d@f human embryos and fetuses of 6-7 weeks uptd03weeks was
performed. Using anatomical, histological, immumstdchemical, and morphometric morphological aspettee radial glia of
the spinal cord were established. The results stidlat strong expression of vimentin and CDX-2 ahdiia fibers was observed
up to 8-9 weeks. From 11-12 weeks, radial gliarBlretain a radial direction only in the middletpafrthe segments, which, in
our view, is associated with the gradual involutiddmadial glia, which correlates with the formatiof nuclear-neural complexes
of gray matter. Until the moment of birth, vimenpositive structures of radial glia gradually digepr and can be traced only in
the neuroepithelium of segments.

Key words: prenatal period, spinal cord, radial glia, neuidipm, immunohistochemical markers.

The study is a fragment of the research projecttébmination of morphological changes of the centralvous system
in the prenatal ontogeny (macroscopic, histologicalorphometric and immunohistochemical study)” estaegistration
No. 0118U001043.

Neurogenic fetal brain cells generate major celetyof the nervous system during the prenatal
ontogeny, which lasts from fertilization to birtBuch neurogenic cells include neural stem cellsSQNS
neural progenitor cells (NPC), and linear-spegiiogenitors and precursors [2]. NSC are known to be
polypotent cells, which are characterized by thelifgration and formation of several cell pools
simultaneously: neuroblasts or glioblasts [4, 18]. To date, there is no doubt that the presence of
permanent neurogenesis of some areas of the bediorms due to colonies of NSC [9, 14]. Rybachuk
O.A. and Pivneva T.A. (2013) emphasize that dutirgembryonic ontogeny period NSC cranial nerve
tubes showed greater proliferative activity thanraécells of the caudal compartments [3]. Thusait
be predicted that the above processes are inhirghe spinal cord, which precede the formation of
neuronal complexes, which in turn requires furgtady and refinement.

It should also be noted that the identificatioN&C in vivo is traditionally based on the analysis
of the morphology of these cells, their mitoticiaty, and the expression of certain genes andeumot
synthesis. The most commonly identified NSC markeesNestin, Sox2, Msashi 1, 2, Oct 4, Nanog, etc.,
but none can be used as the sole criterion for 8tification [11].

The next step is to study the mechanisms of mignatf differentiated unipotent neural cells that
have just formed in the paraventricular zone.

It has been established that the most extensiveatiog of neural cells occurs during the process
of laying the cerebral cortex [5]. At the same timisymbaluk V. I. and Medvedev V. V. (2010) indieat
that radial glial (RG) plays a key role in ensurimgrve cell migration during the development ofesth
neural tube compartments and cell migration. Thieas have shown that immature neurons migrategalon
the processes of RG cells in the centripetal dovedb].

Over time, RG cells lose the ability to expresstinegnd vimentin [8]. However, the authors do
not specify a term when such a property is lostcdntrast, Kirik O. V. and Korzhevskii D. E. (2012)
indicate that the RG cell population is heterogeisesome cells contain neural markers (they sulesgtyu
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become neuroblasts) and some glial (become glid) cén the early stages of the development of the
spinal cord, the protein of intermediate filamentgimentin is expressed by cells of the neuroepithe
(subpendicular zone), as well as in RG cells [1].

At present, it is impossible to consider the issafegenealogical relationships between populations
of neurogenic cells of the ventricular and subviealar zones and cells of radial glia completelived
[5]. In addition, according to Ostrem B. et al. 12) study of RG morphology and processes of tadgete
NSC migration in humans remains relevant and habeen fully resolved to date [13].

The purposeof the study was to establish the morphologicpéats of radial glia segments of the
spinal cord of human embryos and fetuses usingfgpaomunohistochemical markers.

Materials and methods.The study was performed at the Department of HuAratomy of the
National Pirogov Memorial Medical University, Vintsya and the Research Laboratory of Functional
Morphology and Genetics of Development of the NaloPirogov Memorial Medical University,
Vinnytsya (certificate of accreditation: CDL No.@4%5, 03/02/2015 — 01/03/2020).

