70 REVIEWS

UDC 616.346.2-002
DOI: 10.56871/RBR.2025.81.99.008

NEUROPLASTICITY OF LIMBIC STRUCTURES: CRITICAL PERIODS
FOR THE FORMATION OF COGNITIVE FUNCTIONS IN ONTOGENESIS

© Sarng S. Pyurveev' 2, Alesia S. Oskina?, Sofia V. Ulanova?

' Saint Petersburg State Pediatric Medical University. 2 Lithuania, Saint Petersburg 194100 Russian Federation
2 Institute of Experimental Medicine. 12 Academician Pavlov str., Saint Petersburg 197022 Russian Federation

Contact information: Sarng S. Pyurveev — Assistant Professor of the Department of Pathological Physiology with a course in Immunopathology
SPbSPMU. E-mail: dr.purveev@gmail.com ORCID: https://orcid.org/0000-0002-4467-2269 SPIN: 5915-9767

For citation: Pyurveev SS, Oskina AS, Ulanova SV. Neuroplasticity of limbic structures: critical periods for the formation of cognitive functions
in ontogenesis. Russian Biomedical Research. 2025;10(1):70-85. DOI: https://doi.org/10.56871/RBR.2025.81.99.008

Received: 19.12.2024 Revised: 23.01.2025 Accepted: 09.04.2025

Abstract. Living organisms have a unique ability to adapt to constantly changing environmental conditions. There are
critical periods, also called time windows, when different areas of the brain become most sensitive to the effects of
environmental factors that affect the formation of strong bonds. Mammalian neurogenesis is a lifelong process limited
to certain areas of the brain, namely the subgranular zone, part of the dentate gyrus of the hippocampus, and the
subventricular zone. Also, an important role in neurogenesis in primates and rodents is played by “neurogenic niches”,
which are microenvironments for neuronal precursor cells and their descendants. Depending on the area of the brain,
the process of neurogenesis is carried out through different mechanisms, for example, the main molecular factors of
neurogenesis are the Notch and Sonic hedgehog pathways, extracellular signaling molecule and bone morphogenetic
protein. The functioning of the blood-brain barrier maintains a certain chemical homeostasis and level of metabolic
activity of brain tissues, which are necessary for neurogenesis. However, a number of brain structures, known as
circumventricular organs, are characterized by the absence of a blood-brain barrier and a unique composition of the
microenvironment, in particular the presence of chronically activated microglia in the environment, which probably
affects neuro- and angiogenesis. The study of the effects of stress on the body during critical periods of neurogenesis,
depending on gender, age and type of organism, duration of stress exposure, will expand the understanding of the
formation of the nervous system during early ontogenesis and pathogenetic mechanisms of the development of
mental disorders. In turn, the information obtained will increase the possibilities of prevention and treatment of this
group of diseases.
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Pestome. XXnBble opraHnambl 06nagatoT yYHUKanbHON CNOCOBHOCTBLIO aAanTUpPoOBaThCs K MOCTOSHHO M3MEHSOLLNMCS
ycnosuaMm okpyxatowen cpefbl. CyLLecTBYIOT KpUTUYECKUE NEPUOAbI, TO ECTb BPEMEHHbIE OKHA, KOraa pasfiunyHble
obnacTtn mo3ra cTaHOBATCA Hauboree YyBCTBUTENbHLIMW K BO3AENCTBUIO OKPYXatoLWmMX (PakTopoB, BANSIOLLNX
Ha popMUpOBaHME NMPOYHBIX CBA3eN. HenporeHes mrekonuTarLwmx — npoLecc, npoTekaloLwnin Ha NPOTSKEHUM
BCEM XKM3HU, OrpaHNYEHHbIN ONPeaeneHHbIMA 30HaMM MO3ra, @ UMEHHO: CybrpaHynspHOM 30HON, YacTbio 3y6ya-
TOW U3BUMMWHBI TUMNOKaMna 1 CyGBEHTPUKYNSAPHON 30HOW. BaxHyto ponb B HEMPOreHe3e y NpUMaToB U rPbI3yHOB
BbINOMHAOT TaKXe «HEMPOreHHbIe HUWWY, NpeacTaBnsLne cobon MUKpocpeabl ANs KNETOK-NpeALLecTBEHHNKOB
HEepOHOB M X NOTOMKOB. B 3aBncuMocTM OT 0b6nacTu ronoBHOro Mo3ra NpoLecc HeiporeHesa ocyLlecTBnseTcs
3a CYeT pasHblX MexaHM3MoB. Tak, OCHOBHbLIMW MOEKYNAPHbIMU hakTopamu HerporeHnesa asnstTca nyt Notch
u Sonic hedgehog, BHekNeTOUHAs curHanbHas Mofiekyna u KOCTHbIN MopdoreHeTudecknin 6enok. bnarogaps
(DYHKLMOHMPOBAHMIO remaToaHLedannyeckoro bapbepa NoaLepXNBaOTCS ONpeaeneHHbl XMMUYECKUA roMeo-
CTa3 M ypoBeHb aKTUBHOCTW MeTabonnama TkaHei roNoOBHOrO Mo3ra, Heobxoanmble Ans Hermporenesa. OgHako
AN pafa CTPYKTYp rofIOBHOTO MO3ra, U3BEeCTHbIX Kak LIMPKYMBEHTPUKYNAPHbLIE OpraHbl, XapakTepHbl OTCYTCTBUE
remaToaHuedanunyeckoro 6apbepa 1 yHUKanbHbI COCTaB MAKPOOKPYXEHUS, B YHACTHOCTW Hanuyue B OKPYXeHuu
XPOHUYECKM aKTUBUPOBAHHOWN MUKPOTNUK, KOTOPAs, BEPOATHO, BNUSET HA HEMPO- 1 aHruoreHes. syyeHue BnusHus
CTpecca Ha opraHu3M B KpUTUYECKWe Nepuoabl Heporenesa B 3aBUCUMOCTM OT nosa, BO3pacTa W BMAa OpraHusma,
NPOAOIIKUTENILHOCTW CTPECCOBOr0 BO3eNCTBIUSA NO3BONUT PaCcLUNPUTL NPeACTaBlieHne 0 (HOPMUPOBAHNN HEPBHOK
CUCTEMbI B NEPUOA PAHHErO OHTOTeHEe3a W NaToreHeTUYECKNX MexaHu3Max pasBnuTusa NCUXMYECKUX paccTpONCTB.
B cBot oyepefb, NoNyyYeHHble CBELEHNS yBENUYaT BOZMOXHOCTU NPOMUNAKTUKL U NIeYEHWUS [aHHOW Tpynnbl
3abonesaHui.

