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Abstract. Adult neurogenesis is the process of generating new neurons that become integrated 
into existing circuits after fetal and early postnatal development has ceased. In most mammalian 
species, adult neurogenesis only appears to occur in the olfactory bulb and the hippocampus, where 
neural stem/progenitor cells (NPCs) exist to create new neurons. In adult neurogenesis, microenvi-
romental change is thought to provide a specific modulation for maintaining the multi-potent state 
of these NPCs. Neurodegeneration is driven by the activation of resident microglia, astrocytes, and 
infiltrating peripheral macrophages, which release a plethora of cytokines, chemokines, neuro-
transmitters, and reactive oxygen species. These endogenous factors cause further bystander dam-
age to neurons and produces both detrimental and favorable conditions for neurogenesis. Interest-
ingly, these endogenous factors also affect the proliferation, migration, differentiation, and survival 
of the NPCs, as well as regulate the incorporation of newly formed neurons into the brain circuitry. 
The unique profile of the endogenous factors released can vary the degree of neuroregeneration 
after neurodegeneration. This current review summarizes recent knowledge in the emerging field 
that is showing that adult neurogenesis is regulated by endogenous factors produced during 
neurodegeneration.
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Current Perspective

1. Introduction

A considerable large body of evidence suggests the 
prevailing view that neurogenesis occurs in the mature 
brain of adult mammals in addition to its occurrence in 
the developing brain. A part of the evidence for this view 
is the existence of neural stem/progenitor cells (NPCs) in 
the mammalian central nervous system. These NPCs are 
defined as primitive cells with self-renewal capacity and 
multi-potentially to generate several neural lineages in-
cluding neurons, astrocytes, and oligodendrocytes. Al-
though the NPCs are abundant in different discrete re-
gions of the brain during embryonic and postnatal 
development, the adult brain contains these NPCs in 
limited brain regions including the subgranular zone 

(SGZ) in the dentate gyrus and the subventricular zone 
(SVZ) in the lateral walls of the lateral ventricles, where 
the NPCs migrate and differentiate into neurons in the 
hippocampal dentate gyrus and the olfactory bulb, re-
spectively (1). The NPCs in the SGZ are radial glia-like 
cells that are different from the cells of the SVZ. In the 
healthy adult brain, NPCs-mediated neurogenesis is in-
volved in learning and memory and neural turnover in 
the hippocampal dentate gyrus and olfactory bulb. How-
ever, adult neurogenesis occurs not only primarily in the 
hippocampal dentate gyrus and olfactory bulb, but also 
in other areas throughout the brain. The evidence for this 
suggestion comes from the findings that NPCs exist in 
many discrete regions of the brain including the neocor-
tex, spinal cord, tegmentum, substantia nigra, amygdala, 
and brain stem, as well as the SGZ and SVZ. Although 
the functional significance of the NPCs in these regions 
is unknown, such cells may await some stimulus to acti-
vate the process of neurogenesis.

In the 1990’s, the “rediscovery” of neurogenesis was 
due in large part to the observation that the number of Invited article
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new neurons in the adult hippocampus is modulated by a 
range of factors, including stress, aging, environment, 
and locomotion activity. Numerous drugs and behaviors 
affect the number of new neurons in the brain (1). In 
addition, several neuropsychiatric conditions are associ-
ated with altered rates of neurogenesis in animal models 
such as Alzheimer’s disease, temporal-lobe epilepsy, 
ischemia, and depression. In these cases, it remains un-
clear whether perturbed neurogenesis is a symptom of 
the disorder or has a causal role.

Although neurological deficits resulting from brain 
injury and neurodegenerative disorders are primarily due 
to neuronal death, the disruption of endogenous neuro-
genesis also contributes to neurological deficits as well 
as to hindering the recovery from brain insults. In the 
case of brain injury or neurodegenerative disorders, en-
dogenous factors are released during neurodegeneration. 
The relationship between neuronal death and neurogen-
esis regulation has been documented but remains an ob-
ject for intense investigation. Notably, recent collective 
reports indicate that during brain injury and in neurode-
generative disorders, neurogenesis is controlled by cyto-
kines, chemokines, neurotransmitters, and reactive oxy-
gen/nitrogen species (ROS), which are released by dying 
neurons as well as by activated macrophages, microglia, 
and astrocytes (2). This review provides an overview of 
recent findings showing that neurogenesis is regulated by 
endogenous factors including chemokines, cytokines, 
neurotransmitters, and ROS released from damaged 
neurons, microglia, and astrocytes under neuropathologi-
cal conditions. Neurogenesis is completed by multiple 
steps including proliferation, migration, differentiation, 
survival, and integration of the newly formed neurons 
recruited into the circuitry of the brain. Finally, we sum-
marize the effect of endogenous factors on these steps 
during neurogenesis.

