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Adult Neurogenesis in the Central and Peripheral Nervous 
Systems
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Neurogenesis occurs during embryonic development and continues throughout adulthood. Although spontaneous adult neuro-
genesis is restricted to selective germinal regions, including the subventricular zone and dentate gyrus of the hippocampus, neu-
ral stem cells (NSCs) are widely distributed in the central and peripheral nervous systems. Besides their ability to integrate into 
existing neural networks during physiological conditions, NSCs also proliferate and differentiate in response to injury, thus 
promising the potential use of endogenous NSCs for the treatment of neuropathological conditions. In this review, we discuss 
recent progress in the understanding of adult neurogenesis in the brain and peripheral nervous system.
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INTRODUCTION

Neurogenesis, or the production of new neurons, had been 
considered to occur only during embryonic development, and 
no new neurons were thought to be added to the adult nervous 
system. In the past decade, however, this dogma was revised as 
the constitutive production of new neurons was identified in 
increasing regions of the adult brain, including the olfactory 
bulb and dentate gyrus (DG) of the hippocampus [1-4]. Adult 
neurogenesis was also discovered in the adult peripheral ner-
vous system (PNS) [5].
  Although spontaneous adult neurogenesis is somewhat lim-
ited to selective germinal regions, cells producing new neurons, 
i.e., neural stem cells (NSCs), are widely distributed in the cen-
tral and PNSs. Furthermore, the proliferation of NSCs can be 
stimulated by injury, thus promising the potential use of endog-
enous NSCs for the treatment of many neuropathological con-
ditions. In this review, we discuss recent progress in our under-
standing of adult neurogenesis in the brain and PNS.

DISTRIBUTION OF NEURAL STEM CELLS IN 
THE BRAIN

Embryonic neural tissues are first specified from neuroectoderm 
during early embryogenesis, forming a neural tube. Embryonic 
NSCs are enriched in the neural tube, and their postnatal rem-
nants reside near the ventricular system [6,7]. Thus, one of the 
major sources of adult NSCs remains the subventricular zone 
(SVZ) of the lateral ventricle. The anterior SVZ holds active 
NSCs that spontaneously provide new neurons to the olfactory 
bulb via the rostral migratory stream [1,7,8]. Whereas most 
NSCs in the adult brain are closely associated with the ventricu-
lar system, hippocampal NSCs are localized in the subgranular 
zone (SGZ) of the DG apart from ventricles. A subset of NSCs 
migrates and forms a secondary germinal zone in the hippo-
campus during embryonic development. The formation of DG 
occurs mainly during postnatal development, and NSCs in the 
secondary germinal zone appear to remain in the SGZ, supply-
ing neurons to the existing hippocampal network throughout 
adulthood [4,9].
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  Similar to the SVZ, different types of NSCs exist along the 
ventricular system, including the 3rd and 4th ventricles of the 
brain, and the central canal of the spinal cord [10-12]. However, 
NSCs in these regions appear to be quiescent, and they neither 
proliferate nor spontaneously produce new neurons in the adult 
brain [3]. An extended and collapsed area of lateral ventricles 
called the subcallosal zone (SCZ) also contains NSCs that have 
the potential to produce neuroblasts [13]. Recently, we found 
that newly produced neuroblasts in the SCZ fail to mature into 
functional neurons and undergo massive programmed cell 
death [14]. Thus, gene knockout of Bax, a pro-apoptotic gene, 
completely rescues SCZ neuroblasts from death and results in 
the generation of neurons. This result indicates that the SCZ 
does not provide a sufficient environment for the maturation of 
neuroblasts into neurons.
  In this respect, NSCs in the adult brain may be classified into 
3 categories on the basis of their spontaneous ability to prolifer-
ate and differentiate. The first class of cells are the NSCs in the 
SVZ and DG. These two populations of NSCs within the SVZ 
and SGZ spontaneously produce new neurons for the adult ol-
factory bulb and DG, respectively. The second class of NSCs is 
in the SCZ; these cells proliferate and produce neuroblasts but 
do not mature into neurons. Considering that both SCZ and 
SVZ NSCs can produce neurons in vitro [1,13], it appears that 
the environment surrounding these stem cells plays a role in 
the regulation of neuronal maturation. Whereas the SVZ pro-
motes the proliferation and differentiation of NSCs, the SCZ and 
its surrounding white matter fail to provide a favorable environ-
ment for neuronal maturation, resulting in the programmed 
cell death of newly generated neuroblasts. 
  Lastly, NSCs in other brain regions rarely proliferate and ap-
pear to be maintained as a dormant form; these other regions 
include the neocortex, striatum, amygdala, and substantia nigra 
[15-18]. Due to their limited capacity to proliferate under nor-
mal physiological conditions, the existence of NSCs in these re-
gions was only confirmed by neurosphere formation in vitro. 
The significance of NSCs in these regions may be related to the 
injury response and regeneration. 
  In addition to the brain, the ganglia of the PNS contain NSCs. 
The PNS is primarily formed by neural crest stem cells (NCSCs) 
during embryonic development [5], and these cells remain in 
the adult ganglion [19,20]. The NSCs cannot spontaneously 
produce neuronal or glial cells, but they respond to injury and 
produce neuronal cells for regeneration. In this respect, the 
NSCs of the PNS can be also classified into the third class. The 