KntoueBkle cnoBa: HeﬁpOI'IJ'IaCTW‘IHOCTb, HeﬁporeHes, nnmbuyeckas cucTema, Kputnyeckmne nepunoabl
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INTRODUCTION

Living organisms have a unique ability to adapt to con-
stantly changing environmental conditions. There are critical
periods, time windows, when different brain regions become
the most sensitive to the influence of environmental factors
affecting the formation of strong connections [1].

Maternal deprivation as a model of acute stress in early on-
togenesis was used as an example to demonstrate its effect on
biochemical parameters in cerebral structures [2]. As a result,
there was a decrease in dopamine and dopamine D-1 receptor
mRNA expression levels in the prefrontal cortex and amygdala,
and a decrease in neuropeptide Y (NPY) levels in the basola-
teral amygdala and dorsal part of the hippocampus [3, 4].

Studying stress during critical periods of neurogenesis in
relation to sex, age and type of the organism, as well as dura-
tion of stress exposure will allow us to expand our understan-
ding of nervous system formation during early ontogenesis
and pathogenetic mechanisms of mental disorders [5]. In turn,
the obtained information will increase opportunities for preven-
tion and treatment of this group of diseases [6].

Our review focuses on critical periods of neurogenesis, as
well as on the factors that influence the development of diffe-
rent brain structures, including different time periods. The role
of the blood-brain barrier and microglia in neurogenesis is also
described. The main objective of this review is to combine and
systematize data on the structures involved in neurogenesis
and the factors regulating this complex process.

MECHANISMS OF REGULATION
OF NEUROGENESIS IN THE POSTNATAL PERIOD

Neurogenesis is one of the key and most important and
complex processes, consisting of many sequential steps,
responsible for brain adaptation and repair. Local cell micro-
environment, which determines further formation of neuronal
networks, is considered to play a key role in the molecular
mechanism controlling neurogenesis [7]. The local microen-
vironment triggers many processes in the so-called neuro-
genic niches, where successive processes of neural stem
cells (NSCs) and neural progenitor cells (NPCs) transforma-
tion, migration, selection and differentiation take place.

Neurogenesis in mammals is a process that exceeds
the limits of embryonic period of development. It continues
throughout life but is restricted to specific brain areas such
as the subgranular zone, part of the gyrus dentatus of the
hippocampus and the subventricular zone located in the la-
teral ventricles of the brain [8].

When discussing neurogenesis and mechanisms of its
regulation, it is necessary to dwell separately on the area of
the infundibular recess located in the lower part of the third

brain ventricle. Lining of the infundibular recess is formed
by tanycytes, highly specialized bipolar cells with a long ba-
sal outgrowth [9].

Tanicites with basal outgrowths passing through the
neural tissue and ending at blood vessels are represented
by a specialized population of glial cells [10, 11].

Extended ends of basal outgrowths of tanycytes also
end on the portal system of the pituitary gland with fenes-
trated capillaries, thus participating in the formation of he-
matoliquor and liquor-encephalic barriers [12].

Tanycytes are able to differentiate into neurons and glia
and participate in the regulation of the ventromedial and
arcuate nuclei. In total, four types of tanycytes are distin-
guished, which are different in structure, cytochemical and
functional features and their location in the infundibular re-
cess (a1-, a2-, B1- and B2-) [11, 13, 14].

Neurogenesis in adult primates and rodents is active in the
olfactory bulb, where there are special areas called “neuro-
genic niches”. These niches are microenvironments that con-
tain neuronal progenitor cells and their progeny. Astrocytes,
oligodendrocytes, ependymal cells, capillary endothelial cells
and already mature neurons surround these cells [15].

The subventricular zone (SVZ) is another brain region
where neurogenesis occurs in adult animals. This zone con-
sists of several layers (2 to 5), each containing different cell
types, labeled A, B, C, and E.