2. Brain injury

Adult neurogenesis in the central nervous system dur-
ing injury has been studied using animal models of neu-
ronal damage and human patients with neurodegenerative 
disorders such as stroke, mechanical injury, Alzheimer’s 
disease, Parkinson’s disease, Huntington’s disease, and 
amyotrophic lateral sclerosis.

2.1. Stroke
Brain ischemia enhances neurogenesis in the hip-

pocampal dentate gyrus and SVZ of adult animals. The 
evidence for this enhancement comes from the finding 
that transient global ischemia in the brain increases the 
number of mitotic cells labeled with bromodeoxyuridine 
(BrdU) or expressing Ki67 in the hippocampal SGZ (3) 

and SVZ (4). BrdU-positive cells in the SGZ successfully 
migrate to the dentate granular cell layer, whereas those 
in the SVZ migrate to the olfactory bulb, cortex, and 
striatum. The majority of these BrdU-positive cells has 
been confirmed to differentiate into neurons in the re-
spective regions.

2.2. Mechanical damage
Following mechanical damage, neurogenesis is not 

only facilitated in the hippocampus and olfactory bulb 
but also stimulated in the brain regions damaged by 
mechanical impact (5). Aspiration lesions of the senso-
rimotor cortex in adult rats produce a transient doubling 
of the number of cells in the SVZ with an increase in the 
expression of the immature neuronal marker known as 
polysialylated neural cell adhesion molecule (PSA-
NCAM). In another experimental model of traumatic 
brain injury, BrdU-labeled cells increase the number in 
the SGZ at a maximal rate on day 3 post-injury (6). One 
month post-injury, these BrdU-labeled cells become re-
cruited into the circuitry of the dentate gyrus as newly 
generated mature neurons, which are positive for calbin-
din. In an experimental murine model of severe compres-
sion spinal cord injury, proliferation, migration, and 
differentiation into mature neurons of endogenous NPCs 
in the spinal cord are increased at an early stage after the 
traumatic injury (7).

2.3. Neurodegenerative disorders
The studies on patients with Alzheimer’s disease and 

a mouse model of Alzheimer’s disease demonstrated that 
early neuronal differentiation markers, including TUC-4, 
doublecortin, and PSA-NCAM, are highly expressed in 
the hippocampus (8, 9). Evidence for NPC-generated 
dopaminergic projection neurons of the type that are lost 
in Parkinson’s disease has been obtained by studying 
Parkinson’s disease model mice prepared by treatment 
with 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine. These 
model mice show an increase in the number of BrdU-
labeled proliferating cells within the substantia nigra 
post-injury (10). To investigate neurogenesis in the sub-
ependymal layer adjacent to the caudate nucleus in the 
human brain, a process that occurs in response to neuro-
degeneration of the caudate nucleus in Huntington’s 
disease, postmortem control and Huntington’s disease 
human brain tissues have been examined for the expres-
sion of proliferating cell nuclear antigen (PCNA), the 
cell cycle marker; βIII-tubulin, a neuronal marker; and 
glial fibrillary acidic protein (GFAP), an astrocyte 
marker. The results indicated a significant increase in 
cell proliferation in the subependymal layer in the Hun-
tington-disease specimen compared with that in the 
control brains (11). In these experiments, PCNA-labeled 
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cells were shown to co-express βIII-tubulin or GFAP, 
demonstrating the generation of neurons and glial cells 
in the subependymal layer of the diseased human brain. 
Further evidence for enhanced neurogenesis in Hunting-
ton’s disease is also provided by studying the quinolinic 
acid-treated Huntington’s disease model mice (12). 
Moreover, it has been demonstrated that amyotrophic 
lateral sclerosis–like transgenic mice show enhanced 
proliferative activity and vigorous migration of endoge-
nous NPCs with differentiation into neurons within their 
spinal cord (13, 14).

