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Abstract

The adult mammalian central nervous system (CNS) lacks the capacity for regeneration, making it
a highly sought-after topic for researchers. The identification of neural stem cells (NSCs) in the
adult CNS wiped out a long-held dogma that the adult brain contains a set number of neurons and
is incapable of replacing them. The discovery of adult NSCs (aNSCs) stoked the fire for
researchers who dream of brain self-repair. Unfortunately, the quiescent nature and limited
plasticity of aNSCs diminish their regenerative potential. Recent studies evaluating aNSC
plasticity under pathological conditions indicate that a switch from quiescent to active aNSCs in
neurogenic regions plays an important role in both repairing the damaged tissue and preserving
progenitor pools. Here, we summarize the most recent findings and present questions about
characterizing the active and quiescent aNSCs in major neurogenic regions, and factors for
maintaining their active and quiescent states, hoping to outline an emerging view for promoting
the endogenous aNSC-based regeneration.
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Introduction

The mammalian central nervous system (CNS) has long been known for its poor capacity of
self-regeneration, likely owing to the lack of adult neural stem cells (aNSCs) and

neurogenesis. In the past few decades, extensive studies have identified aNSCs in two brain
areas, the subependymal zone (SEZ) of the lateral ventricle and the subgranular zone (SGZ)

© AlphaMed Press

Correspondence: Ya-Zhou Wang, Ph.D., Institute of Neurosciences, Fourth Military Medical University, 169 West Changle Road,
Xi’an 710032, China. Telephone: (86) 29-84779090; Fax: (86) 29-83246270; yazhouw@fmmu.edu.cn; or Chengji J. Zhou, Ph.D.,
Room 602B, Shriners Institute for Pediatric Regenerative Medicine, 2425 Stockton Blvd., Sacramento, California 95817, USA.
Telephone: 916-453-2268; Fax: 916-453-2288; cjzhou@ucdavis.edu; or Wenbin Deng, Ph.D., Room 653B, Shriners Institute for
Pediatric Regenerative Medicine, 2425 Stockton Blvd., Sacramento, California 95817, USA. Telephone: 916-453-2287; Fax:
916-453-2288; whdeng@ucdavis.edu.

Disclosure of Potential Conflicts of Interest

The authors declare no potential conflicts of interests.

Author contributions: Y.-Z.W.: conception, manuscript writing, financial support; J.M.P. and P.J.: conception, manuscript writing;
C.J.Z.: conception, manuscript writing, financial support; W.D.: conception, manuscript writing, financial support, final approval of
manuscript.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Wang et al.

Page 2

of the hippocampal dentate gyrus, which inspired researchers to explore the possibility of
the CNS repairing itself. Unfortunately, brain aNSCs are largely quiescent, maintain a low
metabolic rate, and undergo self-renewal coupled with a very long cell cycle under
physiological conditions. Upon injury or pathological challenge, although these aNSCs
respond by increasing proliferation, reactivating the differentiation program and migrating
toward lesion sites, only a very limited number of new neurons mature and integrate into the
preexisting circuits. Most of the newborn cells die, and others become astrocytes or
oligodendrocytes [1], leaving a slim hope for CNS self-regeneration. To achieve endogenous
NSC-based CNS regeneration, the successful strategy reported thus far is to expand NSCs
with an external stimulus. For example, post-ischemic administration of epidermal growth
factor (EGF) and fibroblast growth factor (FGF), two commonly used growth factors in
NSC culture, can amplify SGZ neural progenitors, generate more projection neurons that
integrate into the damaged circuit, and thereby ameliorate neurological deficits [2].
Therefore, a “competent” stem cell pool may be particularly important for regeneration.