Type A cells are immature neurons, neuroblasts, ca-
pable of migration. They move along the SVZ, contacting
astrocytes and forming clusters near the surface of the
ventricle. These cells have a specific marker, PSA-NCAM
(Polysialylated-neural cell adhesion molecule), which is in-
volved in cell adhesion, and a membrane marker, double-
cortin (DCX, doublecortin).

Type B cells contain many intermediate filaments in their
structure and contact the ventricular ependyma.

Type E cells (ependymal cells) are localized in the cavity
of lateral ventricles, express vimentin, CD-24 (cluster defini-
tion) and S-100 protein. Due to their ability to differentiate,
they are considered neuronal progenitor cells.

Type C cells are transitional cells, a transitional stage
between types A and B. They have similarities with both
types, making them difficult to recognize. Closely related
to type A cells, however, they do not have the PSA-NCAM
marker peculiar to neuroblasts, they express the transcrip-
tion factor DIx2 (Distal-Less Homeo Box 2), EGFR (epider-
mal growth factor receptor), Mash1 (mammalian achaete —
scute homologue) [16, 17].

Three main types of cells involved in neurogenesis are
distinguished in the hippocampus:

+ type | cells (neuronal progenitor cells) are descendants of
radial glia cells, which explains that they share common
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markers such as nestin, aromatase B, Sox 1, Sox 2, BLBP

(brain lipid binding protein), GLAST (glutamate/aspartate

transporter), and are pluripotent (multipotent), capable of

proliferation into astro- and oligodendrocytes [18];

« type Il cells (intermediates) are capable of neuronal
differentiation and are divided into subtypes lla and
[Ib, have specific markers of neuronal differentiation —
DCX, PSA-NCAM;

« type lll cells (neuroblasts) become mature granular cells
after migration into the gyrus dentatus; the differentiation
process takes 4-7 weeks; the outgrowths of granular
cells are located in the molecular layer (dendrites) and
in the CA3 zone of the hippocampus (axons).
Neuroblasts migrate in chains along glial tubes, which

are located along blood vessels. The endothelium of blood

vessels synthesizes signaling molecules, such as BDNF

(brain-derived neurotrophic factor), which stimulate migra-

tion [19].

The existence of newly differentiated cells is maintained
by previously formed connections. In order to maintain a
constant number of neuronal cells in the olfactory bulb,
there is a mechanism for screening new cells.

The process of neurogenesis includes proliferation, dif-
ferentiation, migration, and other stages regulated by multi-
ple factors: hormones, cytokines, growth factors, and elec-
trophysiological activity [20].

The persistence of newly formed neurons depends on
the animal species and brain area. In adult Wistar line rats,
neurogenesis occurs in the fascia dentata, CA1-CA4 fields
of the hippocampus, cerebellar worm, and various cortical
areas, but proliferation, apoptosis, and differentiation of new
neurons differ in these areas. Although there is evidence of
incorporation of new neurons into existing networks, their
functionality is not yet fully understood [21].

FACTORS AFFECTING NEUROGENESIS IN RATS

Winstar rats demonstrated that the intensity of neuroge-
nesis varied depending on brain areas. Certain areas, such
as different parts of the cerebral cortex, cerebellar worm and
CA1-CA4 fields of the hippocampus, show more active proli-
feration, differentiation and apoptosis of new neurons, while
in other areas these processes are less pronounced [22].

At the same time, there are significant differences regar-
ding degree and magnitude of neurogenesis between rat and
human brains. Neurogenesis is essential in the gyrus denta-
tus of humans, as well as in the subventricular zone, where
neural stem cells (progenitor cells) retain their neurogenic
potential, generating a subset of interneurons of the striatum.
This pathway of neurogenesis is absent in the subventricular
zone in rats [23].

Rats also have a neurogenic niche formed by the NSC
and its microenvironment formed by various cells: oligo- and
astrocytes, capillary endothelial cells.

The process of further transformation of progenitor cells
is controlled by humoral and biochemical compounds. It has
been shown that administration of nitric oxide synthase inhibi-
tor leading to inhibition of nitric oxide synthesis in the olfac-
tory bulb, SVZ zone, and rostral migratory pathway leads to
an increase in cell proliferation in these zones.

The microcirculatory system plays an important role in the
paracrine regulation of neurogenesis, acting as a conductor
for signaling molecules. As the brain blood vessel network
ages and shrinks, the level of VEGF (vascular endothelial
growth factor) decreases, which may have a negative impact
ON neurogenesis.

Another biochemical factor that stimulates cell prolifera-
tion and differentiation in the hippocampus is insulin growth
factor (IGF-I). It is expressed in the postnatal period with a
further decrease in its level during aging [24].

Thus, three main factors of age-related neurogenesis can
be identified: reduction of VEGF, impaired angiogenesis, and
further reduction of blood flow in cerebral vessels [22].

One of the key roles in aging process is assigned to mi-
croglia as a structure that supports apoptotic processes in the
neurogenic niche as it contains factors that activate oxidase
damage. Proinflammatory cytokines, in particular IL-1f and
TNFa (tumor necrosis factor a), activate microglial cells, which
has a negative effect on neurogenesis [22]. At the same time,
microglia cells are both sources of IGF-1 and BDNF, which pro-
mote neurogenesis; their decreased activity leads to dysregula-
tion of progenitor cell transformation in the hippocampus [25].