2.4. Neurotoxicant-induced brain injury
An acute systemic treatment with kainic acid as an 

excitotoxin is classically known to produce limbic seizure 
and irreversible neuronal loss predominantly in pyrami-
dal neurons of the hippocampal CA1 and CA3 in rats and 
mice. A large number of reports have provided evidence 
for enhanced neurogenesis in the dentate gyrus, although 
the functional significance of neurogenesis after pyrami-
dal cell damage in the hippocampal CA regions remains 
to be elucidated. In addition to kainic acid, the organotin 
derivative trimethyltin (TMT) causes neuronal loss in the 
hippocampus (15, 16). In mice, in vivo acute systemic 
treatment with TMT produces severe loss of granule 
neurons in the dentate gyrus, without that of pyramidal 
neurons in the CA regions, on day 2 post-treatment. Our 
further observations have shown TMT-induced neuronal 
damage with a similar time course in the olfactory bulb 
of mice. Most interestingly, the granule cell layer is re-

generated after severe loss of granule cells in the dentate 
gyrus in the TMT-treated mice. Thus, it is thought that 
the TMT-treated mice are useful as an animal model for 
evaluation of neuroregeneration through enhanced neu-
rogenesis following neuronal damage in the dentate gurus 
and olfactory bulb, where neurogenesis mainly occurs 
under healthy conditions. Following TMT-induced 
granule loss in the dentate gyrus, the number of BrdU-
labeled proliferating cells markedly increases on day 
3 – 5 in any of the dentate gyrus subregions including the 
SGZ, granule cell layer, hilus, and molecular layer (17). 
In addition to BrdU-labeled cells, nestin-positive cells 
also increase in number in all subregions of the dentate 
gyrus after TMT treatment (Fig. 1, upper panels). How-
ever, a TMT-induced increase in Ki67-labeled cells is 
observed predominantly in the SGZ and granule cell 
layer (Fig. 1, lower panels). These findings suggest the 
possibility that BrdU-labeled cells come from other re-
gions, probably the SVZ, after TMT-induced granule cell 
loss. In addition to the dentate gyrus, the olfactory bulb 
also contains proliferating cells activated by neuronal 
damage induced by TMT treatment.

In TMT-treated mice, there are at least 3 phases for 
observation in the dentate gyrus after TMT treatment. 
These include the “neurodegeneration window” up to 
day 2, the “NPC proliferation window” from days 2 to 5, 
and the “NPC migration/differentiation window.” TMT 
treatment markedly activates microglia and astrocytes at 
the phase of NPC proliferation in the dentate gyrus. Table 
1 shows the changes in the level of endogenous factors 
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Fig. 1. Enhanced expression of nestin 
and Ki67 in the hippocampal dentate 
gyrus following granule cell loss treated 
with TMT. Mice were given TMT (2.8 
mg/kg, i.p.) and then fixed on day 3 post-
treatment for preparation of hippocampal 
sagittal sections, which were then sub-
jected to immunostaining for Ki67 and 
nestin. Scale bar = 200 μm. gcl, granule 
cell layer; hi, hilus; ml, molecular layer.
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released from activated microglia and astrocytes at the 
phase of NPC proliferation in the dentate gyrus of TMT-
treated mice. TMT is capable of producing tumor necrosis 
factor α (TNFα), interleukin (IL)-1β, and nitric oxide 
(NO) synthase (NOS)2 (iNOS) at the phase of NPC 
proliferation, but not during that of neurodegeneration, in 
the dentate gyrus. These observations suggest that these 
endogenous factors mediate neurogenesis in the dentate 
gyrus. Next we focus on endogenous factors released 
from glial cells activated by neurodegeneration.

3. Pro-inflammatory cytokines

Pro-inflammatory cytokines are produced predomi-
nantly by activated immune cells such as microglia and 
are involved in the amplification of inflammatory reac-
tions. Such cytokines include IL-1, IL-6, and TNFα. It is 
well established that inflammation plays a positive role 
in neurogenesis during brain ischemia. Multiple models 
of ischemic-induced inflammation have demonstrated an 
increase in neurogenesis (4). Alzheimer’s disease is a 
chronic inflammatory disease that has been shown to 
cause elevated levels of neurogenesis. In addition to 
these disorders, TMT treated mice have the ability to 
enhance production of pro-inflammatory cytokines dur-
ing the phase of NPC proliferation after neuronal 
damage.

3.1. Interferon gamma (IFNγ)
Phenotypic changes in neurogenesis associated with 

inflammatory disease occur partially through the regula-
tion and production of cytokines. Of several cytokines, 
IFNγ promotes neural differentiation and neurite out-
growth in adult murine NPCs (18) and in the human 
neuroblastoma Paju cell line (19). However, IFNγ has 
opposing dual effects on neurogenesis: one is stimulation 
of NPC migration and differentiation into neuronal cells 
and the other, inhibition of NPC proliferation and sur-
vival (20).