According to the 2017 Agreement on Joint Scientificl Practical Activities between National
Pirogov Memorial Medical University, Vinnytsya aMihnitsa Regional Anatomical Pathology Bureau,
the material was examined directly by the VinnR&ional Anatomical Pathology Bureau, and protocols
of pathoanatomical examination were drawn up irosetance with Form No. 013-2/o approved by the
order of the Ministry of Health of Ukraine of 14.2804 No. 417. According to the opinion of the
Commission on Biomedical Ethics of National Pirodgdemorial Medical University, Vinnytsya (protocol
No. 10 of 06.12.2018), the work was done in conm@éawith the basic provisions of the GCP (1996),
Council of Europe Convention on Human Rights anohiBdicine (1997) and the study materials do not
contradict the basic bioethical standards of thel@ation of Helsinki on the ethical principlesszientific
and medical research with the participation of s@e adopted by the 59th General Assembly of thddVo
Medical Association in 2008.

This study was performed on 127 human embryos etdds between 6-7 and 39-40 weeks of
prenatal development in the uterus in the absehogestly harmful external and internal environnadnt
factors. Serial sections of preparations of hunrabrgos were made entirely (histologic "tomography")
since the extraction of the spinal cord from embrigdifficult and there is a risk of not maintaigiits
integrity. The method of micropreparation — under tontrol of binocular magnifier or by the mettaid
thin preparation (in the fetus), the spinal cordswamoved together with the membranes. During the
removal of the spinal cord in the pre-fetus wasluser own technique (Innovative propoall?7 from
25.04.2002). Examination preparations of the spewb were stained with hematoxylin and eosin,
toluidine blue (in the Nissl modification), by Vaaieson, and impregnated with silver according to
Bilshovskyy.

Immunohistochemical study — «DacoCytomation» (Detkindiagnostic monoclonal antibodies
were used: vimentin, CDX-2, Ki-67 and synaptophy¥ife used Vimentin and CDX-2 to investigate the
morphology of radial glia, Ki-67 to evaluate th@lferative activity of NSC in the neuroepitheliayer,
and synaptophysin — to determine the developmesymédptic ligaments and to evaluate myelination of
the fibers of the leading pathways. Photo M 1.2dn{puter histometry) was used in the morphometric
study of a series of sections of spinal cord segmé&¥e studied indices of neuroepithelium valuesgth
and thickness of radial glial fiber, area and Imdanensions of neural stem cells of neuroepitmeliu
neuroblasts and glioblasts.

Statistical processing of the obtained morphomeiaiameters was carried out using the standard
software package "Statistica 6.1" by StatSoft (ig@ No. BXXR901E246022FA) using parametric and
non-parametric criteria for evaluating the obtaimedults. The differences between the samples were
determined using the Mana-Whitney U-test and thiel&it's t-test, and the mean values for eachatnalit
their standard deviations were determined.

Results of the study and their discussioriThe data on the course of NSC proliferation preess
in human embryos 6-7 weeks which was obtained atdithat they occur more intensively in the dorsal
part of the neuroepithelium than in the ventraj.(fi).

The intensity of Ki-67 expression in the dorsaltfdrthe neuroepithelium of segments along the
spinal cord of human embryos of 6-7 weeks can bimated as strong, since cell staining was 92 %. In
the ventral part, 12 % of cells reacted. Howeuds pattern is characteristic of all segments efgpinal
cord. Due to the high proliferative activity of Isebf the dorsal part of the neuroepithelium, énkigdensity
of neuro- and glioblasts locations within the pastehorns was observed.

From the neuroepithelium, NSC migrate along thefiR€rs into the mantle layer, where further
differentiation of neuroblasts and proliferationgdioblasts is carried out. Neuroblast proliferatia the
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mantle layer has not been established. RG fibatsetkpress vimentin protein penetrate into the Hagn
layer. We also found that, in addition to vimeniimthis gestational term, RG fibers express theX&D
protein (fig. 1). NSC, which are located in the harayer have an elliptical or spherical shapee Th
morphology and size of these cells are virtualgniical in all parts of the spinal cord. There larger
cells with light cytoplasm that already have axowdlercles — these are neuroblasts. Their avenage a
was 46.7+1.4um% The area of the nuclei of the neuroblasts wa6222 um?. Smaller cells with dark
cytoplasm and accompanying neuroblasts are glitsbl@e area of this cell averaged 31.54in% and
the area of the nucleus of glioblasts was 10.8n®

CDX-2 in segments. CDX-2; x100.