Hippocampus

The dentate gyrus of the hippocampus is one of the brain
regions responsible for the process of neurogenesis. With the
development of astrocytes followed by oligodendrocytes in the
brain, neuronal activation becomes a critical factor determin-
ing synaptogenesis. Synaptic connections formed between
cells can either stabilize (with sequential stimulation) or com-
pletely disappear (in the absence of stimuli).

Specifically, neurons in rodents develop from neural epi-
thelial cells, which are considered early neural stem cells
(SCs) at approximately day 9-9.5 of embryonic development
and are finally formed by 15-17.5 weeks of age. The dentate
gyrus of the hippocampus develops from a distinct source of
progenitor cells (dentate neuroepithelium), which may have
important consequences in the postnatal period [26, 27].

Hippocampal neurons develop from dentate neuro-epithe-
lium at 13.5-17.5 weeks with the formation of the hippocampal
fissure. Subsequently, the dentate progenitor cells, accumu-
lating within the fissure, will form the future neural stem cell
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Fig.1.  Stages of hippocampal neurogenesis. Stem cells, radial glia-like (type 1; blue) maintain their pool through self-renewal and give rise
to progenitor cells expressing markers with different morphologies (type 2 (A and B); green), which undergo rapid proliferation and
begin to express markers necessary for subsequent cells. Type 2 cells differentiate into neuroblasts (type 3; yellow). Neuroblasts
enter the early survival stage (orange cells) and extend their processes into the molecular layer. At the late stage of survival,
only those neurons remain that have formed functional connections and matured morphologically (red cells). Granule neurons
somata is represented in purple. The color bar at the top illustrates the gradual transition of marker expression as cells progress
through different stages of neurogenesis. The gray gradient bar at the bottom indicates the switching of neurons from GABA-
ergic to glutamatergic signals [26]. Note: M-layer — molecular layer; GC-layer — granule cell layer; SG-zone — subgranular zone;
GFAP — glial fibrillary acidic protein; Sox2 — gene Sox2; BLBP — brain lipid-binding protein; NeuroD — gene NeuroD (Neurogenic
differentiation 1); DCX — doublecortin; PSA-NCAM — Polysialylated-neural cell adhesion molecule; NeuN — neuronal nuclei;
Prox1 — Prospero homeobox protein 1
Puc.1. Craguu runnokamnanbHoro HeiliporeHe3a. CTBONOBbIe KNeTku, NoAo6Hble paguanbHOM rnuu (Tun 1; cUHMI), NoAAEPXUBaOT CBOW

nyn nocpeacTBOM CaMOOGHOBNEHMS M AAIOT Hayano KneTkam-npeawecTBeHHUKaM, IKCNPeCcCUpYOLWMUM MapKepbl pa3nuyHoi Mop-
¢onorueit (Tun 2 (A n B); 3eneHblii), koTopble NoABepratoTcs GbICTPON NponudepaLun U HauYMHaKT IKCNPECCMPOBaTbL MapKepsbl,
HeoGxoauMble Ans nocnegywowmx knetok. Knetku 2-ro Tuna gudpdpepeHumpytotcs B HeiipobnacTbl (Tvn 3; xenTbii). HeilpobnacTbi
nepexoAsT Ha PaHHIOK CTaaNio BbDKUBAHUA (OpaHXeBbIe KNETKMU) M pacnpoCTPaHAOT CBOM OTPOCTKM B MONEKYNAPHbLIA cnoi. Ha
No3AHeN CTaAnUN BbKUBAHWUA OCTalOTCA TONBKO T HEMPOHLI, KOTOpbIe ChopMMpoBanu (yHKUUOHaNbHbIE CBA3W 1 CO3penu Mop-
thonoruyecku (kpacHble knetku). Tena rpaHynspHbIX HEPOHOB NpeAcTaBrneHbl puoneToBbIM LBeTOM. LiBeTHas nonoca cBepxy
UNNIOCTPUPYET NOCTENEHHbIA NEepPexos IKCNPeCCU MapKkepoB No Mepe NPOXOXAEHUS KNeTKaMi pa3fiMyHbIX CTaAui HelporeHesa.
Cepas rpagveHTHas nonoca CHU3Yy yKasblBaeT Ha nepekntoyeHue HempoHoB ¢ FAMK-apruyeckux (FTAMK — ramma-amuHomacnsHas
KMcnoTa) Ha rnytamarepruyeckue curianoi [26]. [pumeyaHue: M-cnon — mMonekynspHbii cnon; cnont K — cnoi rpaHynapHbIx
kneTtok; Cl-30Ha — cy6rpaHynsipHas 3oHa; GFAP — rnuanbHbIi hmbpunnspHbii kucnbiin 6enok (glial fibrillary acidic protein);
nestin — HecTuH; Sox2 — reH Sox2; BLBP— xupocBasbiBatowuii 6enok moara (brain lipid-binding protein); NeuroD — rex NeuroD
(Neurogenic differentiation 1); DCX — aa6nkoptuH (doublecortin); PSA-NCAM — monekyna agre3auv nonucuanupoBaHHbIX Heil-
poHHbIx kneTok (polysialylated-neural cell adhesion molecule); NeuN —HelipoHHble sigpa (neuronal nuclei); Prox1 — romeo6okc-
Hblii 6enok 1 Mpocnepo (Prospero homeobox protein 1); calretinin — kanbpeTuHuH; calbindin — kanbGUHAMH
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layer of the adult subgranular zone or become neurons that
will form the granular cell layer (Fig. 1) [28]. It is assumed
that hippocampal neurogenesis can continue its development
throughout life due to its increased plasticity [29, 30].

