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ABSTRACT

Stem cells of the central nervous system have received a great deal of attention in neurobiology in the last decade.  It has been shown that 
neurogenesis occurs in the postnatal period in specialized niches of the adult mammalian brain. The niche is a key regulator of stem cell be-
havior. Recent data underscore the complexity and heterogeneity of the different components of the niche, and the presence of local signaling 
microdomain. The review is devoted to recent views on the structural organization of neurogenic niches and regulatory factors involved at dif-
ferent stages of neurogenesis in the postnatal period. Understanding of stem cells behavior in the niches can serve as a basis for determination 
of these cells function in the adult brain.
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REVIEW

entiate into the three types of nerve tissue cells – neurons, astrocytes and 
oligodendrocytes [49].

The definition of «stemness» of NSCs is based on both in vivo and in 
vitro criteria. A method of neurospheres is most often used to determine 
NSCs in vitro [18]. Isolated NSCs from the adult brain are cultivated in the 
presence of growth factors and form neurospheres (diameter 50-150 mm) 
of proliferating nondifferentiated cells [45]. Later these neurospheres can 
consistently passage to increase their number, or differentiate in neurons 
as well as in glial cells [40]. These results show two functional properties 
of stem cells – self-renewal and multypotency.

Identification of NSCs in terms of in vivo is traditionally based on 
the analysis of the morphology of these cells and their mitotic activity, 
as well as on the expression of certain genes and protein synthesis. The 
most frequently used are such NSCs markers: nestin, Sox2, Musashi 1 
and 2, Oct4, Nanog and others; but none of them can be used as the sole 
criterion for NSCs identification [36].

NSCs in the adult brain are not amorphous nondifferentiated cells, 
have the properties of differentiated astrocytes on ultrastructural, elec-
trophysiological and molecular levels and express astroglial proteins 
such as glial fibrillary acidic protein (GFAP), glutamate aspartate trans-
porter (GLAST) and others [3, 13, 41]. During the brain development, 
radial glia is the primary precursor of neurons and glia [4]. In the postna-
tal development radial glia transforms into mature astrocytes, but some 
of them remain properties of stem cells [35]. Note that in mammals to 
the 11th postnatal day, astrocytes around the brain can generate neu-
rospheres, but then this ability is only in astrocytes, which are in some 
neurogenic areas of the brain of adult mammals [25]. These specialized 
neural brain areas, which are a key regulator of stem cell behavior in 
vivo, maintain their selfrenewal and production of differentiated cells, 
are called niches [16].

David Scadden determines a niche of stem cells as «a specific ana-
tomical formation that regulates behavior of stem cells that participate in 
tissue regeneration and supports its functioning» [51]. Niche is a dynamic 

The dogma that the brain cells of an adult organism do not regenerate 
prevailed for a long time. This thesis deeply rooted among the scientific 
community, and therefore in 1962 Joseph Altman’s discovery of new-
ly formed cells in adult rodents’ brain was almost completely ignored 
[2]. Later neurogenesis has been described in more adult rodents and 
songbirds [19, 23]. However, these results were failed to reproduce in 
adult rhesus monkeys and there was an impression that neurogenesis is 
missing in the primates’ postnatal period [44]. It was believed that new 
neurons can not be formed in the adult brain, because the brain is not able 
to regenerate after an injury [60]. 

Only with the advent of new technologies and after the publication 
of Samuel Weiss’ fundamental works in the early 1990s, neurogenesis 
in the adult brain has become a generally accepted fact [47]. The use 
of 3H-thymidine, a radioactive nucleotide, which was used to study pro-
liferation by embedding it into the cells during the S-phase of the cell 
cycle, was replaced by its analogue bromodeoxyuridine (BrdU), which is 
detected by specific antibodies. Using BrdU for marking newly formed 
cells by immunohistochemistry, it was shown that progenitor cells isolat-
ed from the adult mice brain are capable to proliferate under conditions 
in vitro and differentiate into neurons and astrocytes [47]. The presence 
of neural genesis in the brain of adults was confirmed in 1998, when Fred 
Gage and Swedish neurobiologist Peter Eriksson first demonstrated the 
formation of new neurons in the human hippocampus [14]. Today there is 
no doubt about the existence of permanent neurogenesis in some areas 
of the brain of adult mammals, which is provided by a pool of neural stem 
cells (NSCs) [7, 8, 32, 38, 49].

