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ABSTRACT 
The potential applications of neural stem cells 
(NSC) in the therapy of degenerative and trau- 
matic diseases of the central nervous system 
(CNS) have aroused great scientific interest. 
NSCs can be recovered from specific areas of 
the CNS from fetuses, embryos and from adult 
brain as well, and under appropriate culture 
conditions, may be induced to differentiate into 
the three major neural cell types, neurons, as-
trocytes and oligodendrocytes. The main neu-
rogenic areas of mammals are the subventricu-
lar zone (SVZ) and the dentate gyrus (DG) of the 
hippocampus, yet other areas of neurogenic 
potential have been identified, including frontal 
and parietal cortices, hippocampus and lateral 
wall of the lateral ventricle. Neural stem cells 
and differentiated neural cells are usually iden-
tified by expression of specific markers, pro-
teins that are expressed by different cell types 
and/or at different stages of differentiation. The 
main cell markers are nestin and Sox-2 for un-
differentiated NSCs, beta-III tubulin (B-III tubulin) 
for neurons, Galactocerebroside (GalC) for oli-
godendrocytes and Glial fibrillary acid protein 
(GFAP) for astrocytes. In general, the main neu- 
rogenic areas, the neurogenic potential of NSC 
and the morphological and biological charac- 
teristics of differentiated neural cells are strik-
ingly similar among species, yet some differen- 
ces have been reported. This article presents a 
brief review of NSCs, neurogenic areas and te- 
chniques used for their identification and charac- 
terization in humans and experimental animals. 
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1. INTRODUCTION 

Stem cells are undifferentiated cells with the ability of 
self-renewal and generation of progenitor cells which, in 
turn, are capable of differentiation and generation of ma-
ture, specialized cells. Stem cells are classified according 
to their differentiations potentiality in: totipotent, capable 
of generating embryonic and extra-embryonic cells; 
pluripotent, able to generate specific cells of the three 
germinative layers; multipotent, with limited capability 
of originating different specialized cell types; unipotent, 
with restrict potential of differentiation [1]. 

The term neural stem cells (NSC) have been widely 
used to refer to cells that 1) can generate neural tissue or 
are derived from neural system, 2) present some self- 
renewal capacity, and 3) can generate other neural cells 
(in addition to themselves) through asymmetric division 
[1,2]. These cells are considered multipotent, since they 
are capable of originating the main cellular types of their 
original tissue, e.g. neurons, astrocytes and oligodendro-
cytes [3]. Oligodendrocytes are myelin-producer cells, 
whose function allows the fast conduction of electric 
impulse along neuron axons. Astrocytes are star-shaped 
cells providing structural and metabolic support to neu-
rons, which are the main players of the nervous system 
[4]. 

Upon neuronal generation, the neuroepithelium is 
transformed in a tissue with multiple cell layers, and the 
cell layer lining the ventricle (the apical layer which 
contains most progenitor cells) is then called ventricular 
zone (VZ) [5]. The subventricular zone (SVZ), derived 
from VZ, is a thin layer of the lateral ventricle wall. In 
this layer the neural progenitor cells, capable of generat- 
ing new neurons and glial cells, are located [6]. 

The dentate gyrus (DG) of the hippocampus harbors 
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NSCs is formed in the subgranular zone and that gets dif- 
ferentiated in neuronal and glial cells of the granular 
zone of DG [2]. The new neurons added to the hippo- 
campus during adult life contribute to cognitive functions, 
including learning and memory [7]. 

The main neurogenic areas of the mammal brain have 
been identified, yet several studies are still being under- 
taken to obtain a more detailed and precise mapping the 
neurogenic areas of the SNC, both during embryonic and 
post-natal life. This article provides a brief review of the 
main studies designed to identify the neurogenic areas on 
different animal species and of the main techniques and 
approaches used to identify and characterize NSCs. 

2. HUMANS 

It is well established that NSCs can be extracted from 
fetal brain or generated from embryonic NSCs. In addi- 
tion, may be also isolated from different regions of the 
adult brain, such as hippocampus and SVZ [8], frontal 
and temporal cortices, and wall of the lateral ventricles 
[9-12], and from non-neurogenic areas as the spinal cord 
[13]. 

The SVZ and hippocampus are the most commonly 
used sources of adult neural precursor cells. In contrast, 
fetal tissues have been largely used as sources of multi-
potent neural cells. NSCs of human fetuses may be iso-
lated from embryos that have been discarded after in 
vitro fertilization or from aborted fetuses [14-16]. 