Some mammalian tissues, including intestine, skin, and blood system, are capable of
regeneration. A recent proposal suggested that an important reason for the quick response
and successful repair after injury in these regions outside of the CNS is the coexistence of
quiescent and active stem cells within the tissue [3]. These active stem cells are
multipotential, undergo self-renewal with a short cell cycle, are derived from quiescent stem
cells, and give rise to transit amplifying progenitors (TAPS). In comparison with quiescent
stem cells, active stem cells respond more rapidly to damage signals. In these tissues, the
active and quiescent stem cells are maintained by Wnt and bone morphogenetic protein
(BMP) signals, respectively, which indicates distinct supporting microenvironment [3]. In
the salamander, a prominent phenomenon that occurs after spinal cord injury is that the local
aNSCs proliferate quickly to form blastema, a structure essential for reestablishing the lost
tissue [4]. One reason why salamanders, but not mammals, form a blastema after injury is
that aNSCs in the salamander are constantly cycling, whereas mammalian aNSCs remain
largely quiescent. In the olfactory epithelium (OE), a well known regenerative region in the
adult mammalian peripheral nervous system, proliferative aNSCs can easily be detected and
new neurons are consistently produced throughout the life span of the animal.

The existence of highly proliferative aNSCs (active aNSCs) or activation of quiescent
aNSCs in nonmammalian species and non-CNS mammalian tissue suggests that these two
components are crucial for endogenous NSC-based CNS regeneration. This review
summarizes recent progress and proposed questions about the identification of active NSCs
in three major neurogenic regions (SEZ, SGZ, and OE) of the adult mammalian nervous
system and the factors that regulate the balance between the active and quiescent state of
aNSCs, hoping to gain insight for future studies of CNS regeneration.

Quiescent and Active NSCS in the Adult Nervous System

Quiescent and Active NSCs in the Adult Hippocampus

In the SGZ, two types of astroglial-like cells are thought to be aNSCs based on their markers
expression, proliferation kinetics, and differentiation abilities [5]. Type 1 cells express nestin
(Nes), glial fibrillary acidic protein (Gfap), brain lipid-binding protein (Blbp), glutamate
transporter (Glast), and Sox2 and are generally quiescent. Type 2 cells, which display a
nonradial or horizontal morphology (have no processes or bear a very short process),
express Nes and Sox2, are derived from type 1 cells, and are highly proliferative [5]. Type 2
cells can be subgrouped based on their proneuronal transcription factor expression; type 2a
cells express Mash1 and type 2b cells (the TAPS) express prospero-related homeobox 1 gene
(Prox1) and neurogenic differentiation 1 (Neurodl) [6].
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A recent study using the canonical Notch signaling reporter, Hes5, to label aNSCs in the
SGZ revealed the presence of two groups of aNSCs: (a) proliferating horizontal type 1 cells
or active NSCs that express proliferating cell nuclear antigen (Pcna) and can be identified by
a 1-day BrdU pulse; and (b) BrdU-retaining quiescent aNSCs. External stimuli activate the
quiescent aNSCs. For example, running specifically recruits quiescent NSCs into the active
NSC pool. Depletion of active NSCs rather than quiescent NSCs leads to impaired
neurogenesis in aged mice. Furthermore, if stimulated by seizure, the quiescent NSCs in
aged mice can be reactivated [6]. These data indicate that active and quiescent stem cells of
functionally different groups coexist in the hippocampus. Another study further
demonstrated that the quiescence of SGZ NSCs is specifically maintained by BMP
signaling; inhibition or ablation of BMP signaling results in a temporal increase in
progenitor proliferation and subsequent decrease of neurogenesis due to exhaustion of the
stem cell pool [7]. This raises the question as to whether the Wnt signaling pathway, like in
the regenerative tissues (skin, intestine, and blood system), is involved in the regulation of
active aNSCs in the SGZ? Previous studies reported that Wnt signaling was activated in the
SGZ progenitors and in coordination with Sox2 promoted the proliferation and neuronal
differentiation of hippocampal progenitors through inducing the expression of Neurod1 [8].
These results indicate that Wnts may act as a key signal to activate NSCs in the
hippocampus.

