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Abstract

Contrary to the long-held dogma, neurogenesis occurs throughout adulthood, and neural stem cells reside in the adult central
nervous system (CNS) in mammals. The developmental process of the brain may thus never end, and the brain may be amenable to
repair. Neurogenesis is modulated in a wide variety of physiological and pathological conditions, and is involved in processes such
as learning and memory and depression. However, the relative contribution of newly generated neuronal cells to these processes,
as well as to CNS plasticity, remains to be determined. Thus, not only neurogenesis contributes to reshaping the adult brain, it
will ultimately lead us to redefine our knowledge and understanding of the nervous system. To cite this article: P. Taupin, C. R.
Biologies 329 (2006).
© 2006 Académie des sciences. Published by Elsevier SAS. All rights reserved.

Résumé

Neurogenèse dans le système nerveux central adulte. Contrairement au dogme, la neurogenèse se déroule tout au long de la vie
dans le cerveau, et des cellules souches neuronales résident dans le système nerveux central (SNC) chez les mammifères adultes.
Le processus de développement du cerveau ne s’arrêterait donc pas, et le cerveau serait capable de se réparer. La neurogenèse est
modulée dans une grande variété de conditions physiologiques et pathologiques, et est impliquée dans les processus d’apprentissage
et de la mémoire et la dépression. Cependant, la contribution relative des cellules nouvellement générées dans ces processus, mais
aussi dans la plasticité du SNC, reste à déterminer. Ainsi, non seulement la neurogenèse contribue à remodeler le cerveau adulte,
mais aussi elle nous amènera à redéfinir nos connaissances et compréhension du système nerveux. Pour citer cet article : P. Taupin,
C. R. Biologies 329 (2006).
© 2006 Académie des sciences. Published by Elsevier SAS. All rights reserved.
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1. Introduction

Neural stem cells (NSCs) are the self-renewing, mul-
tipotent cells that generate the main phenotypes of the
nervous system (Fig. 1). During development, NSCs
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participate to the formation of the nervous system. It
was believed that the generation of neuronal cells in
mammals was mostly limited to the pre-natal phase of
development, and that the adult brain was devoid of
stem cells, and thus of the ability to make new nerve
cells and regenerate after injuries [1]. Seminal stud-
ies in the 1960s, that were substantiated in the 1970s
and 1980s, reported that neurogenesis occurs in discrete
areas of the adult brain in rodents [2–6]. With the ad-
vent of new methods for labelling dividing cells, such
as 5-bromo-2′-deoxyuridine (BrdU, Fig. 1) labelling,
retroviral labelling and confocal microscopy, investiga-
tors have confirmed that neurogenesis occurs in discrete
areas of the rodent brain throughout adulthood [7–12],
and reassessed and presented evidences that adult neu-
rogenesis also occurs in primates, humans and non-
humans [13–15]. BrdU is a thymidine analogue used
for birth-dating and monitoring cell proliferation [16].
BrdU is generally administered intraperitoneally; it in-
serts into the DNA of dividing cells, including in the
central nervous system (CNS), as it crosses the blood–
brain barrier [17]. It is hypothesized that newly gen-
erated neuronal cells originate from stem cells in the
adult brain. A hypothesis further supported by the re-
cent isolation and characterization of neural progenitor
and stem cells from the adult brain [18,19]. The confir-
mation that neurogenesis occurs in the adult brain and
NSCs reside in the adult CNS have profound implica-
tions for our understanding of brain development and
functioning, as well as for cellular therapy in the CNS.