The structural basis of the boundary layer is R@r8 (see Fig. 1). Preferably, in the cervical and
lumbar segments, the concentration of RG fiberslired in the formation of the anterior roots isetbt
(fig. 1). Such fibers start from the basement memeérof the neuroepithelium and penetrate the malrgin
layer. In the course of the study we found thatitiiensity of synaptophysin expression in segmefts
spinal cord of embryos of 6-7 weeks was determineithe boundary layer and within the anterior and
posterior spinal commissure, which can obviously associated with the establishment of synaptic
connections and the initiation of myelination oé tlieading pathways. In the mantle layer, synaptsiphy
expression is mediocre. Thus argue that the fiagtesof differentiation of post-mitotic cells ocswturing
their migration, after which maturation continueslands with the establishment of a synaptic liekag
network. Fedorkovskaya B. O. (2013) adheres tadba that when myelination of nerve fibers begins,
then synapses begin to form. According to the obliemgy, the author attributes this process to the 5t
month of intrauterine period [6].

In the ventral part of the neuroepithelium of hunfetuises 8-9 weeks. there are 5-6 (4 %) mitotic
or post-mitotic NSC. In the dorsal part of sucHsel10-11 (10 %). In general, expression of Kiitthe
neuroepithelial segments can be assessed asvernt@l and dorsal part as weak.

After mitosis, NSC along the RG fibers migrate itite mantle layer, which extend in the radial
direction, starting from the basal membrane ofigroepithelium, penetrating the mantle layer artirey
at the marginal (fig. 2). In the middle part of thantle layer, the RG fibers sharply change thieérction
and extend back to the horn region. Short fibezscantained mainly within the neuroepithelium arake
up its thickness (fig. 2).
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Fig. 2. Spinal cord of human fetus 8-9 weeks. AG fiber architectonics in segments: 1 — neuroepitire 2 — posterior horns.
Vimentin; x100. B — NSC migration along radial gfiders. Vimentin; x400.
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The average minimum fiber length was 179.74d1l The average maximum fiber length of the
RG was 688.2+21.4um. Strong expression of vimentin was observed ie RG fibers of the
neuroepithelium and along the anterior and postenedian septa (fig. 2). In other segments of segse
the expression of vimentin is mediocre. Cells witlatively large nuclei migrate along the RG fihehese
are neuroblasts and cells with small nuclei, ttegegglioblasts (fig. 2). The nuclei of the neursidehave
a spherical shape and the nuclei of the glioblastselliptical. The average area of the nucleuthef
neuroblast was 66.1+3;#n% and the average area of the nucleus of the gibias 38.9+1.Am%

Medium expression in the anterior and posterioriaredepta of the segments and poor expression
in the posterior cords were observed with the diselX-2.

In fetus of 11-12 weeks NSC proliferation processasur relatively more intensely in the ventral
part of the neuroepithelium than in the dorsal @ige 3). This trend persists in all segments @& pinal
cord. In the ventral part of the neuroepitheliurréhare 11-12 (13 %) mitotic or post-mitotic NSiCthe
dorsal part — 6-7 (7 %) cells. In the ventral andsdl parts, Ki-67 expression is weak.

Fig. 3. Spinal cord of human fetus 11- 12 weeks.rfature of NSC proliferation in neuroepitheliumdicated by arrows)(1 67; x400.
B — formation of RG mesh structures within neumhplexes. Vimentin; x400.

RG fibers retain their intrinsic direction only the middle part of the segments, between the
anterior and posterior horns. The average maximiber fength of the RG was 963.9+28ih. The
average minimum fiber length is 104.0+4ush. Relatively strong expression of vimentin wasested in
the RG fibers around the neuroepithelium and alitveganterior and posterior median septa. In other
segments of the segment, the expression of vimentirediocre. Within the neural complexes, RG fber
form reticulated structures (fig. 3). We will assde this phenomenon with the formation of the aeur
complexes themselves. The expression of CDX-2gmematal structures was absent at this age.