Quiescent and Active NSCs in the Adult SEZ

Similar to the SGZ, two types of astroglial-like cells have been proposed to be aNSCs in the
SEZ. One is the type B cells, which are Nes negative and Gfap positive, and lie between
migrating neuroblasts and the underlying striatum as well as between migrating neuroblasts
and the ependymal cells. Type B cells give rise to the most actively proliferating cells called
type C cells (the TAPs), which serve to increase the neuroblast (type A cells) pool. Type B
stem cells are further subgrouped as type B1 and type B2 cells. Type B1 cells physically
separate type A cells from the ependymal layer. Type B2 cells separate type A cells from the
surrounding striatal parenchyma. A recent cell sorting and genetic lineage tracing study
showed that 1d1Ni9" type B1 astrocytes were the quiescent NSCs [9], whereas type B2 cells
were more proliferative. After a 10-year debate, CD133/promininl positive ependymal cells,
found in the ependymal zone, were demonstrated to be multipotent [10]. Furthermore,
ischemia activates ependymal cells leading them to generate neuroblasts and astrocytes and
suggesting the quiescent stem cell identity of ependymal cells [11]. Recently, a study using
the split-Cre technology showed that CD133/promininl and Gfap double positive radial
glial-like cells in the SEZ, which extend processes basally between ependymal cells to the
ventricle and apically through TAPs and neuroblasts to blood vessels, were quiescent NSCs
[12]. It is not clear whether the previously identified CD133/promininl positive ependymal
stem cells might be contaminated by CD133/promininl and Gfap double-positive radial
glial-like cells in the SEZ. If this is true, the identity of SEZ quiescent stem cells can be
more unambiguously defined.

Although the injury-induced SEZ cell response has been widely acknowledged, the
characterization of active NSCs has not been clearly described, except in one study
indicating that EGF-responsive type C cells are likely the active stem cells because of their
active proliferation, neurosphere formation, and multipotency [13]. In demyelination
models, polysialylated neural cell adhesion molecule/Sox9 double positive progenitors or
type C cells have also been demonstrated to exhibit properties of short cell cycle and
multipotency [14, 15]. In addition, physiological stimulation such as olfactory enrichment
promotes neurogenesis by increasing the proliferation of type C cells [16]. Pharmacological
depletion of type C cells using AraC-treatment induces the proliferation of quiescent aNSCs.
Stroke also activates ependymal cells, prompting them to re-enter the cell cycle [11].
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Another question concerning active versus quiescent NSCs in the SEZ is whether these two
subtypes are differentially regulated. Emerging evidence indicates that quiescent and active
NSCs in the SEZ are regulated by BMP and Wnt signaling, respectively. Noggin is
expressed by ependymal cells, whereas BMP2, BMP4, and their receptors are expressed by
SEZ cells. Activation of BMP signaling blocks adult neurogenesis and promotes astrocyte
differentiation [17]. Given the glial-like identity of quiescent NSCs, these data implicate an
important role of BMP signaling in maintaining quiescent NSCs. Using Axin2 as a reporter
of Wnt activation, Wnt signaling was shown to be activated in Mash1-positive type C and
Gfap-positive type B cells [18]. Activation of Wnt signaling promotes the proliferation of
Mash1-positive cells, and thus increases neurogenesis. Overactivation of Wnt signaling can
lead to exhaustion of stem cells in the SEZ [18]. Considering that type B2 cells are also
proliferative and give rise to type C cells, whether they could be the active NSCs in the SEZ
remains to be determined.