2. Neurogenesis in the adult brain

Neurogenesis occurs in two forebrain regions of
the adult brain: the subventricular zone (SVZ) and the
dentate gyrus (DG) in various species [20]. Of these
two regions, the SVZ harbours the largest pool of di-
viding neuronal progenitor cells in the adult rodent
brain [21,22]. Newly generated neuronal cells in the
SVZ migrate to the olfactory bulb (OB) through the
rostro-migratory stream (RMS), where they differenti-
ate into granule and periglomerular neurons of the OB,
Fig. 1. Neurogenesis and neural stem cells in the adult brain. Neurogenesis occurs mainly in two areas of the adult brain, the DG and the SVZ. In
the DG, new neuronal cells are generated in the subgranular zone. In the SVZ, newly generated neuronal cells migrate to the OB, through the RMS,
where they differentiate into interneurons of the OB (a). NSCs are the self-renewing, multipotent cells that generate the neuronal and glial cells of
the nervous system. Neural progenitor cells are multipotent cells with limited proliferative capacity (b). 5-Bromo-2′-deoxyuridine-labelling is the
standard for studying neurogenesis and its regulation. Co-labelling of a BrdU-positive cell (c, red, arrow) with class III β-tubulin isotype (d, blue)
in the DG. Tuj-1 is a marker of immature neuronal cells. The merge picture shows a BrdU-positive cell also positive for Tuj-1 (arrow, e) in the DG,
representative of a newly generated neuronal cell.
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in rodents [4,10,23] and in macaque monkeys [15,24]
(Fig. 1a). Macaque monkeys are nonhuman Old World
anthropoid, phylogenetically close to humans. Like hu-
mans they have a hippocampal formation, a relatively
small OB – compared with rodents –, a life-history pat-
tern and are largely diurnal [25,26]. Progenitor cells
in the SVZ aggregate to form an extensive network
of neuroblast chains that migrate tangentially through
the SVZ and coalesce anteriorly to form the RMS
[27,28]. The network of chains of migrating neuroblasts
in the SVZ and RMS can be revealed by immunos-
taining for polysialylated neural cell adhesion molecule
(PSA–NCAM) [15,29]. Neuroblasts undergoing ‘chain
migration’ along the SVZ/RMS migrate along one an-
other via homotypic interactions, without radial glial
or axonal guides [30]. The directional migration of
neuroblasts along the SVZ requires the beating of the
ependymal cilia [31]. In rodents (mice), a SVZ progen-
itor cell requires at least 15 days to be generated, mi-
grate 3–5 mm and differentiate into a new olfactory
interneurons. These cells migrate at an average rate of
30 mm h−1 [10]. In macaque monkeys, a SVZ progen-
itor cell requires at least 75 to 97 days to be generated,
migrate 20 mm and differentiate into new olfactory in-
terneurons, a process slower than in rodents [15]. In the
DG, newly generated neuronal cells in the subgranu-
lar zone (SGZ) migrate to the granule layer, where they
differentiate into neuronal cells and extend axonal pro-
jections to the CA3 area of the Ammon’s horn in rodents
[3,5–7,11,32,33], in New-World monkeys (marmoset)
[13] and in Old-World monkeys [34,35] (Fig. 1c–e). In
rodents (rats), immature granule cells extend axons into
CA3 as rapidly as 4–10 days after mitosis [36], whereas
the maturation of newborn cells, from the proliferation
newly generated cells in the SGZ to the migration and
differentiation in neuronal cells of the granule cell layer,
takes approximately four weeks [7]. As many as 9000
new neuronal cells are generated per day in the rodent
DG, contributing to about 3.3% per month or about
0.1% per day of the granule cell population [37,38],
whereas in adult macaque monkey, it is estimated that at
least 0.004% of the neuronal population in the granule
cell layer are new neurons generated per day [35]. The
relative rate of neurogenesis is estimated to be approx-
imately 10 times less in adult macaque monkeys than
that reported in the adult rodent DG [35]. However, it is
difficult to make a quantitative comparison between the
species, as nothing is known of the relative bioavailabil-
ity of BrdU or its ability to cross the blood–brain barrier
and be available for uptake by dividing cells in the two
species. Neurogenesis may also occur in other areas of
the adult brain – albeit at lower level –, such as the CA1
area [39], the neocortex [40,41], the striatum [42], the
amygdala [43], the substantia nigra [44], the third ven-
tricle [45], the subcortical white matter [46], the caudate
nucleus [47] in some species [19–25]. However, some of
these data have been the sources of debates and contro-
versies and remain to be further confirmed [48–50].