Despite the great progress that has been made in understanding of 
the neural stem cells biology, it is still no clear criteria for identifying the 
NSCs, which leads to contradictory results about the establishing of the 
localization of these cells in the postnatal brain, their properties and po-
tential for proliferation and differentiation [10].

Neural stem cells have a large proliferative potential, are capable of 
self-renewal and generation of multipotent progenitors, which later differ-
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system that provides a balanced response of stem cells to the body needs 
and at the same time protects it from excessive proliferation of stem cells.

Until recently, only two areas of an adult brain were considered as neu-
ral stem cell niches. They are subventricular zone (SVZ) of the lateral ven-
tricles and subgranular zone (SGZ) of the dentate gyrus [27]. But in recent 
years there have apppeared more data that neuro- and gliogenesis in the 
postnatal brain is really occurs along the entire ventricular system, especial-
ly after brain damage or other inducing stimuli [9, 11, 26, 30, 31, 48, 50].

ANATOMY OF SUBVENTRICULAR ZONE 
Subventricular zone extends along the lateral wall of the lateral ventri-

cle and contains a thin layer of cells that retain high proliferative activity. 
SVZ is the largest germinal zone in the postnatal brain. Location and post-
natal proliferative activity of SVZ gives grounds to believe that it is derived 
from fetal SVZ of lateral ganglionic eminence [58]. Сytoarchiteсtonics of 
SVZ is best visualized on front slices of the brain (Fig. 1).

In the subventricular zone of lateral ventricles 4 main types of cells 
are distinguished: neuroblasts (type A cells), SVZ astrocytes (type B 
cells), immature progenitor cells (type C cells) and ciliated ependymo-
cytes (type E cells), which stimulate the production of liquor (Fig. 1, A). 
Slowly proliferating type B  cells produce a pool of transitional actively 
proliferating type C cells (transit amplifying cells),  which in its turn gen-
erate type A cells (neuroblasts) [12]. In many organs stem cells divide 
relatively slowly and form a pool of transitional cells that rapidly prolifer-
ate, increasing their number before the formation of more mature cells. 
Such hierarchy of division and differentiation can increase the number 
of mature cells derived from a single stem cell, thereby minimizing the 
possibility of mutations during DNA replication in the genome of long-
lived stem cells [46].

Type B adult NSCs express not only GFAP, GLAST but also express 
other proteins that are characteristic for mature astrocytes (Fig. 1, B). 
[12] Despite such glial characteristics of these cells, they are consid-
ered to be primary neural stem cells [41]. These cells closely contact 
with all other types of SVZ cells, including type C  cells and neuroblasts  
(Fig. 1, A) [28]. Moreover, SVZ astrocytes (type B cell) have close contact 
with blood vessels (Fig. 1, A) and thus create a microenvironment that 
stimulates neurogenesis [28]. Astrocytic terminal processes (astrocytic 
endfeet) surrounding blood vessels can be visualized using immunohis-
tochemical staining on Aquaporin-4 (AQP-4) – channels in the membrane 

of astrocytic endfeet responsible for water permeability. SVZ has small 
areas on vessels that are not stained with AQP-4, and it is in these areas 
EGFR-expressing (type C cells) are often in contact with vessels. Such 
AQP4-negative areas are unique only to SVZ, whereas the cortex and stri-
atum vessels are fully covered with astrocytic endfeet [57]. Blood vessel 
cells are key elements of stem cell niches in the area of lateral ventricles 
[27]. An extensive network of blood vessels covers the entire SVZ and 
closely contacts with NSCs [27, 59].

Cells type B and C create a tubular network, along which combined 
in chains of neuroblasts (type A) migrate through the rostral migratory 
stream (RMS) to the olfactory bulb, where newly created neurons differ-
entiate into granular and periglomerular neurons [20].

In addition, gliogenesis is also happening in postnatal SVZ; particu-
larly in this area new oligodendrocytes can form as under normal condi-
tions as during remyelinisation [37].