Quiescent and Active NSCs in the OE

The OE is another well-known neurogenic niche in the adult mammalian nervous system.
Two groups of progenitors or stem cells with different morphology and proliferation
properties have been identified in the OE, namely the horizontal basal cells (HBCs) and
globose basal cells (GBCs). Both cells express Sox2 and have been suggested to be
multipotent [19-21]. GBCs express GBC1/GBC2 and the neural progenitor marker Mash1
and are more proliferative. HBCs express K5/K14 and are more quiescent. GBCs respond to
most injuries while HBCs are only activated in response to severe injury that depletes GBCs
[22]. In the OE, BMP acts on the early phase of neural progenitors, reduces the expression
of Mash1 and proliferating cells, and thus strongly inhibits neurogenesis [23]. During
development and chemically-induced OE regeneration, Wnt signaling is activated (and
reactivated) in and can promote both proliferation and neuronal differentiation of
proliferating Sox2-positive NSCs. These Wnt responsive, proliferative cells largely overlap
with GBC markers and partly with HBC markers, suggesting a transit status between the
quiescent stem cells and TAPs [24]. Therefore, BMP and Whnt also regulate the different
states or groups of aNSCs in the OE. Whether the previously reported BMP signaling is
specifically activated in HBCs, which can be easily identified by its unique morphology and
K14/K5 expression, remains to be determined.

Active NSCs, Quiescent NSCs, and TAPs

In general, the progression of aNSCs flows from quiescent NSCs to TAPs and then to
neuroblasts. As discussed above, emerging data suggest that in the neurogenic regions of the
adult nervous system, distinct populations of NSCs exist with different cell cycles, respond
differently to extrinsic stimuli and are regulated by different signals. In other words, it is
likely that a group of active NSCs exists in neurogenic regions to function as an intermediate
between quiescent NSCs and TAPs (Fig. 1). As defined by the term “stem,” active NSCs are
multipotent and self-renewing and “active” NSCs are actively cycling cells. In comparison
with quiescent NSCs, candidate active NSCs: (a) are highly proliferative (can not retain
DNA labeling [3]), (b) are more responsive to extrinsic, and in particular, pathological
stimulation, and (c) may be sustained by different niche signals (e.g., Wnt and BMP). In
comparison with TAPs, which are usually thought to be lineage restricted, active NSCs: (a)
are multipotent and (b) can be clonally propagated for long-term in vitro if the cells were
initially selected using the proper markers (e.g., Lgr5 for active stem cells in the intestine)
and cultured in proper conditions. The advantage of this “coexistence” is that quiescent
NSCs act as a reservoir of stem cells while active NSCs as the competent stem cells for CNS
homeostasis and regeneration. Upon injury, the active stem cell pool enlarges quickly to
replenish the damaged tissue and shrinks after regeneration. The response of Wnt reactivated
progenitors has been shown to be essential for retina regeneration [25]. Therefore, full
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characterization of active NSCs and understanding the mechanisms that control the mutual
shift between these two groups or their status may provide insight for future studies of CNS
regeneration.

Factors that Regulate the Balance Between Active and Quiescent NSC
Status

Tumor Suppressive and Oncogenic Cell Cycle Regulators

The major difference between active and quiescent NSCs is the length of cell cycle.
Therefore, cell cycle regulators, particularly oncogenic and tumor suppressing genes, may
be involved in maintaining the active and quiescent states of aNSCs. The cell cycle
progression inhibitor p21 is reportedly essential for maintaining aNSCs in a quiescent state
[26]. Deletion of p21 results in increased proliferation and ultimately exhaustion of aNSCs
[26]. After ischemia, removal of p21 enhances proliferation and neuroblast migration [27].
The phosphatase and tensin homologue deleted on chromosome 10 (Pten), an upstream
factor of p21, suppresses NSC self-renewal by modulating GO-G1 entry [28]. Deletion of
Pten in aNSCs enhances constitutive neurogenesis in the SEZ [29]. Bmi-1, a polycomb
group gene and tumor suppressor, regulates proliferation and self-renewal of NSCs in
different developmental stages by targeting different cell cycle regulators. Cell cycle
suppressors, p16ink4a and p19arf, mediate the effects of Bmi-1 in postnatal NSCs [30],
whereas p21 mediates its function in embryonic and adult NSCs [31]. p53, a well-known
tumor suppressor, is expressed in SEZ progenitors. Loss of p53 increases progenitor
proliferation, suggesting a role for p53 in maintaining aNSC quiescence [32]. p63 and p73
also regulate the proliferation of NSCs. p73, in particular, maintains the neurogenic pool by
promoting self-renewal and proliferation and inhibiting premature senescence of NSCs [33].
These data suggest that cell cycle inhibitors may be crucial for maintaining the quiescent
status of aNSCs. Similarly, oncogenes or oncogenic signals may play roles in NSC
activation. For example, depletion of proto-oncogene c-myb in neural progenitors reduced
proliferative capacity and expression of Sox2 and Pax6 [34]. Future research needs to
address how cell cycle modulators can be manipulated to activate quiescent NSCs in the
context of injury.