In the human, Eriksson et al. [14] performed im-
munofluorescence labelling for BrdU and neuronal
markers on brain tissue samples obtained post-mortem
from cancer patients who had been treated with BrdU
to assess the proliferative activity of the tumour cells,
and revealed that neurogenesis occurs in the DG in
the adults [14]. In the SVZ, Sanai et al. (2004) per-
formed immunofluorescence labelling for the cell cycle
marker Ki67 on brain tissue specimens from neurosur-
gical resections and autopsied brains, and reported that
the adult human brain contains a ribbon of astrocytes
lining the lateral ventricles, a particular organization
not observed in other vertebrates, including nonhuman
primates. Some cells in the astrocytes ribbon divide,
as revealed by the co-expression of glial acidic fibril-
lary protein (GFAP) and the cell-division marker Ki-67.
However, Sanai et al. found no evidence of chains of
migrating neuroblasts in the SVZ or in the pathway to
the OB. These results suggest that neurons in the adult
human OB are not replaced [51]. Alternatively, precur-
sors migrate as individual cells, or the pathway may be
different in the human SVZ and yet to be found. But it
highlights the particularity of neurogenesis in the adult
human brain. The rate of neurogenesis in the human DG
was also reported to be low [14]. The reasons for the
apparent reduction of neurogenesis in adult primates
are unclear. The decline of adult neurogenesis during
vertebrate evolution could be an adaptative strategy to
maintain stable neuronal populations throughout life
[52]. This hypothesis is consistent with the restriction
of adult neurogenesis in the mammalian brain to phy-
logenetically older structures, the OB and hippocampal
formation, and its absence in the more recently evolved
neocortex [48,52,53].

Altogether these data confirmed that neurogenesis
occurs in the adult mammalian brain, though the partic-
ularities of neurogenesis in human remain to be further
determined. Newborn granule cells in the DG survive
for extended period of time, at least 2 years in humans
[14]. Thus, neuronal cells born during adulthood that
become integrated into circuits and survive to matu-
rity are very stable, and may permanently replace gran-
ule cells born during development. It is postulated that
newly generated neuronal cells originate from residual
stem cells in the adult brain [20,54].
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3. Neural progenitor and stem cells form the adult
brain

In the adult brain, it is hypothesized that NSCs reside
in the adult SVZ and hippocampus. In 1992, Reynolds
and Weiss were the first to isolate and characterize a
population of undifferentiated cells or neural progeni-
tor cells, positive for the neural progenitor and stem cell
marker nestin [55], from the adult mice striatal area, in-
cluding the SVZ [18]. In 1995, Gage et al. isolated a
similar population of cells, from the adult rat hippocam-
pus [19]. One of the limitations with the established
cultures derived from the adult brain is that they are
heterogeneous; they contain neural progenitor and stem
cells. Neural progenitor cells are defined as multipo-
tent cells, with limited proliferative capacity [20,56,57]
(Fig. 1b). Further, there is no marker of NSCs in vitro
and in vivo; the intermediate filament nestin, a marker
for neural progenitor and stem cells, is also expressed
in vivo in reactive astrocytes and gliomas [58,59]. Other
markers of neural progenitor and stem cells, such as the
transcription factors sox-2, oct-3/4, and the RNA bind-
ing protein Musashi 1, also label population of glial
cells [60–64]. Despite intense effort, NSCs are yet to be
identified [65–67]. Hence, the characterization in vitro
of cells with NSC properties requires demonstrate self-
renewal over an extended period of time (more than five
passages), multipotentiality, coincident with the gener-
ation of a large number of progeny, several orders of
magnitude more numerous than the starting population
[68,69]. In 1996, Gritti et al. isolated self-renewal, mul-
tipotent NSCs from cultured derived from the SVZ, and
in 1997, Palmer et al. isolated and characterized self
renewal, multipotent NSCs derived from the adult hip-
pocampus [70,71]. Recent data have challenged the ex-
istence of NSCs in the adult hippocampus, reporting the
isolation of neural progenitor, but not stem cells from
the adult hippocampus [72,73]. However, differences
in protocols, species, handling technique may explain
discrepancies between the studies, and such claim that
self-renewal, multipotent NSCs cannot be isolated from
the adult hippocampus would require comparing the two
models in a strict experimental approach. Altogether,
these data suggest that NSCs reside in the adult SVZ and
hippocampus. Neural progenitor and stem cells have
also been isolated and characterized in vitro form other
areas of the adult brain and the spinal cord, suggesting
that neural progenitor and stem cells may also reside
in other areas of the CNS, where they would be quies-
cent [20]. The isolation and characterization of neural
progenitor and stem cells from the adult brain provide a
source of tissue for cellular therapy.
4. Neural progenitor and stem cells in the adult
brain