The nuclei of migrating neuroblasts have a sphesbape and the nuclei of the glioblasts are
elliptical. The average area of the nucleus ofrieroblast was 71.6+2;8n% and the average area of the
nucleus of the glioblast was 44.1+2u67.

Synaptophysin expression in segments along thalspimd was observed to be relatively strong
in the mantle layer. However, the expression oagyophysin in the neuroepithelium itself is absent.

In human fetus of 17-18 weeks in the ventral pathe neuroepithelium of segments there are 8-
9 (10 %) mitotic or post-mitotic cells, and in tthersal part — 5-6 (5 %) of cells.

RG fibers stored radial direction only in the migldbart of the segments and around the
neuroepithelium. In the mantle layer, the RG filames intermittent and are stored mainly near tlsseis.
The average minimum fiber length was 59.544n®. The average maximum fiber length of the RG was
633.3+£33.0um. Strong expression of vimentin was observed énRs fibers of the neuroepithelium and
along the anterior and posterior median septaharsegments of the segments, the expressiomehiin
is weak. The average nuclei area of migrating nelasts was 73.9+2 m? and the average nuclei area
of glioblasts was 48.2+2,8m7.

In the ventral part of the neuroepithelium segmentbe spinal cord of human fetus 22-23 weeks
there are 7-8 (9 %) mitotic or post-mitotic NSC a&é (5 %) similar cells in the dorsal part. Ki-67
expression in neuroepithelia is generally weak.

After mitosis, NSC from the neuroepithelium migrat® the mantle layer along the RG fibers,
which does not retain radial direction even inrtiddle part of the segments around the neuroepithel
The average minimum fiber length is 51.1+8@. The relatively long RG fibers extend away frdm t
basement membrane of the dorsal part of the nettihepm and extend along the posterior median
septum. The average maximum fiber length of thevR(S 346.7+11.5um. Relatively strong expression
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of vimentin was observed in the neuroepithelium @ntthe middle part of the segments at some distanc
from the neuroepithelium itself. In the mantle lgythe expression of vimentin was weak and perbiste
mainly along the vessels and at the site of spinad formation, that is, it had a focal charactdso,
relatively weak expression of vimentin persistedhimi the boundary layer. The nuclei of migrating
neuroblasts have a spherical shape and the nddleé @lioblasts are elliptical. The average arkthe
nucleus of the neuroblast was 84.0+20&. The average nuclei area of the glioblast was#3564um?.

A relatively strong expression of synaptophysiithia spinal cord segments was observed within
the mantle layer. Medium expression of synaptophgscurred within the posterior horns and in fasicis
gracilis, weak - in the anterior and lateral cords.

The processes of proliferation of NSC neuroepitimlof segments of the spinal cord in fetuses
35-36 weeks occur relatively more intensely inthetral part than in the dorsal one. We found ithéte
ventral part of the neuroepithelium of segmentsaiage 4-5 (5 %) mitotic or post-mitotic NSC. Imt@st,
in the dorsal part there are 2-3 (3 %) such cells.

Remains of RG fibers retain radial direction onlythin the neuroepithelium. The average
minimum fiber length was 35.8+1,tm. The relatively long RG fibers extend away frdme basement
membrane of the dorsal part of the neuroepithelunth extend along the posterior median septum. The
average maximum fiber length of the RG is 122.14%r? Relatively strong expression of vimentin was
observed in the fibers of the RG of the neuroepahkyer and along the posterior median septunthé
mantle layer, the expression of vimentin was weadk persisted mainly along vessels and at the $ite o
spinal cord formation.

The nuclei of the neuroblasts have a sphericaleshag the nuclei of the glioblasts are elliptical.
The average area of the nucleus of the neurobks9®.0+2.4m?. The average nuclei area of the glioblast
was 58.3+1.um?

Relatively strong synaptophysin expression in dpined segments was noted in the mantle layer.