significance and regulation of adult neurogenesis in the PNS will 
be discussed later.

FUNCTION OF NEUROGENESIS IN THE BRAIN

It is puzzling why the NSCs in specialized brain regions main-
tain neurogenic potentials. It has been proposed that adult neu-
rogenesis alters existing neural networks, which could jeopardize 
the stability of brain function [21]. Thus, the addition of new 
neurons is allowed only in limited brain regions such as the ol-
factory bulb and hippocampus [22,23]. The role of adult neuro-
genesis has been extensively studied with the use of genetic 
models. Selective ablation of adult NSCs results in the impair-
ment of selective brain functions related to the olfactory bulb 
and hippocampus. For instance, inhibition of hippocampal 
neurogenesis impairs associative learning processes such as 
spatial memory and contextual fear conditioning [24-26]. On 
the other hand, spatial learning as measured by the Morris wa-
ter maze test failed to exhibit a significant defect [27,28], which 
suggests that adult neurogenesis contributes to partial aspects 
of hippocampal functions. Similarly, ablation of olfactory neu-
rogenesis affects pheromone responses, whereas olfactory func-
tions are largely spared [26,29,30]. In fact, this result was some-
what unexpected because the addition of new neurons occurs 
only in the main olfactory bulbs, which are not known to medi-
ate pheromone responses. This implies that newly produced 
neurons may directly integrate into the pheromone-response 
circuits or may indirectly influence the vomeronasal neural cir-
cuit.
  Besides their role in the production of functional cells during 
the normal or regenerative condition, adult NSCs may be a good 
source for secretory factors affecting brain function. Transplan-
tation experiments have provided some insights into this. It is 
known that brain damage is improved after transplantation of 
NSCs or other stem cells from different sources [31-33]. How-
ever, these beneficial effects are not mediated by the addition of 
new functional neurons but by the secretion of factors promot-
ing regenerative processes of host tissues. Therefore, neurogen-
esis might also operate similarly in vivo.
  In this respect, NSCs in the SCZ could play a significant role 
in the control of white matter development. We have tested the 
time-course changes in neuroblast formation during postnatal 
development [34]. Interestingly, neuroblast formation was ac-
tive until juvenile periods (1 to 3 months) in the SCZ but was 
rapidly reduced during the period of 3 to 6 months. Consider-
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ing that SVZ and DG neurogenesis is evident although reduced 
in aged (1 to 2 years old) mice, such rapid depletion may be re-
lated to the termination of white matter development. Because 
Doublecortin-expressing neuroblasts seldom trans-differentiate 
into oligodendrocytes [35], a plausible mechanism underlying 
the possible involvement of SCZ neuroblast formation and 
white matter development is mediated by secretory factors re-
leased from neuroblasts. Further experiments would clarify this 
intriguing issue.