Despite the lack of molecular markers for NSCs, re-
searchers have aimed at identifying the origin of newly
generated neuronal cells in the adult brain. Based on
ultrastructure, cell cycle analysis, [3H]-thymidine au-
toradiography and immunocytochemical studies, par-
ticularly BrdU-labelling, two conflicting theories with
regard to the origin of newly generated neuronal cells
in the adult brain have been proposed. One theory con-
tends that newly generated neuronal cells originate from
astrocyte-like cells, expressing the glial marker, GFAP,
and nestin, in the SVZ [74]. This finding was surpris-
ing, because astrocytes are considered as differentiated
cells belonging to the glial lineage. The second theory
contends that newly generated neuronal cells originate
from a population of ependymal cells in the SVZ that
express the intermediate filament protein nestin [75].
The ependyma, as the subependyma, originate from
the embryonic forebrain germinal zones. However, this
conclusion is not supported by other studies [76,77],
and remains to be further confirmed [20]. In the hip-
pocampus, Seri et al. [78] and Fillippov et al. [79], us-
ing similar approaches, retroviral labelling, studies in
transgenic mice expressing the green fluorescent protein
(GFP) under the nestin promoter and electrophysiology,
showed that SGZ astrocytes are the primary precursors
in the formation of new neurons in the adult hippocam-
pus [78,79].

Three main cell types relevant to adult neurogene-
sis in the SVZ have been identified and characterized
in the SVZ, in rodents [80,81] and in macaques [15].
Type-A cells are elongated and smooth cells that do
not express GFAP and the intermediate filament vimen-
tine. Type-A cells are immunopositive for nestin, PSA-
NCAM-, and β-tubulin (Tuj1). Type-A cells course tan-
gentially to the walls of the lateral ventricle throughout
the SVZ [28]. They incorporate [3H]-thymidine, and
form chains of migrating cells [27]. Type-A cells corre-
spond to the migrating neuronal precursors or neurob-
lasts. Type-B cells have irregular shapes. They express
nestin, GFAP and vimentine, but are immunonegative
for PSA-NCAM and Tuj1. Type-B cells are detected in
the SVZ, where they form a tubular trabecula that en-
sheathes the chains of type-A cells, isolating them from
surrounding parenchyma [27]. Type-B cells are astro-
cytes, and may correspond to the stem cells in vivo.
Type-B cells would correspond to the population of rel-
ative quiescent cells previously proposed as NSCs in
the SVZ [82]. Unlike in the RMS, two types of B cells
are distinguished in the SVZ: type B1 and B2. Type-
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B1 astrocytes separate the chains of type-A cells from
the ependymal layer, whereas the basally located type-
B2 cells separate the chains of type-A cells from the
surrounding striatal parenchyma. Type-B2 (but not B1)
cells incorporated [3H]-thymidine. Type-C cells are of
large size, have a smooth contour, express nestin, and
are immunonegative for GFAP, vimentine, PSA-NCAM
and Tuj1. Type-C cells are present throughout the lateral
wall of the SVZ, but not in the RMS, where they are of-
ten found in clusters, closely associated to the migrating
neuroblasts or chains of type-A cells. Type-C cells are
the most actively proliferating cells in the SVZ (50% of
3[H]-thymidine-labelled cells were reported as type-C
cells). Type-C cells may generate both neurons and glia,
and correspond to precursors of the type-A cells, the mi-
grating neuroblasts. From these data, Doetsch et al. [80]
proposed a model for neurogenesis in adult the SVZ:
type B cells that are NSCs, give rise to neural precursors
type C cells in the adult SVZ, that in turn generate type-
A cells that migrate in chains through glial tubes formed
by SVZ astrocytes (type-B cells) along the RMS, and
will differentiate into interneurons in the OB [80]. This
model has been confirmed after studying the order of
reappearance of different SVZ cell types and their pro-
liferation, after antimitotic treatment with cytosine-β-
D-arabinofuranoside (Ara-C). After Ara-C treatment,
migrating neuroblasts (type-A cells), and type-C cells
are eliminated, but some astrocytes, type-B cells and
ependymal cells remain. The SVZ network then rapidly
regenerates: first, astrocytes type-B cells divide, two
days later, type-C cells reappear, followed at 4.5 days
by migrating neuroblasts. By 10 days, the SVZ network
is fully regenerated, as in normal mice. These data sug-
gest that Ara-C treatment kills neuronal precursors cells,
type-A and -C cells that are actively dividing cells, but
spare the NSCs, type-B cells, that were able to regener-
ate [83].

