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Maintenance and differentiation
of neural stem cells
Katlin B. Massirer,1 Cassiano Carromeu,1 Karina Griesi-Oliveira1,2 and
Alysson R. Muotri1∗
The adult mammalian brain contains self-renewable, multipotent neural stem
cells (NSCs) that are responsible for neurogenesis and plasticity in specific
regions of the adult brain. Extracellular matrix, vasculature, glial cells, and other
neurons are components of the niche where NSCs are located. This surrounding
environment is the source of extrinsic signals that instruct NSCs to either selfrenew or differentiate. Additionally, factors such as the intracellular epigenetics
state and retrotransposition events can influence the decision of NSC’s fate into
neurons or glia. Extrinsic and intrinsic factors form an intricate signaling network,
which is not completely understood. These factors altogether reflect a few of the
key players characterized so far in the new field of NSC research and are covered
in this review.  2010 John Wiley & Sons, Inc. WIREs Syst Biol Med

A

dult neural stem cells (NSCs) have the capacity
to self-renew and to differentiate into neurons
and glia (mainly, astrocytes and oligodendrocytes).
In the developed nervous system, NSCs which, likely
originated from carryover embryonic cells from the
neural plate, are found in the adult hippocampus
and in the lateral ventricle.1,2 Undifferentiated NSCs
can then differentiate into neuronal progenitor cells
that migrate to more specific areas in the brain,
where the newborn neurons integrate and participate
in the local network.3,4 The choice between a
multipotent state and a committed state is dictated
by changes in the NSC transcriptional program in
response to both extrinsic and intrinsic factors. The
neurogenic niche and the cellular epigenetic state are
some of these factors that lead to transcriptional
modifications, which represent the earliest stage
of fate commitment. Cells that are committed to
the neuronal lineage will change their epigenetic
markers by modifying their chromatin state, allowing
expression of neuronal-specific genes.5 Interestingly,
the specific transcriptional machinery that activates
genes involved in neuronal maturation can also
activate a class of endogenous retrotransposons
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in the genome, previously regarded as ‘junk’ or
‘transcriptional noise’.6 These retrotransposons are
able to insert new copies of themselves into the
genome by an endonuclease and reverse transcriptase
activity.7,8 As a consequence, the new insertions can
modify the expression of nearby genes, giving rise to
slightly different cells with a unique genomic and
transcriptional signature.6,9 Extrinsic and intrinsic
factors act in synchrony, granting different layers
of plasticity and the necessary complexity for the
function of the central nervous system (CNS).

NEUROGENIC NICHE
The niche where adult NSCs reside is a microenvironment that ensures the maintenance of self-renewal
and the multipotent state of these cells. This intricate
and well-tuned signaling network regulates the transcriptional profile of the NSCs to either keep cells in
an undifferentiated state or trigger the precise timing
for neurogenesis to occur.
The two niches of neurogenesis in the adult
mammalian brain are the subventricular zone (SVZ) of
the lateral ventricle and the subgranular zone (SGZ) in
the dentate gyrus of the hippocampus.10 In both adult
neurogenic zones, the NSCs are in close contact with
endothelial cells, astrocytes, ependymal cells, neurons
and derived progenitor cells.10 All these cells have
a fundamental role in the preservation of the NSCs’
niche homeostasis. Due to the fact that adult neurogenesis was observed specifically in these areas of the
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brain, most of the initial NSC research has focused
on defining the histology and cell biology of these
stem cell niches. It was observed that in the SVZ, the
relatively quiescent and glial fibrillary acidic protein
(GFAP)-positive NSCs can give rise to a more rapidly
dividing population of transient amplifying progenitor
(TAP) cells, which are GFAP-negative and express the
homeobox proteins Dlx2 and epidermal growth factor
receptor. A third cell population, composed of neuroblasts generated from TAP cells, migrates through
the glial tubes to the olfactory bulb, where they differentiate mainly into inhibitory interneurons.4,11,12
The quiescent cells are intercalated with ependymal
cells that form a monolayer lining the lateral ventricle. Additionally, these cells have an apical process
that makes contact with the ventricle wall and a basal
process that touches the adjacent vasculature.13,14 In
this way, NSCs can be exposed to a variety of factors
circulating in blood vessels or in cerebrospinal fluid,
providing nutrients and signaling molecules to start
the process of differentiation. Similar to the SVZ, two
distinct populations of NSCs reside in the SGZ. Nonradial cells, which proliferate faster and are GFAPnegative, unlike radial cells that are GFAP-positive,
do not divide so frequently and have longer processes
that contact the granule cell layer. Radial cells may
give rise to neuroblasts that migrate to the granule
cell layer. Some of these precursor cells will survive
and differentiate into excitatory granule neurons and
integrate the hippocampus neuronal network.15,16
The importance of astrocytes in the NSC niche
was first elucidated using coculture experiments with
adult-derived NSCs and astrocytes isolated from different regions of the brain. Astrocytes, isolated from
neurogenic regions of the CNS, were able to induce
NSCs to differentiate into neurons. However, astrocytes from nonneurogenic regions did not stimulate
neuronal differentiation, but instead, they promoted
the differentiation of NSC into other cell types in
culture.17–19 A key factor released by astrocytes, and
involved in this process, is the proto-oncogene Wnt3.
The expression of Wnt3 persists in the adult hippocampus and can induce neurogenesis.20 Additional
evidence for the importance of astrocytes comes from
experiments inhibiting their capacity to secrete neurogenic factors, which results in decreased differentiation
and proliferation of NSCs.21 A high-throughput proteomic analysis, comparing factors in the medium of
secretion-inhibited and noninhibited astrocytes, identified 60 proteins with differential levels, from which 7
are involved in NSC proliferation or differentiation.21
A network of blood vessels surrounding the SVZ
also represents a crucial component of the NSC niche.

