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In neural stem/progenitor cells, expression of the Notch effector Hes1, a transcriptional
repressor, oscillates with a period of 2-3 h by negative feedback, and Hes1 oscillations induce
the oscillatory expression of the proneural gene Neurogenin2 (Ngn2) and the Notch ligand gene
Delta-like1 (DIIT). DIIT oscillation leads to the mutual activation of Notch signaling between
neighboring cells, thereby maintaining a group of cells in the undifferentiated state. Not all cells
express Hes1 in an oscillatory manner: cells in boundary regions such as the isthmus express
Hes1 in a sustained manner, and these cells are rather dormant with regard to proliferation
and differentiation. Thus, Hes1 allows cell proliferation and differentiation when its expression
oscillates but induces dormancy when its expression is sustained. After Hes1 expression is
repressed, Ngn2 is expressed in a sustained manner, promoting neuronal differentiation. Thus,
Ngn2 leads to the maintenance of neural stem/progenitor cells by inducing DI/ 7 oscillation when
its expression oscillates but to neuronal differentiation when its expression is sustained. These

results indicate that the different dynamics of Hes1 and Ngn2 lead to different outcomes.
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INTRODUCTION

Neuroepithelial cells, which constitute the wall of the neural tube,
proliferate by repeating symmetric cell division, where each neu-
roepithelial cell divides into two neuroepithelial cells (progenitor
expansion phase, Figure 1; Alvarez-Buylla et al., 2001; Fishell and
Kriegstein, 2003; Fujita, 2003; Go6tz and Huttner, 2005; Miller and
Gauthier, 2007). As the wall of the neural tube becomes thicker, neu-
roepithelial cells elongate and become radial glial cells, which have
cell bodies in the ventricular zone, and radial fibers reaching the
pial surface (Figure 1). Radial glial cells were previously thought of
as specialized glial cells that guide neuronal migration. Later, it was
found that radial glial cells undergo asymmetric cell division, where
each radial glial cell divides into two distinct cell types, a radial glial
cell and an immature neuron or a basal progenitor (neurogenic phase,
Figure 1; Malatesta et al., 2000; Miyata et al., 2001; Noctor et al.,2001).
Immature neurons migrate outside of the ventricular zone along
radial fibers into the cortical plate, where these cells become mature
neurons, whereas basal progenitors migrate into the subventricular
zone (SVZ), proliferate further and give rise to more neurons. Radial
glial cells give rise to many different types of neurons, initially deep
layer neurons and then superficial layer neurons later, by repeating
asymmetric cell division. Radial glial cells also give rise to oligoden-
drocytes and ependymal cells and finally differentiate into astrocytes
(gliogenic phase, Figure 1). Both neuroepithelial and radial glial cells
are considered neural stem/progenitor cells.

If neural stem/progenitor cells are prematurely depleted, not
only is the total number of cells reduced but also later-born cell
types are lacking, indicating that the maintenance of neural stem/
progenitor cells until the final stage of development is essential to
produce the proper number of cells and the full diversity of cell

types (Hatakeyama et al., 2004). Notch signaling has been shown
to play an important role in the maintenance of neural stem/pro-
genitor cells (Fortini, 2009; Kopan and Ilagan, 2009; Pierfelice etal.,
2011). Here we review the recent progress on the mechanism and
role of Notch signaling in neural development.