The structure of the hippocampus is heterogeneous. The
dorsal hippocampus (DH) is connected to the neocortex and is
mainly involved in cognitive processes, memory and learning,
whereas the ventral hippocampus (VH) is connected to the
amygdala and hypothalamus, playing an important role in the
emotional and stress response of the organism. Inflammation in
hippocampal structures can affect the functional state of neurons
by modulating their synaptic plasticity. Inflammation in the struc-
tures of the central nervous system (CNS) develops faster in the
DH, whereas corticosterone accumulation progresses faster in
the VH and neocortex, and the DH is affected functionally (by
the state of synaptic plasticity in the phenomenon of prolonged
potentialization in vivo), and then the disorder spreads to the
VH[31, 32].

There is strong evidence that neurogenesis in the adult
hippocampus plays an important role in regulating memory

and mood. Alterations in hippocampal neurogenesis are asso-
ciated with a variety of neurological and psychiatric disorders
[33, 34]. It has been shown that the period in which neurons
were exposed to environmental factors (e.g., stress) will deter-
mine their further vulnerability and risk of disease [35].

Neurogenesis in the cerebral cortex

Radial glial cell (RGC) division in the cerebral cortex is
regulated by the intracellular distribution of cell polarity de-
terminants of PAR (protease-activated receptors; PAR3 and
PARG) family proteins and their regulator CDC42, which are
localized at the ventricular ends of the cell pedicles.

However, these cells mainly undergo asymmetric divi-
sions to generate a differentiated daughter cell while simul-
taneously renewing their pool. This process is considered as
direct neurogenesis. RGCs in the forebrain undergo changes
by a more complex mechanism by generating intermediate
progenitor cells called basal progenitor cells (BPCs) [36].
These cells subsequently differentiate into postmitotic cells.
This process is referred to as indirect neurogenesis.
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Fig. 2.

The process of neurogenesis in the postnatal period in rodents. During the newborn period, neurogenesis, myelination, apoptosis

occur, as well as the processes of synaptogenesis and synaptic pruning. All these mechanisms are targets for further epigenetic
modifications and the influence of environmental factors on the formation of the central nervous system [39]

Puc. 2.

Mpouecc HeliporeHe3a B NOCTHaTaNbHbIA NEPUOA Y FPLI3YHOB. Ha NpoTskeHnn neproaa HOBOPOXAEHHOCTH NPOUCXOAAT Henpore-

He3, MMeNUHM3aLus, anonTo3, PaBHO KaKk U NPOLIECChbl CUHaNTOreHe3a u cUHanTuyeckoi obpesku. Bee aTn MmexaHmambl ABnAOTCA
MULLEHAMMW ANA AanbHEWWNX INMreHeTHYecKux moaudukaumi, BNusHMA ¢akTopoB OKpYxXatoLei cpeabl Ha hOPMUPOBAHUE LIEHT-

panbHoii HepBHOWN cucTeMbl [39]
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Neurogenesis in the brain proceeds through several sta-
ges generating different neurons. Disturbances at any stages
of neurogenesis and neuronal migration can lead to impaired
brain development (Figure 2). Premature transition of proli-
ferative divisions of RGCs to the neurogenic stage can lead
to their insufficient number and heterogeneity of neurons in
the brain leading to microcephaly, and impaired neuronal mi-
gration can further condition lissencephaly [37, 38].

The main molecular factors of neurogenesis include:

1. Notch pathway, premature activation of which will lead to an
increase in RG cell markers in the forebrain. Notch signaling
promotes proliferative signaling during neurogenesis,
facilitating nerve differentiation.

2. Sonic hedgehog (Shh) pathway. Shh promotes generation
of oligodendrocytes and GABAergic interneurons in the
ventral terminal medulla, which later infiltrate into the
cortical lamina. In contrast to the ventral terminal brain,
the developing cortex undergoes limited Shh signaling,
the physiological role of which remains poorly understood.
Reduced Shh signaling transmission in RGCs impairs
their proliferation and ability to generate intermediate
progenitor cells, outer RGCs, and, consequently, projec-
tion neurons. This impairment of Shh signaling causes
a reduction in neuronal output, which is responsible for
reducing the size of the dorsal endbrain, which may
contribute to microcephaly [40].

3. Another extracellular signaling molecule, WNT, promotes
the proliferative capacity of RGCs in the developing
cortex. WNT has also been shown to induce neuronal
differentiation of basal precursor cells, thereby providing
a dual level of neurogenesis regulation.

4. Inaddition to WNT, bone morphogenetic protein also regulates
brain cytogenesis at early stages of cortical development
(12th—13th weeks of embryogenesis) and astrocytogenesis
do so in later periods (14th week and afterwards) [41, 42).

Amygdala

The amygdala is part of the limbic system, responsible
for expressing aggression, fear, and defensive behavior. It
plays an important role in forming and retrieving emotional
memories. The neural network of the amygdala is closely
interconnected with other cortical areas and receives input
from the thalamus, hypothalamus, and hippocampus.

