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Comparative analysis of cortical maturation in sulci and gyri
of the visual cortex during human late prenatal and postnatal
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Abstract. Introduction. The formation and maturation of the cortical plate in the sulci and gyri of the human
brain are incompletely understood. To evaluate the maturation pattern of the gyrified cortex, the distribution
of immunohistochemical markers for synaptic activity and mature neurons in the human visual cortex was
investigated during the late fetal and postnatal periods.

Materials and methods. We analyzed 14 human post-mortem brain samples. The distribution of GAD65/67,
GAT-1, and NeuN in sulcal and gyral regions and sulcal banks was examined using immunohistochemistry.
Results. Cortical maturation proceeds in clusters, representing second-order functional neural assemblies. The
cortical regions of sulcal banks and gyri mature earlier followed by maturation of the cortex within the sulci.
Conclusion. The gyrified cortex exhibits asynchronous maturation with the regions at the boundaries of
sulci and gyri reaching maturity earlier than sulcal regions. There is a complex interplay between gyrifica-
tion and cortical maturation, indicating a strong link between the structural organization of the cortex and
its functional development.
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CpaBHUTETBHBIN aHAIN3 CO3PeBaHU OOPO3 ¥ USBUINH
3pUTENbHON KOPbI B IIO3JHNI IIPEHATA/IbHbIN M IIOCTHATAIbHBIN IIEPUOJ,
pasBUTHUA YeTOBeKa

0.C. I'ooosanosa, A.E. Ilpowmuna, A.C. Xapnamosa, 10.C. Kpueosa, C.B. Casenves

HayuHo-ucceoBaTenbCKuid HHCTUTYT MOpdooruu denopeka nMeHn akagemuka A.I1. Asisina @®I'BHY «Poccuiickuii HaydHBIH TEHTP
Xupypruu uMenu akajgemuka b.B. Ilerposckoro», Mocksa, Poccus

Pe3rome. Bseoenue. Iponieccsl popMUpOBaHUS U CO3PEBAHUS KOPKOBOH IJIACTHHKN BHYTPH O0pO31 U U3-
BIJINH TOJIOBHOTO MO3T'a YEJIOBEKA OCTAIOTCS HE JI0 KOHIIA N3yYeHHOH 00s1acThIo HelipoHaykH. [IJ1st oeHKH
XapakTepa co3peBaHus THPU(DUIIMPOBAHHON KOPBI MPOBEICHO HMMYHOTHCTOXHMHYECKOE NCCIIEI0BaHNE
pacrpesieneHlss MapKepoB CHHANITHYECKOW aKTMBHOCTH M MapKepa 3pesibIX HEHPOHOB B 3pHTEJILHOM KOpe
TOJIOBHOTO MO3Ta B TI031HE(ETAITBHOM U IIOCTHATAIBHOM IIEPUOJE.

Mamepuanst u memoowi. [IpoananuzupoBaiy 14 ayTONCHITHEIX 00pa3IOB TOJIOBHOTO MO3Ta ueoBeka. [Ipo-
BEICHO IMMYHOTHCTOXAMHUYECKOE OKpammBanue ¢ antutenamu GAD65/67, GAT-1, NeuN ¢ mocnemyroumm
CpaBHEHHEM pacIpeiesIeHHs IePeUCIeHHBIX MapkepoB B obacTu 60po3[, ryd 60po3a M M3BMIIMH 3aThl-
JIOYHOH IO TOJIOBHOTO MO3Ta.

Pezynbmamei. YcTaHOBIICHO, YTO CO3pPEBaHNE KOPHI IPOTEKAET KilacTepaMu — (QyHKIIHOHAJIbHBIMU HEHPOH-
HBIMH O00BEJMHEHUSMH BTOPOTO TOpsiaka. belio mokazaHo Oosiee paHee co3peBaHUE KOPHI B 00IAaCTH T'y0
00pOo31 ¥ U3BWIMH U OOJIee TTO3AHee BHYTPH OOPO3I.
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3axnrouenue. IIponeMOHCTPUPOBAHO ACHHXPOHHOE CO3pEBaHUE TMPU(UIIMPOBAHHON KOPBI, IPH 3TOM 00-
JIAaCTH Ha TPaHUIAX OOPO3A M M3BWIMH CO3PEBANM paHblIe, 4eM obmactu 60po3a. IloxuepkayTO ClI0KHOE
B3aUMOJICHCTBIE MEXIy rMpH(pUKaIeil 1 cO3peBaHNEM KOPBI, yKa3bIBAIOIIEEe Ha IIPOYHYIO CBSI3b MEKAY
CTPYKTYPHOH OpraHu3anueil Kopsl u ee (yHKINOHAIBHBIM PA3BUTHEM.

KoaroueBble ciioBa: 3puTeIbHOE TI0JIE, CO3PEBaHKE TOJIOBHOTO MO3Ta, rHprdUKanus, 60po3/bl, N3BUINHBI,
pa3BUTHE TOJOBHOTO Mo3ra uenoBeka, GAD65/67, GAT-1, NeuN
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Introduction

Studies on the maturation of the human neocortex
represent an important area of neurobiological research.
The gray matter is crucial for integrating sensory informa-
tion, memory formation, and higher-order thinking skills.
Understanding the mechanisms of cerebral cortex matu-
ration may help identify the causes of neurological and
psychiatric disorders such as autism spectrum disorder and
schizophrenia. Investigations into age-related and individ-
ual differences in cortical maturation could contribute to
developing effective diagnostic and intervention strategies
for cognitive and emotional development.