The cellular adhesion between the NSC and endothelial cells, which is mediated by laminin receptors in
the NSCs, contributes to the proliferation and NSC
positioning in vivo.13 The contact between these two
types of cells is permeable, allowing soluble molecules
in the blood to easily reach NSCs.13,22 Furthermore,
oxygen- and glucose-deprived conditioned medium
from endothelial cells promotes neuroblasts’ migration and differentiation into neurons.23 This observation represents strong evidence that endothelial cells
release important factors for NSC maintenance and
differentiation. Factors such as vascular endothelial
growth factor, which induces both angiogenesis and
neurogenesis, and pigment epithelium-derived factor
(PEDF) are also released by the endothelial cells
and are both known to play a role in NSCs’ selfrenewal.24,25
Ependymal cells represent another cellular component of the NSC niche. The release of PEDF by these
cells contributes to further regulation of NSC’s selfrenewal, while the production of the secreted polypeptide Noggin can increase neurogenesis by blocking gliogenesis through a feedback mechanism.25,26 Ependymal cells also possess a beating cilium generating a
gradient of factors involved in neuroblast migration.27
Finally, neurons in the SVZ and SGZ also participate
in the regulation of the niche. They release various
neurotransmitters, such as γ -aminobutyric acid, serotonin, dopamine, and glutamate, which can promote
differentiation and/or control the proliferation of progenitor cells (for a review, see Ref 2).

NSC EPIGENETICS
While extrinsic factors for NSC differentiation
are provided by the niche, intrinsic factors
comprise mainly DNA sequences and epigenetic
modifications.28,29 Epigenetics is defined as any structural modification of genomic regions that leads to a
change in gene expression. Such modifications may be
heritable through the process of meiosis or mitosis,
without changes in the DNA sequence.30 The four
major mechanisms of epigenetic regulation are DNA
methylation, chromatin remodeling (by covalent modification of histone tails), noncoding RNA (ncRNA)
regulation, and RNA editing.31–36
During NSC differentiation, cells change their
internal program from the self-renewal state to
a committed fate. This transition is synchronized
with a global alteration of the transcriptome.29 The
genome of precursor cells is maintained in a poised
state, where important developmental genes have
both repressor and activator transcription markers
in their regulatory promoter regions.37,38 When
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differentiation is activated, specific cell fate genes
are upregulated by activator markers, while repressor
markers are lost.39–42 A poised state allows an
immediate transcriptional response upon extrinsic and
intrinsic signals.
The epigenetic markers dictating transcriptional
activity are mainly controlled by histone modification
and DNA methylation. DNA methylation occurs most
commonly on CpG dinucleotides, generally leading to
transcriptional silencing of the target gene.28 Several
proteins mediate such gene silencing. One wellstudied example is the methyl CpG binding protein
2 (MeCP2). MeCP2 preferentially binds methylated
DNA to regulate transcription, usually leading to gene
repression.43
In the poised NSC state, the synchrony between
expression of specific transcription factors (TFs)
and epigenetic modifications can be exemplified by
the neuron-restrictive silencing factor/RE-1 silencing
transcription (REST) factor. This system utilizes a
scaffold of large complexes, required for all stages
of differentiation from precursors to neurons.44–47
REST binds to RE-1 sequences present in promoters of
various neuronal genes.28 The complex formed from
the protein–DNA interactions leads to transcriptional
silence of these regions in NSC. Acting together
with the chromatin architecture and methylation
status, TFs dictate the specificity and timing of gene
transcription.
ncRNAs have recently been proposed to exert a
new layer of epigenetic control. In addition to coding
genes, REST appears to control the expression of
diverse miRNAs (one class of ncRNAs), including
mir-9, mir-124a, and mir-132.48 Interestingly, mir9 seems to form a negative feedback loop with
REST, targeting the REST sequence.49 In addition,
mir-132 influences this dynamic by targeting MeCP2,
which interacts with REST to suppress transcription.50
Regulation of intracellular levels of miRNAs can
interfere with the current transcriptome program.
The importance of miRNAs in neurogenesis can
be illustrated by mir-124a, a brain-specific miRNA
that accounts for nearly half of all brain miRNAs.51
mir-124a expression peaks during neurogenesis and
persists in mature neurons.35,36 The overexpression of
mir-124a in non-neural cells changes the expression
of these cells to a more neuron-like profile.52
Once activated, the fate program alters epigenetic markers, inducing chromatin remodeling. The
accessibility to chromatin allows cell specification
signals, TFs for instance, to interact with target
sequences.53 For example, the basic helix–loop–helix
TF Ascl1 (also known as Mash1) is inactive in
NSCs and its expression is tightly regulated during