The prefrontal cortex, hippocampus, amygdala, and an-
terior cingulate gyrus influence fear formation and are key
in the development of anxiety-associated disorders. Studies
show increased amygdala volume in children (age group
7-9 years) with generalized anxiety disorders, which aggra-
vated the clinical picture [43, 44].

It has been shown that the amygdala plays the most sig-
nificant role in forming emotional and social behavior in the

early postnatal period. The sensitive period for the amyg-
dala begins on postnatal day 21 and continues through
childhood [45, 46].

The critical period for amygdala activity is 20-30 minutes
immediately after psychotrauma, during the same period
the formation of emotional memory takes place. The central
region of the amygdala can inhibit GABAergic neurons, in-
directly affecting the activity of the hypothalamic-pituitary-
adrenal axis (HPA axis) [47, 48].

Studies by M.M. Sidor et al. showed that proinflammato-
ry stress at an early age leads to impaired functioning of the
serotonin system in young rats. It is manifested by changes
in the expression of serotonin receptors and enzymes in-
volved in its synthesis and metabolism in the neocortex,
amygdala and hippocampus [49].

The amygdala, the brain region responsible for emotion
processing, is also the site of corticoliberin (CL) synthesis.
Corticosteroids have been found to stimulate CL production
in the central nucleus of the amygdala, thus participating in
regulating the effects of stress on memory [50].

Neurons of the amygdala expressing CL participate in rea-
lization of the stress response. Activation of these neurons in
the central nucleus of the amygdala increases anxiety and
simultaneously decreases the number of hippocampus-depen-
dent behaviors [51]. However, a model of anhedonia induced
by early stress resulted in a decrease in CL expression in the
central nucleus of the amygdala by RNA interference leading to
increased sucrose consumption. Thus, we can suggest a pos-
sible role for CL in the regulation of mood and motivation [5].

In summary, most anxiety disorders develop during
childhood and adolescence, which is an important deve-
lopmental period. They are often characterized by dynamic
changes in the frontolimbic nervous system. The frontolim-
bic system plays a vital role in fear learning and understan-
ding the neurobiological mechanisms associated with anxi-
ety disorders throughout development [52, 53].

Maturation of the blood-brain barrier
and its role in neurogenesis

The blood-brain barrier (BBB) is a structural and functio-
nal element of the neurovascular unit (NVU), which includes
neuronal, glial, and endothelial cells. The main tasks of NVU
functioning include maintaining the control of metabolism and
chemical homeostasis in brain tissue, ensuring adequate
blood flow in active regions, regulation of neuroplasticity
processes. These tasks are reflected in a complex set of
intercellular interactions in norm, stress, neurodegeneration,
neuroinfection, and brain development disorders [54, 55].

The BBB development in rodents starts by E10-17, con-
trolled permeability is formed by E21, but the development
of dense contacts continues in the postnatal period as well.
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Human BBB markers appear at the 8th week of embryoge-
nesis, and intensive angiogenesis in brain tissue continues
until 2-3 weeks of postnatal development [56].

It is noteworthy that the formation of barrier structures
begins only after the formation of the NSC/NPC (neural stem
cells/neural progenitor cells) pool and always proceeds in pa-
rallel with synaptogenesis and induction of synaptic activity in
brain tissue. The formation of barrier structures also occurs
in the adult brain. An integral part of this process is the for-
mation of new microvessels with actively proliferating and dif-
ferentiating endothelial progenitor cells, as well as effects of
various regulatory molecules and components of cell signaling
pathways (Notch, FOX (forkhead box protein), HIF-1, GSK-3
(glycogen synthase kinase 3)). In general, the association be-
tween neurogenesis and angiogenesis has been sufficiently
characterized, and its disorders are recognized as a probable
cause of neurogenesis suppression in the aging brain [57].

Contribution of controlled and selective permeability of the
BBB in order to maintain local microenvironment in neurogenic
niches is not fully understood. Currently, the effect of paracrine
effector molecules produced by BBB cells on NSCs/NPCs (neu-
ral stem cells/neural progenitor cells) has been proved. Such
factors include vascular endothelial growth factor (VEGF),
epidermal growth factor (EGF), basic fibroblast growth factor
(FGF2, Fibroblast growth factor 2), brain-derived neurotrophic
factor (BDNF), and pigment epithelium-derived factor (PEDF) [7].

The permeability of the BBB, including those in mi-
crovessels of neurogenic niches, is determined by the fol-
lowing factors:

1) expression of intercellular contact proteins;

2) expression of transporter and channel proteins;

3) metabolism of cerebral endotheliocytes and other

NVU cells;

4) signal transduction and intercellular communication;

5) the state of the basal membrane;

6) the degree of maturity of the BBB.

In most brain regions, the BBB is formed by endothelio-
cytes, pericytes, and astrocytes.

Endotheliocytes are an important structure of the brain
NVU and form the basis of the BBB [58]. Endothelial cells in
brain microvessels are controlled by perivascular astroglia,
provide selective transport of substances, sequester pro-
thrombogenic factors and control blood rheological properties,
as well as implement mechanisms of microcirculation control,
and participate in the regulation of neurogenesis. They also
interact with leukocytes and microglia, participating in local
immune response and inflammation, and are capable of pro-
ducing cytokines, metabolites, and growth factors [25, 59].