A key characteristic of human neocortex development
is its pronounced gyrification. Broader cortical maturation
and the processes underlying sulcus and gyrus formation
remain poorly understood in neuroscience.

Our previous findings indicate that cortical plate for-
mation progresses more slowly within sulci than within
gyri of the same cytoarchitectonic field during early and
middle fetal periods [1]. The study focused on the visual
cortex, particularly the calcarine sulcus (primary visual
field 17) and parieto-occipital sulcus (secondary visual
field 18). This region was selected due to its accelerated
synaptogenesis observed within the visual cortex [2, 3] and
stable association between these sulci and their respective
cytoarchitectonic fields [4].

Neuronal maturity markers include synaptic activity
markers, NeuN, GAD65/67, and GAT-1.

Glutamate decarboxylase (GAD), an enzyme respon-
sible for synthesizing y-aminobutyric acid (GABA), is the
most prevalent inhibitory neurotransmitter in the central
nervous system (CNS) of higher vertebrates [5]. GAD
exists in two isoforms—GADG65 and GAD67, named for
their molecular weights, which function synchronously
to produce and regulate physiological GABA levels [5].

The GABA transporter 1 (GAT-1) is the primary GABA
transporter in the brain that plays a crucial role in modulat-
ing GABAergic transmission. It is predominantly found in
axon terminals forming symmetrical synapses and astro-
cytic processes [6].
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NeuN is a marker for most postmitotic neuroblasts and
mature neurons in vertebrate animals [7].

To assess cortical maturity in the sulcus, gyrus, and
sulcal banks of the visual cortex, we analyzed the distribu-
tion of GAD65/67, NeuN, and GAT-1 using immunohis-
tochemistry.

Materials and methods

This study used autopsy specimens from the archival col-
lection of the Laboratory of Nervous System Development
of Avtsyn Research Institute of Human Morphology of
FSBSI “Petrovsky National Research Center of Surgery.”
The study was approved by the local Ethics Committee
(No. 33(9), February 7, 2022). Fourteen post-mortem hu-
man brain samples were analyzed: (1) six late-fetal period
specimens (29-40 gestational weeks); (2) six pediatric
samples (1 day—4 years); and (3) two adult samples (48
and 70 years). Gestational age was calculated from the last
menstrual period, verified by ultrasound examination, and
supplemented with anthropometric parameters (weight/
height and crown-rump length) [8]. Our analysis included
samples without clinical records indicating chromosomal
anomalies or CNS pathology. Samples for immunohisto-
chemical analysis were selected after histological assess-
ment of material preservation. We excluded samples with
hemorrhages, necrosis, or signs of post-mortem autolysis,
as well as samples with prolonged storage in formalin due
to the potential impact on immunoreactivity distribution.
The data on human occipital lobe formation at earlier
developmental stages are available on the Human Brain
Development Atlas project website at https://brainmorphol-
ogy.science [9, 10].

Histological preparation
and immunohistochemistry

All brain samples underwent histological processing.
Depending on the fetal age, we examined either the whole
brain or a region of the medial wall of the hemisphere
encompassing the calcarine sulcus (sulcus calcarinus,
Cas) and parieto-occipital sulcus (sulcus parietooccipi-
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talis, Pos). Samples were immersion-fixed in either 10%
neutral buffered formalin (pH 7.0-7.4) or Bouin’s so-
lution, followed by dehydration in graded ethanol solu-
tions and dioxane. Tissues were then paraffin-embedded
and sectioned at 10-um thickness. Sections were stained
with classic histological cresyl violet (Nissl stain) for
cytoarchitectural analysis and mounted on Superfrost
Plus slides (Thermo Fisher Scientific, USA) and stored
at 4°C. Immunohistochemical analysis was performed us-
ing primary antibodies targeting nervous system antigens:
NeuN (Millipore, RRID: AB 2298772, Germany) at a
dilution of 1:100, GAT-1 (Millipore, RRID: AB 90791,
Germany) at a dilution of 1:100, and GAD65/67 (Thermo
Fisher Scientific, RRID: AB 930942, USA) at a dilution
of 1:50. For immunohistochemical labeling, sections were
deparaffinized, rehydrated, boiled in citrate buffer (pH
6.0; DiaGene, Russia) for 10 min, and incubated with
primary antibodies diluted in 0.01 M phosphate-buffered
saline (PBS, pH 7.3-7.5; Biolot, Saint Petersburg, Russia)
for 1 h at room temperature for NeuN and GAT-1 and
for 18-20 h at 8°C for GAD65/67. Visualization was
achieved with The Ultra Vision LP Detection System
(Thermo Fisher Scientific, USA). Negative control sec-
tions were obtained by replacing the primary antibodies
with PBS (0.01 M). Non-specific staining was absent in
all control sections.