Intrinsic Self-Renewal and Differentiation Modulators

To activate quiescent NSCs, the balance between self-renewal and differentiation must be
adjusted. Active NSCs are programmed for differentiation, whereas quiescent NSCs are kept
under tight control to maintain the self-renewal process. Intracellular modulators, especially
transcription factors and epigenetic regulators that stabilize the gene expression profile of a
cell, are essential for maintaining the status of self-renewal versus differentiation. How is
NSC self-renewal sustained intrinsically? Nuclear orphan receptor NR2E1 (TIx) maintains
the undifferentiated state of NSCs by recruiting histone deacetylases (HDACS) to its
downstream target genes, such as p21 (cipl/wafl) and Pten [35]. Bmi-1 regulates NSC self-
renewal as discussed above [30]. Sox2, highly expressed in adult neural progenitors,
regulates numerous downstream genes and forms regulatory loops with other important
pathways such as Sonic hedgehog (Shh) and epidermal growth factor receptor to maintain
NSC stemness [36,37]. Foxo3, a member of the Foxo transcription factor family associated
with longevity, has recently been shown to be important for maintaining the aNSC pool by
inducing a program of genes that preserves quiescence, prevents premature differentiation,
and controls oxygen metabolism [38]. It is unknown whether interactions occur among TIx,
Bmil, and Foxo3. This begs the question of whether there is a central molecule that unites
multiple pathways. A recent study shows that Gsk3 may be an important molecule that is
downstream of Wnt, Shh, Notch, and FGF signaling and maintains NSC homeostasis.

Stem Cells. Author manuscript; available in PMC 2012 March 17.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Wang et al.

Page 6

Deletion of Gsk3 leads to massive hyperproliferation of neural progenitors while reducing
the intermediate progenitor and postmitotic neuron populations [39].

To initiate differentiation, global gene expression in NSCs is epigenetically modified to
either promote the expression of neuronal genes or suppress the expression of glial genes or
vice versa. DNA methyltransferase 1 (Dnmtl) is highly expressed in NSCs. Dnmt1
deficiency creates a hypomethylation in progeny and results in precocious astrocyte
differentiation [40], suggesting a role for DNA methylation of astrocytic genes in neuronal
differentiation. As for neuronal genes, HDACs inhibit the expression of key neuronal genes
such as Neurodl, whereas deletion of HDAC2 disrupts neuronal differentiation specifically
in the adult but not in embryonic stages [41]. Emerging data indicate that microRNAs are
also important in NSC regulation. MiR-let7b regulates NSC proliferation while miR-9
regulates NSC differentiation, both by targeting and forming a feedback loop with TIx [42,
43]. MiR-184 and miR-137 act as the downstream targets of Methyl-CpG binding protein 1
(Mbd1) and Sox2, respectively [44]. In addition, miR-137 suppresses expression of the
polycomb group protein Ezh2, thereby leading to a global reduction of H3K27 methylation
in aNSCs in the SGZ [44]. One of the most abundant microRNAs in the brain, miR-124, is
essential for neuronal differentiation of aNSCs in the SEZ, as it is a downstream target of
Sox9 [45]. It is not known whether these epigenetic modifications are specifically related to
distinct groups of aNSCs or can be regulated differently by the active and quiescent niche
signals.