3.2. TNFα
TNFα is a pleiotropic pro-inflammatory cytokine that 

has been extensively investigated in neurodegenerative 
disorders. TNFα is predominantly expressed by activated 
microglia and, to a lesser extent, by astrocytes and neu-
rons. Some reports indicated that TNFα has distinct ef-
fects on proliferation, differentiation, and migration in 
newly generated cells during neurogenesis process. 
TNFα promotes the proliferation and differentiation into 
astrocytes in human fetal cortical NPCs (21). Another 
report demonstrated that TNFα is multifunctional, inhib-
iting NPC proliferation but stimulating migration of 
newborn rat striatal NPCs (20). Further studies will be 
needed to elucidate the functional significance of TNFα 
in neurogenesis.

3.3. IL-1β and IL-6
In vitro exposure of embryonic rat brain NPCs to IL-

1β inhibits their proliferation through apparent apoptosis 
induced by excess IL-1β (22). Conversely, others re-
ported that IL-1β increases the proliferation of fetal hu-
man NPCs and inhibits their differentiation into neurons 
(21). IL-6 has the ability to cause NPCs to differentiate 
into astrocytes. In addition, transgenic mice with chronic 
expression of IL-6 have a dramatic reduction in hip-
pocampal neurogenesis (23). It is thus thought that IL-1β 
and IL-6 work as gliogenesis factors, not as neurogenesis 
factors.

4. Glutamate

As the major excitatory neurotransmitter in the mam-
malian brain, glutamate can activate both fast excitatory 
synaptic potentials via ionotropic glutamate receptors 
and slow excitatory synaptic responses via metabotropic 
glutamate receptors (mGluRs). To date, 8 mGluR sub-
types (mGluR1 – mGluR8) have been found in the mam-
malian brain and are classified into 3 groups with respect 
to their structural features, neuronal signaling, and phar-
macological properties: Group I mGluRs include mGluR1 
(with alternatively spliced variants, mGluR1a – g) and 

Table 1. Changes in gene expression in the hippocampus at an early 
step of neurogenesis following granule cell loss induced by TMT 
treatment

Genes TMT (% of control)

TNFα 576 ± 124**

IL-1β 259 ± 84*

IL-6 182 ± 35*

IFNγ 175 ± 61

NOS1 (nNOS) 70 ± 34

NOS2 (iNOS) 221 ± 46*

NOS3 (eNOS) 86 ± 10

STAT3 116 ± 15

FasL 87 ± 25

Pax6 123 ± 36*

COX1 117 ± 29

COX2 94 ± 13

Mice were given TMT (2.8 mg/kg, i.p.) or saline and decapitated for 
preparation of total RNA on day 3 post-treatment. Total RNA was 
subjected to semi-quantitative RT-PCR for determining the expres-
sion level of the genes listed. *P < 0.05, **P < 0.01, significantly 
different from the control value obtained for mice treated with saline. 
Values are from 4 separate animals.
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mGluR5 (with differently spliced forms, mGluR5a and 
b); Group II mGluRs include mGluR2 and mGluR3; and 
Group III mGluRs include mGluR4 and mGluR6 – 8. 
The ionotropic glutamate receptors have been classified 
into 3 pharmacologically distinct groups: α-amino-3-
hydroxy-5-methyl-4-isoxazole propionic acid (AMPA) 
receptors, kainate receptors, and NMDA receptors.