Statistical analysis

We analyzed all specimens under a light microscope
(DM 2500; Leica Microsystems, Germany) connected to
a digital camera (Lomo, Russia). Images were acquired
and processed using McrA-View 7.1.1.2 software (Lomo,
Russia). Measurements were performed on photomicro-
graphs of the specimens. We scanned some specimens us-
ing a modified MEKOS-C2 complex (MEKOS, Russia)
based on a Zeiss Axio Imager 1 microscope (Carl Zeiss,
Germany) with a 20x objective. We analyzed 10 non-over-
lapping observation fields from 3—5 sections per region.
The immunoreactivity coefficient was calculated using
ImageJ software ver. 1.43 as the ratio of the sum of im-
munopositive (colored) pixels to the total number of pixels
in the selected area.

For statistical analysis, we divided cases into three
groups: late fetal (29—40 weeks), postnatal, and adult
periods. The immunoreactivity coefficient values were
compared in the cortical sulci, sulcal banks, and gyri.
Statistical analysis was performed using Statistica 10
software (StatSoft, USA) employing the non-parametric
Kruskal-Wallis ANOVA with post-hoc multiple compari-
sons of mean ranks.

Results
Distribution of NeuN immunoreactivity

In the late fetal period, NeuN-positive cells were in all
layers of the cortical plate on the brain surface, both in gyri
and sulcal banks (Fig. 1 A). The NeuN immunoreactivity
coefficient was significantly higher in sulcal banks than
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in the sulci [p=0.000000] (Fig. 1 B). Within the sulci, the
frequency of NeuN-positive cells gradually decreased from
layer II to layer VI. Notably, NeuN-positive cells were
predominantly localized in layer VI of the calcarine sulcus.
The cortex within the parieto-occipital sulcus showed no
specific layer in NeuN immunoreactivity.

In the postnatal period, the above-described trends in
marker distribution were detected, which persisted from
birth until 4 years postnatally. More intense staining was
observed in the gyri cortex, where labeled neurons were
found in all cortical layers. In the depth of the sulci, NeuN
immunoreactivity was low in both areas 17 and 18.

A distinct pattern of NeuN-immunopositive cell distri-
bution was observed at 10 months postnatally (Fig. 1 C, D).
Within the sulcus, NeuN-immunopositive cells formed
morphological and functional neural assemblies, predom-
inantly in layer II with partial extension to layer III of
the neocortex, and additional clusters in layers V and VI.
These assemblies measured 250 pm in width in layer II
and 210 um in layer VL.

In adults, NeuN-positive neurons were found through-
out the primary and secondary visual fields, with no dif-
ference in distribution in the gyri, sulcal banks, and sulcal
depths.

Thus, we detected asynchronous maturation of NeuN
immunoreactivity in the sulci and gyri, persisting until
4 years postnatally (Fig. 1 B, E, F).

Distribution of GAD65/67-immunoreactivity

In the late fetal period, a small number of GAD65/67-
immunoreactive cells were observed in the cortex.
Approaching birth, GAD65/67-immunoreactivity inten-
sified, with a significantly higher coefficient being in the
sulcal bank cortex compared to that in the gyri cortex and
the cortex within the sulci within the same cytoarchitec-
tonic fields (Fig. 2 A, B, C). In area 17, immunoreactivity
was mainly localized in layers IVC and V-VI. Layers [IVB
and I'VA had dense groups of neurons and revealed the
structure of functional neuronal assemblies. Areas 18 and
19 showed strong immunoreactivity in layers II and upper
layer III (Fig. 2 A, B, C), with occasional morphological
and functional assemblies found in the lower layer III and
layer IV. The width of the assemblies at layer [V averaged
190 pum.

Postnatally, the GAD65/67-immunoreactivity coef-
ficient increased, particularly in gyri and sulcal banks
(Fig. 2 D, E), with its statistically significant differences
observed in the cortex of sulcal banks, gyri, and sulci
(Fig. 2 F).

These findings demonstrate that GAD65/67 success-
fully captured transient cortical assemblies in newborns
and revealed heterogeneity of cortical maturation in sulci,
gyri, and sulcal banks.

Distribution of GAT-1 immunoreactivity

In the late fetal period, GAT-1-immunopositive fibers
were distributed across the entire hemisphere wall, mainly
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Fig. 1.
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A — the distribution of NeuN-immunoreactive cells in the occipital cortical plate, 10-month-old infant. B — boxplots and multiple
comparisons for the NeuN-immunoreactivity coefficient in the cortical plate of the occipital lobe at three locations: sulcus, sulcal
bank, and gyrus, areas 17 (calcarine sulcus) and 18 (parieto-occipital sulcus). Comparable periods: late fetal period (LF), postnatal
period (PN), adults (A). Significant differences between locations are marked by brackets. C — NeuN-immunohistochemical staining,
a region of the cortical plate at the sulcal bank of the calcarine sulcus, area 17, 10-month-old infant. D — NeuN-immunohistochemical
staining, a region of the cortical plate within the calcarine sulcus, area 17, 10-month-old infant. E — mean NeuN-immunoreactivity
coefficient in the cortical plate of the sulcus, sulcal bank, and gyrus as a function of age, area 17. F — mean NeuN-immunoreactivity
coefficient in the cortical plate of the sulcus, sulcal bank, and gyrus as a function of age, area 18. Scale bar: 100 pm