Buddensiek et al. [8], using tissue fragments removed 
from the hippocampus of adult humans by routine pro-
cedures for epilepsy treatment, demonstrated that the 
cerebrospinal fluid increases the survival rates and 
stimulates glial differentiation from NSCs in vitro. 

Human fetuses of different ages have been used for the 
identification and characterization of neural precursors 
[17,18] and the heterogeneity of their progeny [19]. 
These studies comprised not only the prosencephalon 
(subependymal area and hippocampus) but also other 
regions of the brain. Undifferentiated neural precursors 
do not express glial markers but may be induced to dif-
ferentiate in neurons. Schwartz et al. [20] prefer the use 
of human tissue collected post-mortem since they believe 
it represents an abundant source of neural progenitors, 
reducing or eliminating the use of embryonic and fetal 
tissues. Usually, the cultures were derived from cortical 
tissue removed from premature fetuses with 23 - 25 
weeks of gestational age. Previous studies demonstrated 
that samples collected from human brain retain cellular 
viability when harvested up to 36 h after death [21]. Nev-
ertheless, important differences were demonstrated when 
comparing cultures obtained from neonates and adults. In 
general, cells derived from fetal tissues show higher pro-
liferative capacity and their morphology may differ from 
those obtained from neonates and adults. 

The incorporation of bromodeoxyuridine (BrdU), a 
thymidine analog, to the nascent DNA chains in dividing 
cells, has been largely used as indicator of cellular pro-
liferation in situ in the CNS. This marker has also been 
used to determine the origin time, migration, lineage and 
fate of neural cells during the development of nervous 
system [22-24]. Buddensiek et al. and Piper et al. [8,17] 
used BrdU as a marker to evaluate the potential of 
self-renewal of cultured cells. 

On the other hand, different markers have been used to 
identify cell types (progenitors and differentiated), line-
ages and stages of differentiation of cells involved in 
neurogenesis. The mostly used markers are listed in Ta-
ble 1 and include GFAP, β-III-tubulin [8,17,20], MAP2ab 
[8,20], nestin, Sox, vimentin, NeuN [20], GalC [8,17] 
and O4 [17,20]. Techniques such as RT-PCR, flow cy- 
tometry [20] and electrophysiology with intracellular 
Ca++ measurement [17] have also been used to charac-
terize cell populations obtained and cultured. Flow cy-
tometry allows for the separation and identification of 
specific cell populations, according to surface markers. 

3. MICE 

Embryonic stem cells are derived from the inner em-
bryonic cellular mass before implantation [33]. These 
cells are pluripotent and can potentially originate all so-
matic tissues [26]. The possible induction of these cells 
to differentiate as to generate the desired cell type with 
high efficiency in vitro is still a challenge [27]. 

Baizabal et al. [26], studying stem cells isolated from 
the mesencephalon of 10-day-old mouse embryos, con- 
 
Table 1. Key markers of neural stem cells (NSC) and differen-
tiated neural cells. 

Marker Cell Type Species Reference

Nestin 
Embryonic neuroepithelial cells, 

embryonic NSCs, other multipotent 
neural cells 

Swine 
Mice 
Rats 

[25] 
[26,27]

[28] 

Sox-2 
Embryonary and post-natal NSCs 

Astroglia 
Mice 
Rats 

[7] 
[29] 

TuJ1 (B-III
tubulin)

Young neurons 
Swine 

Primates
Mice 

[25] 
[30] 

[7,27]

NeuN, 
MAP2 

Mature neurons 

Swine 
Primates

Guinea pigs
Mice 

[25] 
[30] 
[31] 

[7,27]

GFAP Astrocytes 

Swine 
Primates

Guinea pigs
Mice 

[25] 
[30] 
[31] 

[7,27]

GalC Oligodendrocytes Swine [25] 

O1, O4
Precursors and mature 

oligodendrocytes, respectively 
Swine 
Mice 

[25] 
[7,27]
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cluded that the terminal differentiation occurs during the 
initial formation of the stem/progenitor cells tissue spe-
cific. In vitro, the authors concluded that embryonic stem 
cells promptly acquire a neural fate, even under minimal 
conditions. In contrast, Li et al. [27] studying 4-day-old 
embryos, concluded that NSC differentiation in neurons 
requires a special protocol, by enriching the culture me-
dium with ectodermic derivatives as a first step towards 
the production of neural progenitors, since the embryoid 
body contains a mixed of ectoderm, mesoderm and en-
doderm germinal layers. 