Endogenous factors released during the neurodegen-
erative process are not only pro-inflammatory cytokines 
expressed in damaged regions but also glutamate released 
from activated microglia and damaged neurons. Although 
an excess of extracellular glutamate is well-known to 
produce neuronal death, recent studies have shown the 
involvement of extracellular glutamate in proliferation, 
migration, and differentiation of the NPCs. Of the iono-
tropic glutamate receptors, NMDA receptors are involved 
in neurogenesis in both the developing and adult brains. 
As shown by in vitro studies, NMDA receptor–mediated 
activation of ERK and cAMP-response element binding 
protein promotes the proliferation of the NPCs derived 
from fetal cortex through an increase in intracellular 
Ca2+. In vivo experiments, however, revealed that treat-
ment with NMDA-receptor antagonists significantly in-
creases the number of newly generated neurons and radial 
glia-like cells in the dentate gyrus of the aged and young 
adult rats, suggesting that NMDA-receptor activation 
negatively regulates hippocampal neurogenesis (24). 
These paradoxical findings may due to the different ex-
perimental conditions between in vitro and in vivo ex-
periments. To address these issues under different ex-
perimental conditions, we determined the effect of 
NMDA-receptor antagonists on the proliferation of pro-
liferating cells in the hippocampal dentate gyrus of 
TMT-treated mice under both in vivo and in vitro experi-
mental conditions (Fig. 2). As demonstrated above (Fig. 
1), TMT treatment produced granule neuron loss (“neu-
rodegeneration window”), with subsequent activation of 
the neurogenesis process for neuroregeneration (“NPC 
proliferation and migration/differentiation windows”) in 
the dentate granule cell layer in mice. During the NPC 
proliferation window after TMT treatment in vivo, the 
NMDA-receptor antagonist MK-801 significantly de-
creased the number of BrdU-labeled cells from the SGZ 
(Fig. 2a). To prepare the NPCs in the dentate gyrus, we 
have tried to culture the proliferating cells derived from 
the dentate gyrus during the NPC proliferation window 
after TMT treatment in vivo. Finally, we succeeded in 
culturing NPC neurospheres, which were capable of dif-
ferentiating into neurons, astrocytes, and oligodendro-
cytes, in the presence of growth factors and glutamate. In 
in vitro experiments using the cultured NPC neurospheres 
derived from the dentate gyrus of TMT-treated mice, 
exposure to MK-801 markedly inhibited the growth of 

the neurospheres in the presence of glutamate (Fig. 2b). 
Therefore, NMDA-receptor signals positively regulate 
neurogenesis in the dentate gyrus through activation of 
proliferative activity of the NPCs at least following 
neuronal degeneration.

mGluRs are important during development of the 
embryonic and adult brain. Whereas the blockage of 
mGluR5 or mGluR3 decreases cell proliferation and 
survival of cultured NPC neurospheres, the activation of 
mGluR5 increases cell proliferation of these neurospheres 
(25). In addition to the in vitro experiments, in vivo ex-
periments have demonstrated that treatment with antago-
nists for mGluR3 or mGluR5S decreases proliferating 
cells in the SVZ and dentate gyrus of adult mice. More-
over, mGluR5-knockout mice have impaired learning 
and memory with a decrease in NPC proliferation (26). 
These findings all suggest that the activation of mGluR5 
and mGluR3 are essential for neurogenesis in developing 
and adult brain. As a conclusion, glutamate released from 
microglia and neurons during neuronal degeneration ac-
tivates NMDA receptors, mGluR3, and mGluR5 for 
promoting the proliferative activity of the NPCs.

5. ROS

ROS include the superoxide anion (·O2
−), hydrogen 

peroxide (H2O2), hydroxyl radical (·HO), NO, and per-
oxynitrite (ONOO−). A large number of studies indicate 
that ROS-induced changes in the intracellular redox sta-
tus influence cellular activities including signal transduc-
tion, metabolism, growth, and apoptosis, as well as cel-
lular systems involved in detoxification. Particularly, NO 
has been implicated in various pathogenic conditions, 
such as inflammation, neurodegenerative disease, cardio-
vascular disease, and neoplasia. NO is produced by NOS, 
which exists as 3 different isoforms known as the neu-
ronal isoform (NOS1, nNOS), inducible isoform (NOS2, 
iNOS), and endothelial isoform (NOS3, eNOS). NOS1 
and NOS3 are activated by Ca2+ via interaction with 
calmodulin, whereas NOS2 is expressed in most types of 
infections caused by pathogens such as bacteria, proto-
zoa, fungi, and viruses.

Accumulating evidence suggests that NO plays a criti-
cal role in neural development by affecting cell prolifera-
tion, migration, and differentiation. In neuronal cell lines 
and embryonic cells derived from neural tissues, NO at-
tenuates cell proliferation and facilitates cell differentia-
tion. Further evidence for the anti-proliferative effect of 
NO on NPCs comes from the observation that NOS in-
hibitors, for example, Nω-nitro-L-arginine methyl ester, 
significantly enhance neurogenesis in the SVZ and den-
tate gyrus of adult mice and rats (27). Contrariwise, NO 
is known to be essential for proliferation of glial tumor 
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cell lines (28). Further evidence for the essential role of 
endogenous NO and other ROS in the proliferation of 
NPCs comes from our recent findings that inhibitors of 
NOS and NADPH oxidase have the ability to attenuate 
proliferation of the NPCs derived from the hippocampus 
of embryonic mice (29).