A — cxema pacrnpezenenus NeuN-UMMyHOPEaKTHBHBIX KIETOK B KOPE 3aThLIOUHOM 1o y 10-MecstaHoro pederka. B — guarpamMmbt
pa3maxa 1 MHOXXECTBEHHOE cpaBHeHHne kodduirenTa NeuN-nMMyHOPEaKTHBHOCTH B KOPTHKAJIBbHOM MIIACTHHKE 3aThUIOYHOM

JIOJTK B Tpex o0nacTsx: 6opo3na, ryda 60po3ap! U u3BIIKMHA, moyis 17 (mmopHas 60po3aa) u 18 (TeMeHHO-3aThUIOuHAs: 60p03/a).
CpaBHHBaeMbIe eprobl: To3nHuH deransHblii nepuox (LF), moctHaransusiil neproxn (PN), B3pocisie (A). 3HaUMMble pa3iudus
MEeXIy o0acTAMH OTME4eHBI KBapaTHbIMU ckoOkamu. C — NeuN-HUMMYyHOTHCTOXHMHYECKOE OKpaIIBaHKe, 00NacTh KOPTUKAIBHON
IUTACTUHKY B Ty0e mImopHo# 60po3apl, mone 17, 10-mecsunbiii pedbeHok. D — NeuN-uMMyHOTHCTOXMMHYECKOE OKpALIHBaHUE,
00JacTh KOPTHKAJIBHOM MIIACTHHKY BHYTpPH MIOPHOH 60po3pt, none 17, 10-mecsunsiii pebeHok. E — rpaduk cpenHux 3HaueHuit
ko3¢ duumenta NeuN-MMMyHOPEaKTUBHOCTH B KOPTHUKAJIBHOM ITACTHHKE OOPO3/1bl, IOl 60pO3/bI ¥ M3BUIMHBI B 3aBUCHMOCTH

ot Bo3pacTa, noie 17. F — rpaduk cpennux 3HadeHnit koadumenta NeuN-uMMyHOPEaKTHBHOCTH B KOPTHKaJIbHON TUIACTHHKE
00po31bL, TyOBI 6OPO3/IBI M M3BIIMHBI B 3aBUCHMOCTH OT Bo3pacTta, moie 18. MacmrabHas muHelika: 100 MkM
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GAD65/67 immunohistochemical staining of a coronal section of the human occipital lobe neocortex, 40 gestational weeks.

A — aregion of the cortical plate within the parieto-occipital sulcus, area 18. B — a region of the cortical plate at the bank

of the parieto-occipital sulcus, area 18. C — a region of the cortical plate in the lingual gyrus, area 18. D — mean GAD65/67-
immunoreactivity coefficient in the cortical plate of the sulcus, sulcal bank, and gyrus as a function of age, area 17. E — graph
of mean GAD65/67-immunoreactivity coefficient in the cortical plate of the sulcus, sulcal bank, and gyrus as a function of age,
area 18. F — boxplots and multiple comparisons for the GAD65/67-immunoreactivity coefficient in the cortical plate of the
occipital lobe at three locations: sulcus, sulcal bank, and gyrus, areas 17 (calcarine sulcus) and 18 (parieto-occipital sulcus).
Comparable periods: late fetal period (LF), postnatal period (PN), adults (A). Significant differences between locations are
marked by brackets. Scale bar: 100 pm

Puc. 2. GAD65/67-nMMyHOTHCTOXUMHYECKOE OKPAIIMBAHNE KOPOHAPHOTO Cpe3a HEOKOPTEKCa 3aThIJIOYHON TOIH TUI0A YeTIOBeKa

Ha 40-i1 Henene rectauy (gw).

A — 0011acTh KOPTUKAJIBHOM IUTACTUHKY BHYTPU TEMEHHO-3aThUIOYHON 60po3/sl, oiie 18. B — o6nacth KOpTHKANBHOM
IUTACTHHKY B Iy0€ TEMEHHO-3aTBUIOYHOM 00p0o31bL, moJie 18. C — 0051acTh KOPTHKATBHOM TUIACTUHKY B S3bIYHON M3BHUJIHMHE,
none 18. D — rpaduk cpennux 3HadeHni kodpdurmenta GAD65/67-nMMyHOPEaKTHBHOCTH B KOPTHKAIBHOM IIACTHHKE
00po37bL, TYOBI OOPO3BI ¥ M3BUIINHBI B 3aBUCIMOCTH OT Bo3pacTa, one 17. E — rpaduk cpennmnx 3HaueHNA Koddduimenta
GADG65/67-uMMyHOPEaKTUBHOCTH B KOPTHKAIIBHOM IIACTHHKE O0PO3/1bI, IOl OOPO3/IbI M H3BHINHBI B 3aBUCHMOCTH

oT Bo3pacra, none 18. F — anarpamMsl pa3mMaxa U MHOXKeCTBEHHOE cpaBHeHHe Kodddunnenta GAD65/67-UMMyHOPEaKTUBHOCTH
B KOPTHUKAJIBHOH ITACTHHKE 3aThUIOYHOM 0K B TpeX o0sacTsax: 60po3na, rydoa 00po3/asl 1 U3BWIMHA, o 17