development.54,55 Mammalian hairy and enhancer
of split homologue (HES1), a transcriptional repressor activated in Notch signaling, forms a complex
with transducin-like enhancer of split 1 (TLE1) and
inhibits Ascl1, recruiting histone deacetylase (HDAC)
and deacetylase subunit SIN3a.54 The Ascl1 locus is
at the nuclear periphery and replicates late during S
phase in NSCs.56 This late replication time is correlated with packed chromatin and transcriptional
silencing.57,58 However, upon neuronal differentiation stimulus, Ascl1 relocates inside the nucleus.
Poly(ADP-ribose) polymerase (PARP-1) is also present
in the repressor complex HES1/TLE1. PARP-1 works
as a sensor of niche PDGF signaling and acts by
dismissing TLE1 from the repressor complex and
modifying HES1. This modification switches the function of HES1 from repressor to activator, recruiting
histone acetylase proteins and modifying access to
chromatin.59 Altogether, these modifications lead to
activation of Ascl1.
In vivo, the Ascl1 gene seems to have different
contributions depending on the cellular niche (Figure 1). In the SVZ, the Ascl1 gene is highly expressed
in progenitor cells, driving differentiation to neurons.
However, in the SGZ, Ascl1 expression is very low
in cells originating neurons. Indeed, the overexpression of Ascl1 in progenitor cells from the SGZ leads
to a fate change, driving cell differentiation toward
oligodendrocytes.60 Interestingly, the same effect was
not observed in vitro. SGZ progenitors generate neurons even when Ascl1 is overexpressed in tissue culture
(Figure 1). This feature points to the importance of
the niche–epigenome interaction as a crucial factor
determining cell fate.
Differentiation from a progenitor state toward
neurons causes dramatic changes in the chromatin
architecture landscape, with neurons having a more
compact heterochromatin.5,61 These changes include
the silencing of genes committed to non-neuronal fate.
In addition, the niche induces a signal transduction
network through plasma membrane receptors that
will influence the TFs milieu and their action in the
nucleus.62 The final decision concerning which genes
are activated and which are repressed relies on the
interactions of these TFs with the epigenetic status of
the genome at a specific time point (Figure 2).