In the adult mouse CNS, as has been demonstrated in 
other species, neurogenesis seems to occur only in two 
regions, the subgranular (SGZ) and subventricular zones 
(SVZ), whose give rise to neurons of the hippocampal 
DG and olfactory bulb, respectively [32]. 

The SVZ is the brain area containing the most abun-
dant population of NSCs [34]. These cells are located in 
a discrete region on the anterior part of SVZ (SVZa) in 
the brain of neonates and adults. Progenitor cells derived 
from SVZa have been well characterized and constitute a 
pure population of neural progenitors, in contrast with 
the posterior part of SVZ (SVZp), composed almost ex-
clusively by astrocytes. These authors demonstrated that 
the protein BMP4 (bone morphogenetic protein) stimu-
lates the differentiation of neuronal progenitors of the 
olfactory bulb of neonate mice, in addition to commit the 
differentiation of NSCs in astrocytes. 

Although the lateral ventricle and other areas of the 
ventricular ependyma adjacent to the hippocampus con-
tain long term auto-renewing and multipotent NSCs, the 
dentate gyrus (DG) of the adult does not contain a resi-
dent population of NSCs. Neural and glial progenitors 
with limited self-renewing capacity have been isolated 
from DG, suggesting that specific neural progenitors 
rather than multipotent stem cells constitute the source of 
new neurons generated in this site during adulthood [35]. 

In addition to SVZ and SGZ, Jiao and Chen [32] sug-
gest that neurogenesis may be induced both in vivo and 
in vitro by signals triggered by trauma, or by specific 
pathways, suggesting that the neurogenic potential areas 
of the CNS may be determined by the local environment. 
In this study, the cultured cells derived from the gray 
matter of cerebral cortex, cerebellum and spinal cord 
along with astrocytes from adult SGZ and SVZ. The au-
thors concluded that astrocytes secrete chemical signs 
which stimulate adult neural progenitors, from other 
brain areas, to differentiate in neurons in vitro and in vivo. 
According to Alvarez-Buylla and García-Verdugo [36], 
mouse astrocytes derived from the cerebral cortex, cere-
bellum and spinal cord behave as stem cells in vitro only 
if obtained before day 10 of age. 

Both in embryo and adult mice studies, antibodies 
against B-III tubulin, nestin and GFAP are the most used 

for identification of cell types [26,27,32,35]. In addition, 
NeuN [26,27], O4 [26,27,32,35] and MAP2 [32,34,35] 
have also been used for identification and characteriza- 
tion of cultured neural cells. RT-PCR [27,35] and elec- 
trophysiology [27,34] are other techniques used for neu- 
ral cell identification. 

4. RATS 

Several aspects of the identity, dynamics and biology 
of neural precursors have been studied in rat embryos or 
adults, and the main findings seem to apply to the stan- 
dard observed in other mammals. 

Smith et al. [37] investigated whether embryonic rat 
and mouse NSCs would present species-specific or re- 
gion-specific characteristics and properties upon differ- 
ent culture systems and inducers in vitro. It was shown 
that embryonic neural progenitors cultivated in serum- 
free medium supplemented with basic fibroblast growth 
factor (bEGF) present a similar pattern of proliferation, 
with a rather constant proliferation rate up to 4 - 5 weeks, 
followed by a decrease in proliferation. It was suggested 
that the senescence of precursor and differentiated cells, 
displayed after a number of passages, may be derived 
from their biology itself and seems to be similar in dif-
ferent systems, yet may be also derived from peculiari-
ties in the culture medium, including differences in the 
growth factors used. 

Johansson et al. [11] initially demonstrated that epen- 
dymal cells of the adult rat brain represent true NSCs. In 
vivo, these cells migrate throughout the SVZ and eventu- 
ally reach the olfactory bulb, where they differentiate 
into neurons and express B-III tubulin and Map2. In vitro, 
these cells are capable of generating neurospheres that, 
under appropriate stimuli differentiate into neurons, oli-
godendrocytes and astrocytes. Komitova and Eriksson 
[29] studied the expression of Sox-2, a transcriptional 
factor known to be expressed in multipotent cells of the 
embryonic neuroepithelium, in neural progenitor cells 
from the SVZ of the brain of adult rats (4 months of age). 
Sox-2 positive cells were also identified among astroglial 
cells, distributed within the cerebral parenchyma. Sox-2 
expression by astroglia of adult brains reinforces the 
neurogenic potential of these cells hypothesized by some 
authors. The authors conclude that Sox-2, along with 
other markers, may be useful to study the dynamics of 
neural progenitors, inclusive in adult brains. 