In previous research, Barry D. et al. (2013) regmbthat in embryonic spinal cord, radial glial sell
are defined as conductors for migrating neurong dénsity of radial glial cells is maintained dgrin
development in the dorsal, lateral and ventral patt the neuroepithelium [7]. We consider the
characteristic of the neuroepithelium given by #éla¢hor to be incomplete, as not only does theivelat
density of radial glial cells in individual part$ the neuroepithelial segments remain during trenatal
period of ontogeny, but also changes its thickaeskthe intensity of the mitotic activity of thelseof the
neuroepithelium in the in the ventral and dorsalpdJp to 11-12 weeks the thickness and intertgitell
mitoses are greater in the dorsal part of the repitioelial segments than in the ventral. In thisecdhe
relative density of the cells of the posterior hdaminates as such in the anterior horns. Aftet2 iveeks
the above indicators are already prevalent in #aral part of the neuroepithelium and this tengienc
persists until birth. Thus, in our opinion, thisgplomenon is connected with the fact that at figgséson
develops sensitivity and only after that motor fiiors are established.

Nowakowski T. et al. (2016), by developing a hypsik for the role of RG in neurogenesis and
describing its morphology in mammals, indicates #rahitectonically radial glia forms a "framewordd"
continuous fibers covering the thickness of any Gdi&ation. The difference between people is that t
author believes that RG fibers have a discontinwousse [12]. Our research proved the fact thabug
9 weeks in human fetus, RG fibers have a radialction from the central canal and permeate theeenti
thickness of the nerve tube and also participatthénformation of the spinal cord. By integratirg t
findings from the research on the expression ofewitim and RG architectonics in segmental structures
we conclude that a decrease in the intensity oemtm expression before the birth of a child ioasted
with its gradual involution. In our opinion, theatgments of Nowakowski T. et al. (2016) should be
supplemented by the fact that, in the early feersog, RG fibers form reticulated structures, whista
prerequisite for the "terminal stop" of neurons &émelstructuring of neural complexes.

In future studies, it is promising to use immunadisiemical markers to elucidate the role of radial
glia in the formation of nuclear neural complexéshe spinal cord during the prenatal period of Aam
ontogeny and to study the morphology of neural stelis; as well as comparing the results with samil
results in malformations.

The results showed that by 8-9 weeks there waoagsexpression of radial glial fibers of both
vimentin and CDX-2, which penetrated all layerstioé¢ spinal cord. In 8-9 weeks CDX-2 is poorly
expressed only in the anterior and posterior meskaita of the segments. At 11-12 weeks, radiafipkas
retain radial direction in the middle part of thegments and around the neuroepithelium. In the lmant
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layer, the radial glial fibers are intermittent aan@ predominantly located near the vessels. Bi,dine
vimentin-positive structures of radial glia gradyalisappear and are only observed in the neuroelxz
of segments.
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MOP®OJIOTTA PAIIAJIBHOI TJIIT CIAHHOI'O
MO3KY EMBPIOHIB TA IVIOAIB JIIOAUHHA
HkoasHikoB B.C., IIpuxoasko C.0O., Moaimyk C.C.,

MOP®OJIOTUS PAJUAJIBHOMN I'IMUA CIIUHHOI'O
MO3I'A DMBPUOHOB U IIJIOJ10B YEJIOBEKA
I xosabHukoB B.C., IIpuxoasko C.A., INosmmyk C.C.,

Kpusos's3 O.B., I'anynko I'.'M.