ANATOMY OF SUBGRANULAR ZONE OF DENTATE GYRUS
Another area of neurogenesis in the adult brain is a subgranular zone 

of the dentate gyrus. In contrast to the large distances that neuroblasts 
have to overcome from SVZ to reach their destination – the olfactory 
bulbs, granular neurons of the dentate gyrus are formed directly in the 
subgranular area and move on a small distance from SVZ to a layer of 
granular cells (Fig. 2, A) [24].

The subgranular zone contains SGZ astrocytes (cells type 1), which 
like SVZ astrocytes are the primary neural stem cells and share mor-
phological and antigenic characteristics with radial glia. These cells 
usually direct their apical process to the molecular layer and contact 
with a compulsory component of neurogenic niches – blood vessels  
(Fig. 2, A, B) [24, 56].

Despite the considerable number of cells type 1 in the subgranular 
zone, these cells divide slowly. SGZ astrocytes express GFAP, nestin and 
on ultrastructural level have features peculiar to differentiated astrocytes, 
but do not express the calcium-binding protein S100β, characteristic of 
postmitotic population of mature astrocytes [53, 56]. It has been shown 
that in addition to neurogenesis, gliogenesis also takes place in the den-
tate gyrus [53]. Unlike cells type 1, newly postnatal astrocytes of SGZ 
express not only GFAP, but S100β [53].

SGZ astrocytes (cells type 1) divide, forming transitional actively pro-
liferating cells (cells type 2). These cells have a small soma and short 

Fig. 1. Structural organization of the adult rodent brain SVZ. A) Schematic representation of subventricular zone (SVZ) adjacent to the lateral ventricles 
(LV) (modified from [13]). Schematically pictured simplified sequence of expression markers of different SVZ cell types. B – cells type B (SVZ astrocytes), 
C – type C cells (transit-amplifying cells); A – type A  cells (neuroblasts), E – ependymocytes, LV – lateral ventricle, BV – blood vessel. B) Confocal image 
of rat SVZ. Immunohistochemical staining of astrocytes (GFAP – green). The nuclei of cells stained Hoechst 33342 (blue). LV – lateral ventricle, E – 
ependymocytes. Scale = 10 microns.
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tor Dlx2 is involved in neurogenesis both during embryonic development 
and in the adult body, and is expressed in type C cells and SVZ neuro-
blasts [22]. In contrast to neurogenic factors signaling from the family of 
BMP proteins (bone morphogenetic protein) directs NSCs/NPCs to glial 
differentiation [29].

An interesting feature of neurogenic niche in both SVZ and SGZ is 
a close relationship of NSCs with blood vessels; therefore it is called a 
neurovascular niche [27]. Abundant vascularization of neurogenic niches 
indicates that soluble factors that distinguish endothelial cells control not 
only angiogenesis; they can also stimulate neurogenesis and selfrenewal 
of embryonic and adult NSCs [27, 34, 39, 57]. For example, intraventric-
ular administration of vascular endothelial growth factor (VEGF), which 
is a major angiogenic factor secreted by endothelial cells, also increases 
NSCs proliferation in SVZ and SGZ [54]. Synergetic interaction between 
VEGF and FGF-2 signaling may underlie the coordination of angiogenesis 
and neurogenesis in SVZ and SGZ [39]. Besides VEGF, endothelial cells 
produce other signals that affect NSCs: Notch, FGF2, IGF-I, PEDF, BDNF 
and others. [43].

processes, they have no apical process as in cells type 1. The cells type 
2 express both glial (nestyn) and neuronal (markers DCX, PSA-NCAM) 
[53]. Cells type 2 are divided into two subtypes, both nestyn positive, one 
negative (type 2a) and the other positive (type 2b) to immature neuronal 
marker doublecortin (DCX) [5, 24].

Cells type 2 produce slow-proliferating neuroblasts (cells 3 type), 
which express  neuronal markers (DCX, PSA-NCAM, NeuroD, Prox1) and 
do not express glial markers, indicating the exit from the cell cycle and 
the beginning of neuronal development [24, 42]. At this stage it is the end 
for radial cell migration to the granular layer and orientation of cells type 
3 processes changes from horizontal to vertical. Leaving the cell cycle is 
also referred to the intermediate expression of calcium-binding protein 
calretinin [5]. Mature postmitotic granular neurons are formed from the 
cells 3 type (Fig. 3A).