(mmopnast 6opo3na) u 18 (TeMeHHO-3aTbUIOUHAsE 60po3na). CpaBHUBaeMEbIE ITEPHOJIBL: TO3AHMUIH (eTansHbIi mepuon (LF),
nocTHataneHbIH mepuon (PN), B3pocisie (A). 3HaunMble pa3Iudust MeX/Iy 00lIacTsIMU OTMEUIEHBI KBAAPATHBIMH CKOOKAMH.
Macmrabnas nuaeiika: 100 MkM
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localizing in the marginal zone. A cytoarchitectonically
specific pattern of immunopositive fiber arrangement in the
marginal zone was noticeable. GAT-1 immunoreactivity of
the cortex was the highest in the sulcal banks and gyri, with
GAT-1 immunoreactivity decreasing when moving deeper
into the sulci (Fig. 3 A, D). In area 17, the lower cortical
layers and marginal zone showed prolonged immunohisto-
chemical labeling, whereas in areas 18—19, the upper layers
and marginal zone maintained stronger immunoreactivity
over time. Postnatally, GAT-1 immunoreactivity in the sul-
cal bank cortex and the gyri cortex was comparable (Fig.
3 B, E). GAT-1 immunoreactivity in the sulcal cortex was
significantly lower until 4 years postnatally (Fig. 4 A, B, C).

In adults, GAT-1-immunopositive fibers were primar-
ily found in the cortex, with predominant labeling being
in layer 1. In adults, we observed no reduction in labeling
within the sulci (Fig. 3 C, F).

GAT-1 immunoreactivity demonstrates that the gyri
cortex and the sulcal bank cortex mature earlier than the
cortex within the sulci. The delayed maturation of the sulci
cortex persists until at least 4 years of age.
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Discussion
Distribution of GAT-1, GAD65/67, and NeuN markers

Several studies have identified age-related changes in
the levels of the synaptic activity markers GAT-1 [11] and
GAD [12-14].

Our findings demonstrate predominant localization of
the GAT-1 transporter to the marginal zone, consistent with
earlier studies of the human neocortex [11]. However, due
to the limited sample size, age-related changes could not
be confirmed.

Literature reports significant changes in the GAD65
isoform expression but not in the GAD67 one [12]. Our
study demonstrates the predominance of neuron body
labeling, i.e., the GAD67 isoform labeling, in the late
fetal period and newborns. According to the literature,
this isoform appears earlier than others during human and
animal ontogenesis [13, 14]. In the adult human cortex,
immunolabeling revealed a predominance of fine, small
fibers, i.e., GADG65 isoform, which is consistent with
published data [13]. The quantity of the GAD67 isoform
is likely to depend on the functional load of certain neu-

A|B3

&t bank | Ty6a 6opoasl -

Fig. 3. GAT-1 immunohistochemical staining of a coronal section of the human occipital lobe.
A — aregion of the marginal zone, cortical plate at the bank of parieto-occipital sulcus, area 18, 40 gestational weeks (gw).
B — a region of the marginal zone, cortical plate at the bank of parieto-occipital sulcus, area 18, 10-month-old (m) infant.
C — aregion of the marginal zone, cortical plate at the bank of parieto-occipital sulcus, area 18, adult (A). D — a region of the
marginal zone, cortical plate within the parieto-occipital sulcus, area 18, 40 gw. E — a region of the marginal zone, cortical plate
within the parieto-occipital sulcus, area 18, 10-month-old infant. F — a region of the marginal zone, cortical plate within the

parieto-occipital sulcus, area 18, adult. Scale bar: 100 pm
Puc. 3.

GAT-l-I/IMMyHOl"I/ICTOXI/IMI/I‘{eCKOS OKpalnBaHUE KOPOHAPHOTIO Cpe3a 3aTBUIOYHOM JTOJIU YEIOBEKA.

A — obOmacTp MapruHaIBHOM 30HBI, KOPTUKAJIBHAS TUIACTHHKA B TyOe TEMEHHO-3aThIII04HON O60po3apl, mone 18, 40 Hexenb
recraiuu. B — o0nacTe MapruHaabHOM 30HBI, KOPTHKAJIbHAS IJIACTHHKA B Ty0e TEeMEHHO-3aThUIOYHOM 00po3abl, ose 18,
10-mecstunblit (M) pedeHok. C — 0bnacTh MapruHaibHO 30HBI, KOPTHKAIbHAsS IJIACTHHKA B IyOe TEMEHHO-3aThUIOYHOM 60pO3IbI,
note 18, B3pocislii (B3). D — obnacts MapriuHansHOM 30HBI, KOPTHKAJIBHAS UIACTHHKA BHYTPU TEMEHHO-3aTBUIOYHON OOpO3/Ibl,
note 18, 40 Henens recranmu. E — 06macTs MapruHaIbHOM 30HBI, KOPTHKAIbHAS INIACTHHKA BHYTPH TEMEHHO-3aThIIIOUHOM
60po3nbl, mozne 18, 10-mecsransblii pebenok. F — 06macTs MapruHanbHO 30HBI, KOPTHKANbHAS IIACTHHKA BHYTPH TEMEHHO-
3aTBUIOYHOM O0po3bL, mosne 18, B3pocnsiit. Macirabnas nunaeiika: 100 Mkm
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Fig. 4. A— mean GAT-1-immunoreactivity coefficient in the cortical plate of the sulcus, sulcal bank, and gyrus as a function of age, area
17. B — mean GAT-1-immunoreactivity coefficient in the cortical plate of the sulcus, sulcal bank, and gyrus as a function of age,
area 18. C — boxplots and multiple comparison for the GAT-1-immunoreactivity coefficient in the cortical plate of the occipital
lobe at three locations: sulcus, sulcal bank, and gyrus, areas 17 (calcarine sulcus) and 18 (parieto-occipital sulcus). Comparable
periods: late fetal period (LF), postnatal period (PN), adults (A). Significant differences between locations are marked by brackets

Puc. 4.