The finding that enhanced expression of NOS2 (iNOS) 
after focal cerebral ischemia stimulates neurogenesis in 
the dentate gyrus supports the proposition that NO en-
hances neurogenesis in the dentate gyrus. In nNOS-
knockout mice, however, cerebral ischemia–induced 
NPC proliferation and survival of newly formed neurons 
is enhanced in the dentate gyrus (30). Since the focal 
cerebral ischemia produces an increase in the level of 
iNOS as well as a decrease in nNOS level in the hip-
pocampus, it is thought that enhancement of neurogenesis 

following brain ischemia may be due to up-regulation of 
iNOS after the decrease in nNOS in the hippocampus. 
Under neuro-inflammatory conditions such as brain 
ischemia, down-regulation of nNOS and up-regulation of 
iNOS may thus act as a mechanism underlying enhance-
ment of neurogenesis for recovery from the neuronal 
degeneration.

6. Conclusions

In this present review article, we documented that 
following neuronal damage in the brain, neurogenesis is 
promoted in the damaged portion of the brain through 
enhanced proliferation, differentiation, and migration of 
endogenous NPCs existing in the hippocampal SGZ and 
SVZ. The neurogenesis is positively regulated by numer-

Fig. 2. Effect of MK801 on proliferation of the dentate NPCs generated following granule cell loss treated with TMT. a) Mice 
were given either saline or TMT (2.8 mg/kg, i.p.) and then treated with saline or MK-801 (0.5 mg/kg, s.c.) with BrdU (50 mg/kg, 
i.p.) every 12 h (4 times) from day 2 to 4 after TMT treatment. Following fixation at 12 h after the final injection of MK-801, brain 
coronal sections were immunostanined for BrdU. Values are expressed the mean ± S.E.M. of BrdU-labeled cells in the SGZ. 
**P < 0.01, significantly different from the value obtained for animals treated with vehicle alone. ##P < 0.01, significantly differ-
ent from the value obtained for animals treated with TMT and saline. b) Cells were prepared from the hippocampal dentate gyrus 
of a mouse sacrificed on day 3 after TMT treatment and subsequently cultured in the DMEM F12 medium containing bFGF and 
EGF for 30 DIV in the absence or presence of MK-801. Under the conditions in the absence or presence of MK-801, round 
marked spheres were formed from the cells adhered to each other and subsequently proliferated to from large neurospheres in 
proportion to the duration of cultivation. Typical light micrographs of cells cultured for 30 DIV after seeding. Scale bar = 200 μM. 
The cells are seeded in the DMEM F12 medium containing 50 μM glutamate and 250 μM glycine, which are concentrations suf-
ficient for activation of NMDA receptors.



 431Regulation of Neurogenesis

ous endogenous factors, such as pro-inflammatory fac-
tors, glutamate, and ROS, that are released from microglia 
and astrocytes activated after neuronal damage (Table 2). 
Further studies will be needed to evaluate the mecha-
nisms underlying the regulation of neurogenesis by these 
factors in the damaged portion of the brain. Such future 
studies would hopefully contribute to the development of 
therapeutics for neurodegenerative disorders.

Two therapeutic strategies to enhance neurogenesis 
currently exist. The first is transplantation of exogenous 
NPCs. Exogenous NPCs for transplantation can be iso-
lated from electively aborted fetuses or derived from 
embryonic stem/progenitor cell lines. However, these 
strategies face many ethical and host-versus-donor rejec-
tion issues. Recent studies have shown that stem cells 
derived from non-neural tissues, including skin, bone 
marrow, and adipose tissue, can be trans-differentiated 
into neural stem cells. These non-neuronal–derived NPCs 
transplanted directly into the brain or introduced by in-
travenous injection would be expected to repopulate the 
damaged portion of the brain. The use of patient’ NPCs 
trans-differentiated from their own non-neuronal stem 
cells to create new self-neurons in individuals would re-
move the probably of host-versus-donor rejection. A 
second strategy would be to stimulate the proliferation, 
migration, and differentiation of endogenous NPCs. A 
full understanding of mechanisms underlying neurogen-
esis following neurodegeneration should contribute to 
the development of therapeutic drugs for neuronal regen-
eration through enhancement of neurogenesis in the 
damaged portion of the brain.
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