In the hippocampus, Seri et al. [78] described a pop-
ulation of small electron-dense cells in the SGZ, type-D
cells that are of small size, immunonegative for GFAP
and are dividing. Type-D cells probably function as
transient precursors in the formation of new neurons,
as anti-mitotic treatment resulted in the elimination of
D cells from the SGZ. It is proposed that SGZ astro-
cytes, putative NSCs, would give rise to type-D cells,
which in turn would give rise to newly generated neu-
ronal cells in the granule cell layer [78]. Type-D cells in
the SGZ do not divide as frequently as type-C cells in
the SGZ, suggesting that the amplification for neuronal
production by transient precursors in the SGZ is proba-
bly limited [78,84]. Filippov et al. [79] further charac-
terized the nestin positive cells in the adult hippocam-
pus in nestin-GFP transgenic mice [79]. Filippov et
al. described two subpopulations of nestin-GFP-positive
cells. Type-1 cells have long processes, with vascular
end feet, express GFAP, and have electrophysiological
features of astrocytes – cells with delayed-rectifying
potassium currents. Type-1 cells correspond to differen-
tiated astrocytes, presumably corresponding to the type-
B cells as described by Seri et al. [78]. Type-2 cells are
small in size, express GFAP, are immunonegative for
S100β, a marker for astrocytes [85], and have electro-
physiological features of the earliest steps of neuronal
differentiation – cells with sodium currents. Type-2 cells
lacking astrocytic features would correspond to the D
cells described by Seri et al. [78]. These data further
support the hypothesis that NSCs in the hippocampus
correspond to a sub-population of astrocytes, and that
nestin expressing cells are heterogeneous in the adult
brain. These results also indicate that GFAP, an inter-
mediate neurofilament, is also expressed by cell with
early neuronal features in the adult DG. Therefore, a
population of progenitor cells expresses GFAP, whether
or not this alone qualifies them as glial cells or astro-
cytes.

Altogether, these data suggest that a population of
astrocyte-like cells correspond to NSCs in the adult
SVZ and hippocampus. Though the a glial origin for
newly generated neuronal cells in the adult brain has re-
ceived much support recently [86–88], the origin and
identity of newly generated neuronal cells in the adult
brain is still the subject to debates and controversies,
and remains to be further evaluated [20]. Song et al. [89]
recently reported that astrocytes in the adult brain pro-
mote neurogenesis [89]. The proliferation of astrocytes
following Ara-C treatment could stimulate the prolifer-
ation of a yet unidentified NSC that is slowly dividing
and/or is resistant to Ara-C treatment. It also remains to
determine unambiguously the relationship between the
precursors of newly generated neuronal cells in vivo,
and the neural progenitor and stem cells derived from
the adult brain and cultured in vitro. The identifica-
tion of neural progenitor and stem cells in the adult
brain suggests the adult brain has the potential for self-
repair.

5. A developmental process

During development, gamma aminobutyric acid
(GABA) has been reported to act as an excitatory neu-
rotransmitter on embryonic neuronal progenitor cells,
whereas in the mature CNS, GABA acts as an inhibitory
neurotransmitter [90,91]. Also, during development, the
establishment of synaptic connections follows a defined
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sequence; the GABAergic synapses are formed prior to
glutamatergic ones [92]. In the adult brain, in the hip-
pocampus, newly generated neuronal cells in the DG
receive GABAergic innervations soon after their mi-
gration is completed [93]. Recent data show that the
GABAergic synaptic input on neural progenitor cells
in the SVZ and on nestin expressing cells – type-2
nestin-positive cells in nestin-GFP transgenic mice –
in the adult DG strongly depolarizes their membranes,
thereby providing an excitatory input on newly gener-
ated neuronal cells [94,95]. The origin and mechanism
of the GABA innervation on newly generated neuronal
cells in the adult brain remain to be determined. The
depolarization of the membrane potential by GABA
during development originates from an increased chlo-
ride levels in the embryonic neuronal progenitor cells
[96]. A similar mechanism could underlie the activity
of GABA on newly generated neuronal cells in the adult
brain.