The protein nestin is a component of intermediate 
filaments of the cytoskeleton, whose expression has been 
considered a marker of NSCs or neural progenitors. Al-
though originally associated with embryonic or fetal 
stages of nervous system development, nestin expression 
has also been demonstrated in rat adult brain. In rats, 
nestin expression was demonstrated in germinal cells of 
neurogenic areas, including microglia cells. The biologi-
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cal significance of these findings is uncertain. In vitro, it 
has been demonstrated that microglia cells isolated from 
the brain of rat neonates [28] and from injured rat brain 
[38] can be induced to differentiate in neuron-like or 
glial-like cells, yet this potential may not be necessarily 
manifested in vivo. The function of nestin in these neu- 
rons may be related to cells survival and plasticity. 

The effects of different chemical treatments of the cul- 
ture surfaces on the behavior and differentiation of neural 
precursors was also studied with rat NSCs [39]. These 
chemical groups may influence adhesion, migration and 
differentiation potential and, as such, should be necessar- 
ily considered upon defining the experimental design. 
Surfaces treated with -SO3 favor differentiation of neu- 
rospheres in oligodendrocytes, whereas treatment with 
-COOH, -NH2, -SH e -CH3 favors differentiation in neu- 
rons, oligodendrocytes and astrocytes. 

5. OTHER SPECIES 

Based on the significant pre-natal development of the 
brain, more similar to human brain development than 
other rodents, guinea pigs (Cavia porcellus) have been 
used in research addressing post-natal neurogenesis in 
the hippocampal DG [31,40]. Using neuronal markers 
(NeuN, B-III tubulin) and glial markers (GFAP), in addi-
tion to cell proliferation (BrdU), the authors demon-
strated a significant cell proliferation in the 20 first days 
of life, after which the proliferation decreases. 

Altman and Das [40], comparing the hippocampus and 
the cerebellar cortex, concluded that neurogenesis is well 
pronounced in the hippocampus for a certain time after 
birth whereas cerebellar neurogenesis is minimal. The 
cerebellar cortex of guinea pigs is mature at birth and 
only a small proportion of granular cells is produced af-
ter birth. The duration of cerebellar neurogenesis in dif-
ferent mammals seems to correlate with the time lapse 
needed for maturation of the locomotor system and re-
lated abilities, in addition to differences of complexity 
among species. Thus, the end of cerebellar neurogenesis 
soon after birth in guinea pigs may be related to the lim-
ited locomotor ability that these animals have yet to de-
velop at young age. 

Adult non-human primates have also been subject of 
research concerning NSCs and neurogenic regions [30]. 
A search for neurogenic areas in the CNS of primates 
revealed the presence of dividing cells in the subependi- 
mal region of the lateral ventricles. These cells generate 
neuroblasts which undergo a massive migration through 
a long distance up to the olfactory bulb, where they dif-
ferentiate in interneurons. Markers such as BrdU, GFAP, 
NeuN and B-III tubulin were used in these studies. 

Pigs have been also utilized in NSC studies. Neural 
stem/progenitor cells were identified in the subventricu-
lar zone of lateral ventricles in 40-day fetuses [41] and 

newborn piglets [25]. These cells are multipotent and 
have the potential of generating neurons and glial cells. 
The differentiation capability was demonstrated by im-
munocytochemistry using markers as nestin (undifferen-
tiated neural progenitors), GFAP (astrocytes), vimentin, 
O4 (immature oligodendrocytes), O1 (oligodendrocytes 
precursor cells), MAP2 (microtubule protein), NeuN 
(neuronal specific marker). BrdU was used to investigate 
cell proliferation in vitro and in vivo. RT-PCR was used 
to investigate gene expression. 

6. CONCLUSION 

The recent developments on stem cell research have 
opened new perspectives for their potential use in treat-
ment of several human diseases. In particular, therapeutic 
use of neural stem cells has long been awaited and may 
give new hope for treatment of degenerative or traumatic 
neural disorders. In this sense, the use of animal models 
has been of great value for basic research and, as such, 
may be eventually useful to test therapeutic applications 
as well.  
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