NEUROGENESIS IN THE PNS

Increasing evidence suggests the presence of NSCs in the adult 
PNS. Unlike in the central nervous system (CNS), neurons and 
glial cells in the PNS are all derived from neural crest during 
embryonic development [5,36]. The NCSCs are found in the 
adult dorsal root ganglion (DRG), trigeminal ganglion, and en-
teric nervous system [19,20,37]. The increase in body size dur-
ing postnatal development requires more sensory ganglion 
neurons for efficient nerve control. Accordingly, in the rat, the 
number of DRG neurons progressively increases during post-
natal development [38]. This increase in neuron numbers in the 
postnatal DRG supports the presence of NCSCs in the DRG. In 
vitro, cells that can form neurospheres were isolated from these 
sensory ganglia, and these cells exhibited typical markers for 
embryonic NCSCs, such as nestin and p75 neurotrophin recep-
tor (p75NTR) expression [20]. They could be differentiated into 
neurons, glia, and smooth muscle cells, which can be produced 
from neural crest in vivo. 
  NCSC-like cells were also isolated from adult enteric nervous 
system, and these cells expressed glial fibrillary acidic protein, 
which suggests that they exhibit glia-like characteristics similar-
ly to the NSCs of the CNS. Importantly, the neurogenic poten-
tial of enteric NCSCs can be activated to produce new neurons 
upon nerve injury [37]. Although direct evidence is missing, 
increased enteric neurogenesis may a play critical role in the re-
generation of damaged PNS. However, it is still unknown wheth-
er newly produced PNS neurons can be integrated into the ex-
isting neural circuits. 

CLINICAL IMPLICATIONS

The presence of adult NSCs and spontaneous neurogenesis pro-
vide great hope for curing brain diseases and for recovery from 
brain damage. For instance, increased proliferation of NSCs and 

subsequent generation of neural cells may be enhanced for the 
regeneration of the injured nervous system. It is well known that 
brain injury promotes the proliferation of nearby NSCs, gener-
ating more neural cells including astrocytes and neurons [39]. 
For example, focal ischemia transiently induces forebrain SVZ 
cell proliferation and neurogenesis [40,41]. The NSCs in the SVZ 
and DG are also stimulated after traumatic brain injury [42,43], 
and these data suggest that adult neurogenesis may play a role 
in the self-recovery mechanism of the brain. However, the 
amount of spontaneously produced neuroblasts after brain inju-
ry is highly limited, and the survival and differentiation of them 
into mature neurons are far from exhibiting regenerative effects. 
  In this respect, engineering NSCs to modify their properties 
may enhance the neurogenic potential of endogenous stem cells. 
Viral infection of specific genes is an efficient way to introduce 
new characters to the stem cells. Because retrovirus infects only 
proliferating cells such as NSCs, retroviral gene delivery has been 
successfully applied for this purpose [44]. Attempts to produce 
directed cell types have also been successful, and the introduc-
tion of transcriptional factor Mash1 into NSCs in the DG pro-
moted the production of oligodendrocytes, whereas NSCs in 
the DG normally produce neurons and astrocytes [45]. Alter-
natively, the injection of a chemical or small compound can 
also alter the endogenous signaling of stem cell differentiation. 
Treatment with histone deacetylase inhibitors, for instance, was 
shown to perturb endogenous gene expression patterns and 
modified the differentiation of NSC-derived cells [46]. Addi-
tion of strong morphogens such as Wnt, Shh, and Fgfs also led 
to changes in cell fate [47-49], which suggests that small com-
pounds can be developed for modifying the proliferation and 
differentiation of endogenous NSCs.
  Impairment of spontaneous neurogenesis may be involved 
in brain disease [50]. This idea was first examined in the animal 
model of Parkinson’s disease (PD). In the rat, a subset of mid-
brain dopaminergic neurons undergoes spontaneous pro-
grammed cell death and is replaced by a new subset [15]. Thus, 
an imbalance in the self-renewal process may directly cause PD. 
However, we and others failed to replicate this experiment in 
mice and rats, and further evaluations are required [51,52]. More 
recently, Perera et al.’s report [53] demonstrated that the effect 
of antidepressant fluoxetine is mediated by increased neurogen-
esis, thus promoting the idea that depression may be caused by 
reduced adult neurogenesis. Considering that standard animal 
housing conditions are in fact deprived conditions compared 
with the natural habitat of mice, this result should be interpret-
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ed with caution, however, and examination under more natural 
settings is required.
  The identification of adult NSCs has opened a new door for 
novel treatments for the repair of already damaged neural tis-
sues in the central and PNSs. Although our understanding of 
NSCs is still rather elementary, many researchers are trying to 
characterize the cellular mechanisms that guide the cell fate and 
behavior of stem cells. In the near future, cumulative studies 
will provide an efficient way to manipulate endogenous NSCs 
for therapeutic applications. 
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