During development, the depolarization of embry-
onic neuronal progenitor cells by GABA plays a role
in the differentiation of granule cells [97]. In the adult
brain, the GABAergic depolarization of newly gener-
ated neural progenitor cells triggers an increase of the
concentration of intracellular calcium, through the ac-
tivation of voltage-gated calcium channels, and the ex-
pression of NeuroD [98]. Since NeuroD is a transcrip-
tion factor that is required for neuronal phenotype gen-
eration in hippocampal dentate granule neurons, the
GABA depolarization on adult neuronal progenitor cells
may also play a role in the neuronal differentiation of
adult progenitor cells [99]. It is further proposed that be-
fore receiving any synaptic innervations, newborn neu-
rons may sense neuronal network activity through local
ambient GABA levels [100]. Because many physiologi-
cal and pathological stimulations, such as neurosteroids
and epilepsy, affect GABA signalling [101–103], such
mechanisms may influence the integration of new neu-
rons in the adult brain.

Therefore, adult neurogenesis may reproduce de-
velopmental processes to integrate newly generated
neuronal cells in the hippocampal network. GABA
may also exert a trophic activity on neural progeni-
tor and stem cells [104]. In the postnatal SVZ, GABA
released by neuroblasts inhibits the proliferation of
GFAP-progenitor cells [105]. In the SVZ and RMS,
GABA released by astrocyte-like cells control the mi-
gration of neuronal precursors [106]. Therefore, GABA
may act as a paracrine factor to regulate the prolifera-
tion and migration of neural progenitor and stem cells
in the adult brain.
6. Redefining CNS physiopathology

A wide range of environmental stimuli, and phys-
iopathological conditions in rodents modulate neuro-
genesis (Table 1). Environmental enrichment, exercise
and learning and memory tasks stimulate neurogenesis,
whereas neurogenesis decreases with aging in the DG
[11,37,107–109]. Neurogenesis is stimulated in the DG
and SVZ, in the diseased brain and after CNS injuries,
such as in epilepsy, strokes, traumatic brain injuries,
Huntington’s and Alzheimer’s diseases, and decreases
after stress [110–116]. New neuronal cells are also gen-
erated at the sites of degeneration where they replace
some of the degenerated nerve cells, after experimen-
tal strokes [117,118]. Cell-tracking studies revealed that
new neuronal cells at the sites of degeneration originate
from the SVZ. They migrate to the sites of degeneration,
partially through the RMS [117,118]. In most of these
studies, neurogenesis was quantified by BrdU-labelling.
Recently, Kuan et al. [119] provided evidences that
hypoxia-ischemia triggers neurons to re-enter the cell
cycle and resume apoptosis-associated DNA synthesis
in the brain, without cell proliferation [119]. This re-
port cautions the use of BrdU-labelling as a standard for
studying neurogenesis and its regulation, and highlights
the need to not only characterize BrdU-uptake, but also
to show evidence of the absence of apoptotic markers,
by terminal deoxynucleotidyl transferase-mediated bi-
otinylated dUTP nick end-labelling (TUNEL) method,
for example. The modulation of neurogenesis in the
DG and OB in response to environmental enrichment,

Table 1
Modulation of neurogenesis in the adult brain

Stimuli Area Modulation References

Environmental enrichment DG increase [37]
Exercise DG increase [107,109]
Learning and memory tasks DG increase [108]
Aging DG decrease [11]
Epilepsy DG increase [110]
Stroke DG increase [112]
Traumatic brain injury DG increase [113]
Huntington disease SVZ increase [114]
Alzheimer disease DG increase [115]
Stress DG decrease [111]

A wide range of environmental stimuli, and physiopathological con-
ditions modulates neurogenesis. Environmental enrichment, exercise
and learning and memory tasks stimulate neurogenesis, whereas neu-
rogenesis decreases with aging in the DG. Neurogenesis is stimulated
in the DG and SVZ, in the diseased brain and after CNS injuries,
such as epilepsies, strokes, traumatic brain injuries, Huntington’s and
Alzheimer’s diseases, and decreased after stress. The modulation of
neurogenesis in the DG and OB in response to environmental enrich-
ment, physiopathological conditions suggest the implication of these
structures in these processes.
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physiopathological conditions suggest the implication
of these structures in these processes. Newly generated
neuronal cells survive for extended period of time in the
adult brain [14], hence environmental enrichment, phys-
iopathological conditions may contribute to reshaping
the adult CNS. Whether constitutive and induced neu-
rogenesis recruit specific populations of progenitor cells
remains to be elucidated. The ability of the CNS to reg-
ulate the generation of new neuronal cells may be use
to promote brain repair in the diseased brain, and after
CNS injury [120].