Endotheliocytes, which are part of the BBB, form barrier
structures in the early period of development and participate
in restoring the barrier after damage.

The features of cerebral endothelial cells are:

1) low fenestration and reduced pinocytosis;

2) high expression of intercellular contact proteins (tight

junctions, adherence junctions);

3) relatively high content of mitochondria in cells;

4) close interaction with pericytes and perivascular astro-

glia;

5) expression of transferrin receptors, insulin receptors,

and a large spectrum of transporter proteins.

All these properties provide high selectivity of the BBB,
which is important for chemical homeostasis in the central
nervous system. These properties help to maintain the level
of glucose and other energy substrates, excretion of meta-
bolic products, regulation of cytokine and growth factor con-
centrations, etc. [60, 61].

In addition to endothelial cells, neurogenesis is also con-
trolled by perivascular astrocytes. Astrocytes also affect brain
microvascular cells, for example, by causing vasodilation and
stimulating angiogenesis through calcium-induced glycolysis
and lactate production or generation of arachidonic acid meta-
bolites, while astrocyte-expressed thrombospondin-1 downre-
gulates the angiogenic potential of endothelial progenitor cells
[62]. In addition, the formation of astroglial network connected
via connexin channels forms a local microenvironment favora-
ble for proliferative processes in neurogenic niches (Fig. 3).

Astrocytes in the SGZ of the hippocampus are tightly
surrounded by the endothelial layer of cells, so the local mi-
croenvironment is formed mainly due to the local secretion
of neuro- and gliotransmitters and growth factors, whereas
in the SVZ astrocytes are loosely adjoined to the layer of
endothelium and pericytes, which ensures the entry of regu-
latory molecules from the blood into the niche [63, 64].

Brain cell death activates the process of reparative neu-
rogenesis in SVZ with subsequent migration of new neuro-
blasts to the area of damage [65].

Studies of cortical ischemia in mice have shown that this
stress effect causes changes in cell proliferation in the SVZ,
in which three stages can be distinguished. The first stage
is an acute decrease in proliferation during the first day af-
ter cortical ischemia, then, in the second stage, the proli-
feration level starts to recover with reaching a maximum by
day 14. The third stage is a decrease in cell proliferation
by day 28 after ischemia, reaching a minimum on day 1 af-
ter ischemia. Probably, each peak in proliferation, due to
increased cell division and neurogenesis, is followed by a
decrease in these parameters as a result of depletion of the
neurogenic niche. The decrease in cell proliferation at the
first stage is probably due to increased cell migration from
the SVZ to the olfactory bulb region [66].

These same events are accompanied by activation of cere-
bral angiogenesis, probably as a compensatory mechanism in
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Scheme of neuron-glial coupling and interaction of astrocytes with other cells of the blood-brain barrier under normal conditions
(a) and during activation of astrocytes (b). Brown arrows show the influence of astrocytes on other types of cells, the black arrow
shows the influence of endothelial cells on astrocytes [7]. Note: EC — endothelial cells; MCT — monocarboxylate transporter;
VEGF — vascular endothelial growth factor; LIF — leukemia inhibitory factor; Cx43 — connexin 43; CD38 —claster definition 38;
GPR81 — hydroxycarboxylic acid receptor 1 (HCA1), G protein-coupled receptor 81; THBS1 — thrombospondin 1; NSC/NPC —
Neural stem / neural progenitor cell; PCNA — proliferating cell nuclear antigen; NeuroD1 — neurogenic differentiation 1; NAD+ —
nicotinamide adenine dinucleotide

Cxema HepOH-rNManbLHOro CONpsiKeHUs U B3aMMOAeNCTBUA acTPOLIMTOB C APYTUMU KNneTkamn remaToaHuedanunyeckoro 6apbepa
B 00bIYHbIX YCNOBMAX (a) M Npu akTUBaLUMK acTpouuToB (6). KopnyHeBbIle cTpenkn oToGpaxarT BNUSAHME acTPOLIMTOB Ha Apyrue
BUAbI KNETOK, YepHas CTpenka nokasbiBaeT BNUAHUE IHAOTENNOLUTOB Ha acTpoumThl [7]. lMpumeyaHue: EC — anpoTennanbHbie
kneTku (endothelial cells); MCT — moHokap6okcunaTtHbIi TpaHcnopTep (monocarboxylate transporter); VEGF — cocyancTo-3H-
poTenuanbHbIi daktop pocta (vascular endothelial growth factor); LIF — neitkemus-uHrnbupytowmii dpakrop (leukemia inhibitory
factor); Cx43 — koHHekcuH 43; CD38 — knactep auddepeHumpoBku 38 (claster definition 38); GPR81 — peuentop nakrarta 81,
peuenTop, cBA3aHHbIN ¢ G-6enkom 81 (hydroxycarboxylic acid receptor 1 (HCA1), G protein-coupled receptor 81); THBS1 — Tpom-
6ocnoHauH 1 (thrombospondin 1); NSC/NPC — HopmanbHble NPOMEXYTOYHbIE KNeTKM/HOPManbHbIe CTBONOBbIE KNeTku (neural
stem/neural progenitor cell); PCNA — mapkep nponudepupytowmx knetok (proliferating cell nuclear antigen); NeuroD1 — dak-
TOp HeliporeHHon anddepeHuupoBku-1 (neurogenic differentiation 1); NAD+ — HukoTUHamMupageHUHAUHYkneotua (nicotinamide
adenine dinucleotide)

response to tissue damage and reduced perfusion, for exam-
ple, after ischemic brain injury or in slowly progressive dege-
nerative diseases of the nervous system. The permeability of
new vessels is increased in these situations and this is probably
related to both neuroinflammation and the need to create new
areas of neurogenesis in the damaged brain. The Notch signa-
ling pathway conversion is one of the mechanisms, whereby
endothelium and pericytes of cerebral microvessels are able to
express the Notch receptor ligand Delta-like ligand-4 (DLL4) in
response to high local production of VEGF [67]. This mecha-
nism stimulates Notch proliferation and initiates the formation
of additional neurogenic niches in the brain ventricular walls.