A — rpaduk cpenuux 3HaueHui GAT-1-MMMyHOpPEaKTHBHOCTH B KOPTHKAIBHO INIACTHHKE GOPO3/IBL, TYObI OOPO3/Ibl M U3BHIMHBI

B 3aBHCHMOCTH OT BO3pacTa, rnojie 17. B — rpaduk cpenunx 3Hauennit GAT-1-MMMyHOpEakTHBHOCTH B KOPTHKAIBHOI IUIACTHHKE
60po31151, TyObI GOPO3/IBI M H3BMIMHEI B 3aBICUMOCTH OT Bo3pacta, noie 18. C — quarpaMMsl pa3Maxa i MHOKECTBEHHOE
cpaBHeHHE K03 dunmenTa GAT-1-IMMyHOPEaKTHBHOCTH B KOPTHKAJIBHOW INTACTUHKE 3aTHUTOYHOM JIOJTH B TPEX 00NaCTIX:
6opo3aa, ryda 60po3as! ¥ u3BMIKHA, ons 17 (1unopHas 6oposna) u 18 (TeMeHHO-3aThUIOUHAsA O0po3na). CpaBHUBaEMbIE
neprobl: no3anuid Gperanbueiil nepuos (LF), noctHaranbheiil nepros (PN), B3pocibie (A). 3HaYUMBIE pa3iHyus MEXIY

00J1aCTAMH OTMEYEHBI KBaJApaTHbIMU CcKoOKaMu

rons. A similar dependence was confirmed for the GAD65
isoform [15].

This paper reveals differing immunoreactivity to GAT-
1, GAD65/67, and NeuN in sulci, sulcal banks, and gyri.
We showed higher immunoreactivity coefficient values in
sulcal banks and gyri in the late fetal period, which con-
tinued in the postnatal period until 4 years postnatally. In
the adult samples, we observed no heterogeneity in the
distribution of the markers in the cortex of sulci and gyri.

Neocortical neurons from vertical columnar assemblies
span all cortical layers. Neurons within a column process
signals of a single modality [16], a functional architecture
established in early cortical development. Each column
contains cells derived from multiple clones of a common
origin [17]. In the adult brain, these columns group into
larger second-order assemblies—macrocolumns—which
typically consist of 3—12 columns [18].

Previous studies visualized macrocolumns with GAD67
immunohistochemistry in both the developing and mature
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rat brain [19]. In cats, transient visualization of second-or-
der morphological and functional structures was observed
with the labeling of excitatory receptors NMDAR1 during
normal brain development [20].

Our findings reveal second-order morphological and
functional assemblies in the human neonatal cortex using
GAD labeling. In newborns, GAD-immunopositive neuron
bodies were found in area 17.

Additionally, NeuN labeling has temporarily revealed
morphological and functional assemblies in a 10-month-old
infant, localized within the sulci of the neocortex. In vivo
imaging in mice demonstrated that prospective interneu-
rons form patches of correlated activity that merge during
postnatal development. This functional organization chang-
es rapidly in two steps: by the end of the postnatal week,
GABA assemblies form; two days later, these assemblies
merge into a fully connected functional network [21]. As
aresult, the clustered functional organization of the cortex
is a transient developmental stage in mice. The persistence
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of morphological features of the clustered organization
within the sulci in the human neocortex at 10 months may
indirectly indicate a slower maturation rate in these regions.

Thus, immunohistochemical labeling of GAD65/67 and
NeuN shows that cortical maturation progresses in clusters,
representing second-order functional neural assemblies.
Comparative analysis using GAT-1, GAD65/67, and NeuN
markers indicates a more accelerated cortical maturation in
the sulcal banks and gyri than in the cortex within the sulci.

Conclusion

This research studied the complex maturation of the hu-
man cerebral cortex within sulci and gyri during late fetal
and postnatal development, thus addressing a significant
gap in our understanding of neocortical formation. Cortical
maturation progresses heterogeneously and is characterized
by the formation of second-order functional neural assem-
blies, as visualized using GAD65/67 and NeuN markers.
Specifically, cortical regions of sulcal banks and gyri ma-
ture earlier than the sulci, as confirmed by the distribu-
tion patterns of GAT-1, GAD65/67, and NeuN. These data
indicate a differentiated maturation pattern in the gyrified
cortex, where regions at the boundaries of sulci and gyri
were shown to mature earlier than sulcal regions.