Investigators have reported that newly generated
neuronal cells in the hippocampus are involved in learn-
ing and memory, and depression [121–123]. The func-
tion of newly generated neuronal cells, particularly in
learning and memory, has been challenged by other
studies, reporting that increased hippocampal neurogen-
esis has been observed without improvement of learning
and memory performances, that learning enhances the
survival of new neurons beyond the time when the hip-
pocampus is required for memory, and that non-specific
effects of treatments aiming at inhibiting adult neu-
rogenesis have yet to be ruled out [124–126]. Newly
generated neuronal cells may also contribute to tis-
sular homeostasis in the adult brain. The disturbance
in the rate of adult neurogenesis would contribute to
pathological processes in the CNS, such as in neurode-
generative diseases. However, such hypothesis remains
to be investigated. Therefore, newly generated neuronal
cells are involved in the physiopathology of the adult
CNS, but the function and relative contribution of newly
generated neuronal cells to these processes versus the
neuronal cells of the pre-existing network remain to be
determined. It is estimated that 0.2% of the degener-
ated nerve cells are replaced in the striatum after middle
cerebral artery occlusion, a model of focal ischemia
[117]. This low percentage of newly generated neuronal
cells at the sites of injury may account for the lack of
functional recovery in the injured CNS. The modula-
tion of neurogenesis by environmental stimuli, and in
physiopathological conditions may therefore contribute
to CNS plasticity, and the generation of newly gener-
ated neuronal cells at the sites of injury in the diseased
brain and after CNS injuries may represent a regenera-
tive attempt by the CNS [127,128].

7. Cellular therapy in the adult CNS

The confirmation that neurogenesis occurs in the
adult brain, and that NSCs reside in the adult CNS sug-
gest that the adult CNS may be amenable to repair.
Cell therapeutic intervention may involve the stimula-
tion and transplantation of neural progenitor and stem
cells of the adult CNS. Since neural progenitor and
stem cells reside throughout the adult CNS, the stim-
ulation of endogenous neural progenitor and stem cells
locally would represent a strategy to promote regener-
ation in the diseased brain and after CNS injury. Par-
ticularly, since new neuronal cells that originate from
the SVZ, are generated at the sites of degeneration in
the diseased brain and after CNS injuries, strategies that
promote regeneration and repair may focus on stimu-
lating SVZ neurogenesis. Neural progenitor and stem
cells can be isolated from the adult brain, including
from human biopsies and post-mortem tissues [129,
130], providing valuable sources of tissue for cellular
therapy. To support this contention, neural progenitor
and stem cells have been grafted in various animals
model of CNS diseases and injuries, such as Parkin-
son’s disease and spinal cord injuries, and shown to
improve functional recovery [131–137]. In these stud-
ies, the release of trophic factors by the grafted neural
progenitor and stem cells, and their interaction with the
injured brain are believed to play a major role in the
recovery process [131–136]. In a recent study where
human foetal neural progenitor and stem cells were in-
jected after spinal cord injury in mice, the improve-
ments in walking disappeared following treatment with
diphtheria toxin, which kills only human cells – not
mouse cells –, suggesting that the cells themselves are
responsible for recovery. Administration of stem cells
might then not simply stimulate the body to produce
some healing factor, but they directly contribute to re-
pair damage themselves [137].

8. Concluding remarks

The confirmation that neurogenesis occurs in the
adult brain, and that NSCs reside in the adult CNS, has
open a new era in the understanding of the brain de-
velopment and physiopathology, and for therapy in the
adult CNS. Identifying NSCs, the function and contribu-
tion of newly generated neuronal cells to the functioning
of the CNS are currently the source of intense research,
and debates. The isolation and culture of neural progen-
itor and stem cells from the adult brain provide new
opportunities for cellular therapy in the CNS. These
studies will contribute to redefine our knowledge of the
CNS, and bring NSC research closer to therapy.
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