RETROTRANSPOSITION
AND NEUROGENESIS
Long interspersed nuclear elements 1 (LINE-1 or
L1) are discrete repetitive and retrotransposable
sequences found in the genome of most eukaryotes.
L1s may contribute to another facet of NSC
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FIGURE 1 | Combinatorial influence of niche factors
and epigenetics in the decision on neuronal fate. Neural
stem cells (NSC) from the subventricular zone committed
to becoming neurons express the Ascl1 gene (A). On the
contrary, NSCs from the subgranular zone (SGZ) show
low Ascl1 expression (B). In vivo overexpression of Ascl1
in the same SGZ cells leads to an oligodendrogenesis
(B). However, overexpression of Ascl1 in NSCs from
SGZ, cultured in vitro, leads to neuronal fate (C).
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regulation. L1s constitute about 20% of mammalian
genomes, and sequences corresponding to full-length
L1s are approximately 6 kb long.63–65 Active L1s
were initially studied in germline but were also
recently detected in both rodent and human neuronal
progenitor cells.6,66 Interestingly, a higher number
of L1 retrotransposon sequences were observed in
samples from human brain or neuronal tissues
compared with other somatic tissues, such as heart
and liver.67 These observations raised the question of
an eventual but specific contribution of transposition
in the nervous system. Generally, most L1 elements
are transcriptionally inactive due to 5 truncations,
internal rearrangements, and mutations in their openreading frames.68 Nevertheless, among all full-length
L1 copies in the genome, only about 150 are
considered active in humans.63
Several extrinsic signaling and epigenetic factors
related to neuronal differentiation have been associated with the activation of L1 retrotransposition.
Luciferase experiments using the human endogenous
L1 5 UTR promoter region lead to the observation
that early stages of neuronal differentiation correlate
with L1 transcriptional activation.6 Further in vitro
investigation using adult rat neuroprogenitor cells and
in vivo mouse brain demonstrated that retrotransposition events could affect the expression of targeted
neuronal genes such as postsynaptic density 93.6
Studies on L1 expression during neurogenesis
led to the finding of binding sites for the neuronal TF
Sox2 in human L1 5 UTR.6,69 Initially, experiments
inducing neuronal differentiation from NSCs resulted
in upregulation of L1 expression, while Sox2 was

downregulated.6,70 More specific characterization of
Sox2 binding sites by chromatin immunoprecipitation experiments showed the occupancy of these sites
within the endogenous L1 promoter in undifferentiated cells (Figure 3). This association was lost after
neuronal differentiation. Additionally, HDAC1 was
also associated with L1 promoter in undifferentiated
cells, indicating that recruitment of various factors
is necessary to keep L1 transcriptionally silenced.
Interestingly, the expression and transcriptional mechanism of L1 mirrors the activation of the TF NeuroD1,
which also contains Sox2 bound to its promoter in
the NSC state.70
It was recently shown that Wnt3 can induce
neurogenesis by activating NeuroD1.70 This mechanism involves the canonical Wnt pathway, with
cytoplasmic translocation of T cell factor/lymphoid
enhancer factor (TCF/LEF) to the nucleus (Figure 3).
Unexpectedly, TCF/LEF also induces L1 retrotransposon transcription.70 These observations led to the
conclusion that Wnt activation of L1 is coordinated
with NeuroD1 activation during neurogenesis. Further studies on an increased number of neuronal genes
will elucidate whether retrotransposition could have a
broad effect on neurogenesis.
Because accessible chromatin during neuronal
differentiation comprises regions rich in neuronal
genes, an open-chromatin state represents potential
target regions for de novo L1 integration. Insertions
in the open chromatin can lead to different transcriptional signatures in distinct neurons. Advances in the
understanding of L1 retrotransposition biology during
neuronal differentiation will help to elucidate the
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FIGURE 3 | Retrotransposition activation during neuronal differentiation. Long interspersed nuclear elements 1 (L1) are inhibited in neural stem
cells by condensed chromatin and Sox2/histone deacetylase 1 repression. During neuronal differentiation, the chromatin is remodeled from a
repressed to an activated state. At this stage, Wnt released from astrocytes stimulate the TCF/LEF (T/C) translocation from the cytoplasm to the
nucleus. TCF/LEF-binding sites overlap with Sox2-binding sites in several genomic regions, including the promoter region of L1s. As a consequence of
L1 expression, de novo integrations can occur in different genomic regions and potentially affect target gene expression.
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intricate cross-talk between exogenous niche signals
and endogenous epigenetic control.

CONCLUSIONS AND PERSPECTIVES
The presence of NSCs and their ability to differentiate
in newborn neurons in the adult brain can be viewed
as one of the major paradigm shifts in neurosciences.
The components described in this review illustrate
the uniqueness of the cellular architecture and the
complexity of the brain. Recent advances in NSC culture technology will allow the identification of new
players in fundamental processes involved in neuronal

differentiation. In addition, in vivo experiments will
contribute to more detailed analyses of the cellular
niche and its interactions. Moreover, the possibility
of reprogramming adult somatic cells from patients
with neurological diseases is broadening the spectrum
of phenotypes that can be evaluated in a dish. The
interaction of niche–epigenome–ncRNA seems to be
synergistic in the brain, defining cellular self-renewal
and differentiation. As a result, mobile elements can be
activated, generating a heterogeneous neuronal population important for brain functionality and plasticity.
Undoubtedly, the knowledge generated from these
experiments will expand possibilities for future regenerative therapies.
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