The paper highlights the complex interplay between
gyrification and cortical maturation, suggesting a strong
link between the cortical structural organization and its
functional development. Future research should eluci-
date the mechanisms underlying heterogeneity in cortical
maturation and investigate their functional consequences.
These studies could provide a more comprehensive under-
standing of normal brain development and help uncover
diagnostic and therapeutic targets for neurodevelopmental
disorders.

Author contributions

Conceived the study and designed the experiment — O.S. Godovalova,
A.E. Proshchina, S.V. Saveliev.

Collected the data and performed the analysis — A.S. Kharlamova,
0.S. Godovalova.

Wrote the paper — O.S. Godovalova.

Edited the manuscript — Yu.S. Krivova, A.E. Proshchina,

A.S. Kharlamova.

BkJjaa aBTopoB

Konmermus u qu3aiin uccnenosanus — O.C. ['omoBanosa,

A.E. IIpomwmHa, C.B. Casenbes.

C6op u odpadotka marepuana — A.C. Xapnamosa, O.C. 'ogoBasnosa.
Hammucanue Texcra — O.C. ['omoBanosa.

Penaxruposanue — F0.C. Kpusosa, A.E. IIpomuna, A.W. Xapnamosa.

Disclosure. The authors declare no conflict of interest.
KonpaukT uHTEepecoB. ABTOPHI 3asBIAIOT 00 OTCYTCTBHU KOH(IHKTA

HHTEPECOB.

References/J/Inteparypa

1. Godovalova O, Proshchina A, Kharlamova A, Barabanov V,
Krivova Y, Junemann O et al. Heterogeneity in the formation
of primary and secondary visual fields during human prenatal

76 KIMHUYECKAA V1 SKCITEPMMEHTAJTIBHAA MOP®OJIOTNA / CLINICAL AND EXPERIMENTAL MORPHOLOGY

10

12.

13.

15.

16.

17.

development. Biol Res. 2024;57(1):93. DOI: 10.1186/s40659-
024-00576-0.

Huttenlocher PR, Dabholkar AS. Regional differences in
synaptogenesis in human cerebral cortex. ] Comp Neurol.
1997;387(2):167-78. DOI: 10.1002/(sici)1096-9861(19971020)
387:2<167::aid-cne1>3.0.co;2-z.

Kim JY, Paredes MF. Implications of extended inhibitory neuron
development. Int J Mol Sci. 2021;22(10):5113. DOI: 10.3390/
ijms22105113.

Amunts K, Malikovic A, Mohlberg H, Schormann T, Zilles K.
Brodmann’s areas 17 and 18 brought into stereotaxic space —
where and how variable? Neuroimage. 2000;11(1):66—84.
DOI: 10.1006/nimg.1999.0516.

Lee SE, Lee Y, Lee GH. The regulation of glutamic acid decar-
boxylases in GABA neurotransmission in the brain. Arch Pharm
Res. 2019;42(12):1031-9. DOI: 10.1007/s12272-019-01196-z.
Fattorini G, Melone M, Conti F. Areappraisal of GAT-1 localiza-
tion in neocortex. Front Cell Neurosci. 2020;14:9. DOI: 10.3389/
fncel.2020.00009.

Duan W, Zhang YP, Hou Z, Huang C, Zhu H, Zhang CQ at al.
Novel insights into NeuN: from neuronal marker to splicing
regulator. Mol Neurobiol. 2016;53(3):1637-47. DOI: 10.1007/
s12035-015-9122-5.

Gilbert-Barness E, Spicer DE, Steffensen TS. Handbook of pe-
diatric autopsy pathology. New York: Springer New York, 2014.
750 p. DOI: 10.1007/978-1-4614-6711-3.

Proshchina A, Kharlamova A, Krivova Y, Godovalova O,
Otlyga D, Gulimova V et al. Neuromorphological atlas of hu-
man prenatal brain development: white paper. Life (Basel).
2023;13(5):1182. DOI: 10.3390/1ife13051182.

. Proshchina AE, Kharlamova AS, Krivova YS, Saveliev SV, Modern

trends in brain mapping and atlasing. Clinical and experimen-
tal morphology. 2023;12(1):15-23 (In Russ.). DOI: 10.31088/
CEM2023.12.1.15-23.

. Hachiya Y, Takashima S. Development of GABAergic neurons

and their transporter in human temporal cortex. Pediatr Neurol.
2001;25(5):390—6. DOI: 10.1016/s0887-8994(01)00348-4.
Pinto JG, Hornby KR, Jones DG, Murphy KM. Developmental
changes in GABAergic mechanisms in human visual cortex
across the lifespan. Front Cell Neurosci. 2010;4:16. DOI: 10.3389/
fincel.2010.00016.

Murphy KM, Beston BR, Boley PM, Jones DG. Development of
human visual cortex: a balance between excitatory and inhibito-
ry plasticity mechanisms. Dev Psychobiol. 2005;46(3):209-21.
DOI: 10.1002/dev.20053.

. Wong PT, McGeer EG. Postnatal changes of GABAergic and

glutamatergic parameters. Dev Brain Res. 1981;227(4):519-29.
DOI: 10.1016/0165-3806(81)90005-5.

Soghomonian JJ, Martin DL. Two isoforms of glutamate de-
carboxylase: why? Trends Pharmacol Sci. 1998;19(12):500-5.
DOI: 10.1016/s0165-6147(98)01270-x.