It is interesting to note that a number of brain structures are
characterized by the absence of the BBB. These areas, known

as circumventricular organs, contain highly permeable fenestra-
ted capillaries. Circumventricular organs include the medial emi-
nence, subfornical organ, vascular plexus, etc. For some circum-
ventricular organs, the presence of neural stem cell niches has
been suggested [15]. From this point of view, it seems important
to note some features of the microenvironment characteristic
of circumventricular organs that may influence the process of
neurogenesis. One of such features is the presence of chroni-
cally activated microglia in circumventricular organs. Thus, it has
been demonstrated that microglia of the medial eminence are
characterized by morphological signs of activation throughout
postnatal ontogenesis, despite the absence of pathology [17].
The presence of highly activated microglia in circumventricu-
lar organs in the mouse has been demonstrated under physiologi-
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cal conditions [68]. It is important to note that microglia express
high levels of CD16/32, CD86 — markers of M1 phenotype of
macrophages responsible for proinflammatory response, endo-
toxicity and activation of phagocytosis, as well as CD206 — mar-
kers of M2 phenotype of macrophages regulating the phases of
resolution of inflammation and repair of damaged tissues.

Reasons for this state of microglia are not fully under-
stood, but studies performed on adult mice emphasize the
importance of these markers for neurogenesis: microglia
activated by endotoxins block neuro- and oligodendrocy-
togenesis, while microglia activated by such cytokines as
interleukin-4 and interferon-y stimulate neurogenesis, further
emphasizing the influence of microglial phenotype on NSC/
NPC renewal [68].

In this case, microglia activation is represented by the
fact that the total length and number of outgrowths of mi-
croglial cells are significantly shorter than in other brain re-
gions, and on the contrary, the expression level of activation
marker molecules is elevated. Presumably, this is due to
specific features of the structural and functional organiza-
tion of these organs. In particular, this is due to the con-
stant contact of microglia in circumventricular organs with
molecules circulating in blood [36]. A probable function of
microglia may be phagocytosis of neurotoxic molecules
coming from the bloodstream in order to maintain a normal
microenvironment in circumventricular organs.

Another possible function of activated microglia is regu-
lating blood vessel permeability and angiogenesis [68, 69].
Intensive angiogenesis accompanied by constant proliferation
and apoptosis of endothelial cells in blood vessels is carried
out in circumventricular organs. In turn, the ability to regulate
the proliferative activity of endothelium, as well as to partici-
pate in the removal of apoptotic cells remaining from dead en-
dothelial cells has been indicated for activated microglia [58].

Finally, microglia can be involved in neurogenesis and ac-
quire an activated morphotype [70-73]. Thus, it allows us to
suggest a possible contribution of activated microglia to form
neurogenic niches in this organ. This was previously observed
in subventricular zone of the lateral ventricles and subgranular
zone of the dentate gyrus of the hippocampus [74].

CONCLUSION

Mechanisms of neurogenesis in the postnatal period, as
well as the processes of neuronal differentiation and migra-
tion are extremely important. The features of neurogenesis
processes in different brain regions, using the hippocampus,
cerebral cortex, and amygdala as examples, are interesting
during critical periods of neurogenesis, the so-called time
windows, both in intrauterine and postnatal periods. There
is no doubt that the blood-brain barrier and microglia cells

play a special role in forming microenvironment as well as
influence neurogenesis in future.

Studying stress effect during critical periods of neu-
rogenesis is promising both in theoretical and applied
direction in order to develop methods of prevention and
therapy of mental diseases, including neurodegenerative
diseases.
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AOMNONHUTENBbHAA UHOOPMALINA

Bknap aBTopoB. Bce aBTOpbl BHECNMN CYLLECTBEHHbIN
BKNag B pa3paboTky KOHLenuuW, npoBeaeHne uccneaosa-
HWS 1 NOArOTOBKY CTaTby, MPOYNN 1 0J06pUNN PUHANBHYIO
Bepcuto nepeq nybnukaumen.

KoHdonukr uHTepecoB. ABTOpbI AeKnapupylT OTCyT-
CTBME SBHbIX W MOTEHLWaNbHbLIX KOH(IIMKTOB WHTEPECOB,
CBSA3aHHbIX C NyOnmMKaunein HacTosLLEN CTaTbi.

WUcTouHuk cpuHaHcMpoBaHua. ABTOpbI 3asBNsOT 00
OTCYTCTBUM BHELIHEr0 (PUHAHCUMPOBAHUSA MPU NPOBeLEHUN
nceneoBaHus.
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