So, using the classical concept of stem cells biology in the adult SGZ 
there are four types of cells with certain properties of progenitor cells: 
type 1  cells can be considered stem cells; transitional actively prolif-
erating type 2a and 2b progenitor cells (transit-amplifying; and type 3 
cells– neuroblasts [24].

Note that postnatal neurogenesis in SGZ is significantly different from 
neurogenesis in SVZ and inducers of SGZ neurogenesis do not always 
affect SVZ neurogenesis [6]. Also SVZ progenitor cells are not identical 
in SGZ cells [52].

Even transplanted in the brain stem cells form ectopic niches of neu-
ral stem cells around blood vessels. In our previous studies [21] we have 
shown that transplanted in rat somato-sensory cortex neural progenitor 
cells, which overexpressed fibroblast growth factor-2 (FGF-2), formed 
roundvascular clusters and contacted with endothelial cells through as-
troсytiс end endfeet in areas without pericytes (Fig. 3).

Such NSCs transformation towards FGF-2 overexpression may be a 
useful strategy to improve integration of transplanted neural progenitors 
into recipient tissue, thus forming clusters with vascular neurogenic po-
tential for recovery of neural tissue after brain injury [21].

SIGNALLING
Activation of neural stem cells in the niche, their selfrenewal, prolifer-

ation and differentiation is regulated by many signals, such as BMPs and 
their antagonists Noggin, FGF-2, EGF, Wnt/β-catenin, Notch and Shh [13, 
17, 20]. Selfrenewal of NSCs is regulated with Notch signaling [17], while 
mitogenic EGFR signaling impacts on proliferation and migration of NSCs 
[55]. Aguirre and others have shown that Notch and EGFR control the 
number of NSCs and neural progenitor cells (NPCs) [1]. Transcription fac-

REVIEW

Fig. 2. Structural organization of SGZ of the adult rodent brain. A) Schematic representation of subgranular zone (SGZ) (modified from [13]). Schematically 
pictured simplified sequence of expression markers of different SGZ cell types. DG – dentate gyrus, 1 – type 1 cells, 2 – type 2 cell, 3 – type 3 cell, BV – 
blood vessel. B) Confocal image of murine SGZ. Immunohistochemical staining of astrocytes (GFAP – red) and progenitor cells (DCX – green). BV – blood 
vessel. Scale = 10 microns.
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ß1 integrins [15]. For example, proteoglycan heparan sulfat bind growth 
factors (EGFs, FGFs, IGF-II, PDGF-AA and VEGF), morphogens and mito-
gens (BMP-2, BMP-4, Shh and Wnts), chemokines and cytokines [15, 
29, 34]. It was shown that in neurovascular niches basal lamina forms 
labyrinth-like branched structures – fractons [13, 34]. In SVZ fractons 
cover all types of cells including NSCs and promote cell proliferation by 
binding to the extracellular environment of neurogenic factors such as 
FGF-2 [34].

A neurovascular niche includes not only NSCs, but also a variety of 
differentiated cells, such as glial cells, neurons and extracellular matrix 
[33]. An integral part of a neurovascular niche is a basal lamina (BL) 
and extracellular matrix (EM) components that reinforce cells and pro-
vide them with a variety of factors [33]. Regulation of neurogenic niche 
functions takes place also due to EM proteins involved in both prolifer-
ation and migration of NSCs, namely collagen-1, tenascin C, heparan 
sulfate proteoglycan, chondroitin sulfate proteoglycan, laminin α2 and 

CONCLUSION

Specialized brain environment or niche regulates selfrenewal, activation and differentiation of neural stem cells and enhances neurogenesis after 
brain damage or influenced by other inducing factors. Common components of neurovascular niche of stem cells are endothelial cells, signaling from 
the somatic cells, basement membrane for attaching the cells and extracellular matrix, which modulates the adhesiveness and activity of signaling 
molecules. Analysis of the behavior of stem cells in neurovascular niches can serve as a basis for understanding of these cells functions in the adult 
mammalian brain.
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