Molnar Z, Clowry GJ, Sestan N, Alzu’bi A, Bakken T, Hevner RF
et al. New insights into the development of the human cerebral
cortex. J Anat. 2019;235(3):432-51. DOI: 10.1111/joa.13055.
Yuste R, Cossart R, Yaksi E. Neuronal ensembles: building blocks
of neural circuits. Neuron. 2024;112(6):875-92. DOI: 10.1016/].
neuron.2023.12.008.

Tom 14 Ne 5 2025



OPUTMHAJIDHBIE UICCITEJOBAHNMA

18. Rakic P. A small step for the cell, a giant leap for mankind: a  20. Trepel C, Duffy KR, Pegado VD, Murphy KM. Patchy distri-

hypothesis of neocortical expansion during evolution. Trends bution of NMDARI1 subunit immunoreactivity in developing
Neurosci. 1995;18(9):383-8. DOI: 10.1016/0166-2236(95) visual cortex. J Neurosci. 1998;18(9):3404—15. DOI: 10.1523/
93934-p. JNEUROSCI.18-09-03404.1998.

19. Kiser PJ, Cooper NG, Mower GD. Expression of two forms of  21. Modol L, Bollmann Y, Tressard T, Baude A, Che A, Duan ZRS
glutamic acid decarboxylase (GAD67 and GAD65) during post- et al. Assemblies of perisomatic GABAergic neurons in the
natal development of rat somatosensory barrel cortex. J] Comp developing barrel cortex. Neuron. 2020;105(1):93—-105.e4.
Neurol. 1998;7;402(1):62—74. PMID: 9831046. DOI: 10.1016/j.neuron.2019.10.007.

Author information

Olga S. Godovalova — Cand. Sci. (Biol.), Senior Researcher, Laboratory of Nervous System Development, Avtsyn Research Institute of Human
Morphology of FSBSI “Petrovsky National Research Centre of Surgery”.
https://orcid.org/0000-0002-9285-7241

Alexandra E. Proshchina — Dr. Sci. (Biol.), Leading Researcher, Laboratory of Nervous System Development, Avtsyn Research Institute
of Human Morphology of FSBSI “Petrovsky National Research Centre of Surgery”.
https://orcid.org/0000-0002-0515-8275

Anastasia S. Kharlamova — Cand. Sci. (Biol.), Senior Researcher, Laboratory of Nervous System Development, Avtsyn Research Institute

of Human Morphology of FSBSI “Petrovsky National Research Centre of Surgery”.

https://orcid.org/0000-0003-1163-4132

Yuliya S. Krivova — Cand. Sci. (Biol.), Senior Researcher, Laboratory of Nervous System Development, Avtsyn Research Institute of Human
Morphology of FSBSI “Petrovsky National Research Centre of Surgery”.

https://orcid.org/0000-0001-9692-3616

Sergey S. Saveliev — Dr. Sci. (Biol.), Professor, Head of Laboratory of Nervous System Development, Avtsyn Research Institute of Human

Morphology of FSBSI “Petrovsky National Research Centre of Surgery”.
https://orcid.org/0000-0002-1447-7198

Mudopmanus 06 aBTopax

Oubra CepreeBHa I'ofoBasioBa — KaHAUIAT OMOJIOTMYECKUX HAyK, CTAPLIMI HAYUHBIH COTPYIHHK JIAOOPAaTOPUH Pa3BUTHS HEPBHOH CHCTEMBI
HHU mopdonorun genoseka uM. akaj. A.Il. Asmeiaa PHIIX um. akan. B.B. IlerpoBckoro.

Anekcanpa EsrenpeBHa [pomiHa — TOKTOp OMOJIOTHYECKUX HAYK, BEAYIHH HAYYHBIH COTPYAHHUK J1JaOOPATOPUH Pa3BUTHsI HEPBHOM CHCTEMBbI
HIU mopdonorun yenoseka um. akaj. A.Il. Asnsiaa PHITX um. akan. B.B. Ilerposckoro.

Amnacracus CepreeBHa XapiaaMoBa — KaHAUAAT OMOIOTMYECKUX HAYK, CTApIINI HAayYHBIH COTPYIHHUK Ta00paTOPHK PAa3BUTHSI HEPBHOW CUCTEMBI

HUU mopdonorun yenoseka uM. akaj. A.Il. Asusina PHIIX uM. akan. b.B. Ilerposckoro.

Onus CepreeBna KpusoBa — kaHmumar OMOIOTHYECKUX HAYK, CTAPIINIA HAYIHBINA COTPYIHUK J1aOOPATOPUU Pa3BUTHsI HEPBHOM CHCTEMBI
HUU mopdonoruu yenoseka uM. akaj. A.Il. Asusina PHIIX um. akan. b.B. ITerposckoro.

Cepreii BsiuecaBoBiy CaBenbeB — JOKTOP OHOJIOTMUECKUX HayK, Ipodeccop, 3aBeAyoIunii 1abopaTopueil pa3BUTHS HEPBHOW CHCTEMBI
HUU mopdonoruu yenoseka um. akaa. A.Il. Asupiaa PHIIX um. akan. b.B. Tlerposckoro.
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