Busuenns mopdororii pagianeHoi il Ta mpomuecis
azpecHoi Mirpanii HeifpaJbHHX CTOBOYpOBHX KIITHH Y
JIIONVHYU JIMIIAEThCS JAJIEKO HE BUPIMIEHUM JIO KIHI
IUTaHHAM. METO  JOCHIIXKEHHS €  BCTAaHOBJICHHS
MOP(OJIOTriYHUX aCMeKTiB pasianbHOl I1ii CHMHHOTO MO3KY
MIOAWHU y  TOpeHatanbHOMy  mepiomi.  IIpoBemene
MOp}OJIOTIYHE TOCHTIHKEHHS CIIMHHOTO MO3KY eMOpPiOHIB Ta
IUIOAIB JOAWHU Big 6-7 k. g0 39-40 tmk. Ilpu
BHKOPUCTaHHI aHATOMIYHMX, riCTOJIOTIYHHUX,
IMyHOTICTOXIMIYHMX, MOP(OMETPUYHHX METOIHMK OyIH
BCTaHOBIICHI MOpP(OJIOTivuHI acHeKTH paaiaibHOi  IImil
CIMHHOrO MO3Ky. OTpHMaHi pe3y/ibTaTd MOKa3all, IO
cuiapHa ekcmpecis BimeHTHHY Ta CDX-2 Bomokon
pamianbHOi THii cmoctepiramack 10 8-9 Tmxma. 3 11-12
THOKHS BOJIOKHA pafiaibHOI IUIii 30epiraroTh pamiaidbHUI
HaINpsMOK TUIBKH y CepeAHIH JaCTHHI CeTMEHTIB, 1[0 Ha HaIl
TIOTJIS TIOB' 13aHO 3 MOCTYIIOBOIO 1HBOJIOIIEIO pajialbHOL
i, sKa Kopemoe i3 (GopMyBaHHAM SICPHO-HEHPOHHHX
KoMIUIeKCiB.  JI0  HapoIUKeHHs  BIMEHTHH-TIO3MTHBHI
CTPYKTYypH pamiaibHOi TJii MOCTYMOBO 3HUKAKOThH 1
MPOCTEKYIOTHCS TUIBKH Y HelfpoemniTeii CerMeHTiB.

KurouoBi ciioBa: mpeHatanbHUi mepiof, CIUHHHUN
MO30K, paliaibHa TJis, HepoemiTemil, iMyHOTiCTOXIMiuHi
MapKepH.

Crarrs Hagivinua 14.06.201%.

Kpusosss E.B., I'anynko A.M.
N3ydenne Mopdonornu paauaabHON TNIHMK H IIPOIECCOB
aJpeCHOM MUTpalud HEeUpaabHBIX CTBOJOBBIX KJIETOK Y

YeJI0BEeKa OCTaeTCs JajieKo He PEIICHHBIM 10 KOHIIA BOIIPOCOM.
Llenpto TaHHOTO MCCIENOBAHUS SBISAETCS yCTAHOBJICHHE
MOPGOJIOrHYECKHX aCIEKTOB PaMalbHOM IJIMH CIIMHHOTO MO3ra
4YeJgoBeKa B IpeHaTtanpHOM — nepuoie.  IIpoBemennoe
MOP(OIOTUIECKOE UCCIICAOBAHNE CITMHHOTO MO3Ta SMOPHOHOB 1
IUIO/IOB YesioBeKa oT 6-7Hex. no 39-40nex. [Ipu ucnons3oBanumn
AQHATOMHYECKHX, TUCTOJIOTHUECKUX, HMMYHOTHCTOXHMHUUYECKUX,
MOp(hOMETPUYECKHX OBUIM YCTAHOBJICHBI MOpP(OJIOrHUeCcKUe
aCTIeKThl pagualbHOM TIJIMM CIMHHOTO Mo3ra. [loiydeHHbIE
pe3ynbTaThl MOKa3al1, YTO CHUIIbHAs SKCIIPECCUs] BUMEHTHHA U
CDX-2 BOJIOKOH paauanbHOit rinu Habmoaanack 1o 8-9Henenu.
C 11-12 Henmenmu BOJIOKHA pPagUajbHOW TIUH COXPAHSIOT
panuanbHOe HalpaBlICHHE TOJIBKO B CPEIHEH YaCTH CETMEHTOB,
YTO Ha Hall B3IJIL CBS3aHO C IIOCTENECHHOH HWHBOJIIONHUEH
panuanbHOM TIHMU, KOTOpas KOppelupyeTr ¢ (hOpMHpPOBAaHHEM
SIIEPHO-HEHPOHHBIX KOMIUICKCOB. Jlo MOMEHTa pOXIEHHS
BUMCHTHH-TIO3UTHBHBIE  CTPYKTYpPbl  pajWaJbHON  ININH
IOCTENIEHHO  HMCYE3al0T M IIPOCIEKHMBAIOTCS  TOJBKO B
HENPO3NUTENINN CETMEHTOB.

KiroueBble cioBa: mpeHaTanbHBIA NEPUOA, CHHHHOU
MO3l, pajauanbHas IS, HEWPOINUTENui, HWMMYHOTHCTO-
XHMHYECKHE MapKephl.

Penensent €pomenko I'.A.
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