Niche Signals for the Active and Quiescent NSCs

aNSCs reside exclusively in their special niches. In the brain, NSC niches are composed
mainly of the surrounding astrocytes, vascular cells, and extracellular matrix. As suggested,
quiescent and active NSCs are regulated differently by different signals, such as BMP and
Whnt. Therefore, niche signals may play an important role in regulating the active and
quiescent states of aNSCs. In Drosophila, a group of nutrition responsive glia release
insulin-like peptides to trigger the cell cycle reentry of quiescent NSCs [46]. In mice,
astrocytes in the SGZ release Wnt3, and in the SEZ release Wnt7a to stimulate the
proliferation and neuronal differentiation of aNSCs [8]. Astrocytes in both regions express
Shh to induce neurogenesis [47]. Endothelial cells in the SEZ release vascular endothelial
growth factor (VEGF) and pigment epithelium-derived factor (PEDF) to modulate NSC
proliferation [48], which is consistent with the observation that aNSCs closely opposed to
vascular endothelial cells are more proliferative [49, 50].

How are the quiescent aNSCs maintained by niche signals? In addition to BMP, Notch
signaling is reportedly essential for maintaining the quiescence of aNSCs in both the SEZ
and the SGZ [51]. Stroke can disrupt notch signaling in the ependymal cells, thereby
mobilizing ependymal cells to generate neuroblasts and astrocytes in the SEZ [11]. Whether
Notch signaling is required for HBC quiescence in the OE is not known. Other candidate
signals come from the Eph/Ephrins family. Astrocytes in areas outside of the SEZ and sub-
ventricular zone express high levels of ephrin-A2 and ephrin-A3, which negatively regulate
the NSC growth in these regions [52]. Ephrin-B2/ephrin-B3 is expressed by ependymal cells
and astrocytes in the SEZ. Activation of this pathway is required for ependymal cell
maintenance, whereas disruption of this pathway increases SEZ cell proliferation [53].
Further studies are needed to elucidate whether these signals are specifically associated with
the active versus quiescent NSC groups, and how the niche signals are changed upon injury
to active quiescent NSCs.

An important question is that how these niche signals and the above mentioned intracellular
modulators work together to regulate the behavior of aNSCs? Whnt signaling can promote the
symmetric division [54] and shorten the cell cycle of aNSCs [55], thereby increasing the cell
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proliferation. Cycling D1 has been demonstrated as a target gene of Wnt signaling during
this process. Simultaneously, Wnt activation induces the expression of Neurod1 and Prox1
[8, 56] and thus promoting neuronal differentiation. BMP signaling promotes the cell cycle
exit of SEZ NSCs by upregulation of Pten [57]. For other niche signals, such as Notch,
VEGF, PEDF, Shh, and Eph/Ephrins, the detailed underlying mechanisms of their regulation
of and coordinative effects on the two populations of aNSCs are still largely unknown.

Conclusion

Both development and regeneration are self-organizing processes, in which the starting point
paves the way for the final output. The coexistence of active NSCs in neurogenic regions of
the adult nervous system and the reactive response of quiescent NSCs to injury suggests an
important role for active NSCs in regeneration. Understanding the mechanisms that balance
the active versus quiescent states of aNSCs will have important implications in developing
novel endogenous stem cell-based regenerative therapies. One thing to note is that most, if
not all, of the studies summarized here are from mice. To what extent these lessons can be
expanded to humans requires future investigations. With the progress of NSC biology and
the convergence of new knowledge in related fields, it is our hope to make the dream of
CNS regeneration a reality in the not so distant future.
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Figure 1.

A simplified model of adult neural stem cells (aNSCs) lineages. (A): In the traditional
model, aNSCs are viewed as quiescent and directly give rise to transit amplifying
progenitors (TAPS). (B): In the newly proposed coexistence model, active NSCs act as an
intermediate between quiescent NSCs and TAPs. Active and quiescent NSCs are maintained
by distinct niche signals. Abbreviations: BMP, bone morphogenetic protein; NSCs, neural
stem cells; Shh, Sonic hedgehog; TAP, transit amplifying progenitors.
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