THE CORE PATHWAY OF Notch SIGNALING

Proneural genes such as the basic helix-loop-helix (PHLH) tran-
scriptional activators Mashl and Neurogenin2 (Ngn2) induce
neuronal differentiation (Bertrand et al., 2002; Ross et al., 2003).
These genes also induce the expression of Notch ligands such as
Delta-likel (DI11) and Jagged1, which activate Notch signaling in
neighboring cells (Figure 2; Castro etal.,2006). The ubiquitin ligase
Mindbomb is required in DIl1-expressing cells for the DIl1-induced
activation of Notch signaling (Ito et al., 2003; Yoon et al., 2008).
Upon activation of the transmembrane protein Notch, the Notch
intracellular domain (NICD) is released from the transmembrane
portion and transferred to the nucleus, where NICD forms a com-
plex with the DNA-binding protein Rbpj and the transcriptional
co-activator Maml (Figure 2). The NICD-Rbpj—Maml complex
induces the expression of bHLH transcriptional repressors such
as Hesl and Hes5 (Honjo, 1996; Artavanis-Tsakonas et al., 1999;
Ohtsuka et al., 1999; Kageyama et al., 2007). Hes1 and Hes5 then
repress the expression of proneural genes and D111, thereby leading
to the inhibition of neuronal differentiation and the maintenance
of neural stem/progenitor cells (Figure 2). Thus, neurons inhibit
their neighboring cells from differentiating into the same cell types,
a process known as lateral inhibition. This regulation maintains
asymmetric division into a neural stem/progenitor cell and a dif-
ferentiating daughter neuron. However, this regulation also suggests
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FIGURE 1 | Neural stem/progenitor cells and their differentiation. Initially,
neuroepithelial cells undergo repeated self-renewal by symmetric division
(progenitor expansion phase). As development proceeds, neuroepithelial cells
elongate to become radial glial cells, which have cell bodies on the inner side
(called the ventricular zone) of the neural tube and radial fibers that reach the

outer surface. Radial glial cells gives rise to neurons or basal progenitors
(neurogenic phase). After the production of neurons, some radial glial cells give
rise to oligodendrocytes and ependymal cells. Radial glial cells finally
differentiate into astrocytes (gliogenic phase). Both neuroepithelial cells and
radial glial cells are considered embryonic neural stem/progenitor cells.
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FIGURE 2 | The core pathway of Notch signaling. Proneural genes such as
Mash1and Ngn2 promote neuronal differentiation and induce the expression of
DII1, which in turn activates Notch in neighboring cells. Upon activation of Notch,
the Notch intracellular domain (NICD) is released from the transmembrane portion
and transferred to the nucleus, where it forms a complex with the DNA-binding

protein Rbpj and the transcriptional co-activator Maml. The NICD-Rbpj-Maml
complex induces the expression of transcriptional repressor genes such as Hes1
and Hesb. Hes1 and Hesb then repress the expression of proneural genes and
DI, thereby leading to the maintenance of neural stem/progenitor cells. Numb
inhibits Notch signaling and induces neuronal differentiation.

that the maintenance of neural stem/progenitor cells depends on
neighboring neurons expressing DIl1, raising the question as to
how neural stem/progenitor cells are maintained during the early
stages before neurons are generated.

OSCILLATORY EXPRESSION OF Notch SIGNALING GENES

Proneural genes and DIII are expressed in a salt-and-pepper pat-
tern by neural stem/progenitor cells as early as E9.0 (progenitor
expansion phase) in the developing mouse dorsal telencephalon

(our unpublished observation), where neuronal formation starts
around E10.5-E11.0.In addition, Hesl is expressed at various levels
by neural stem/progenitor cells (Shimojo et al.,2008). It is likely that
proneural genes induce the expression of DII1, which up-regulates
Hes1 expression in neighboring cells, suggesting that Notch sign-
aling is active in neural stem/progenitor cells before neurons are
formed. This observation raises the question of why neurons are
not formed during the progenitor expansion phase even though
proneural genes are expressed.
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Time-lapse imaging analysis revealed that Hesl expression
oscillates in neural stem/progenitor cells (Masamizu et al,
2006; Shimojo et al., 2008). Hes1 represses its own expression
by directly binding to its promoter. This negative feedback leads
to the disappearance of Hes] mRNA and protein because they
are extremely unstable, but the disappearance of Hesl protein
allows the next round of its expression. In this way, Hes1 expres-
sion oscillates with a period of ~2-3 h in neural stem/progeni-
tor cells (Figure 3; Hirata et al., 2002). Hes1 protein expression
exhibits an inverse correlation with Ngn2 protein and DIII mRNA
expression in neural stem/progenitor cells, suggesting that Hes1
oscillation induces the oscillatory expression of Ngn2 and DII1
by periodic repression (Shimojo et al., 2008). Indeed, time-lapse
imaging analysis revealed that Ngn2 and DIII expression oscillates
in neural stem/progenitor cells, where Hes1 expression oscillates,
whereas their expression is sustained in differentiating neurons,
where Hesl expression is repressed (Figure 4; Shimojo et al.,
2008). It is likely that Ngn2 cannot induce neuronal differen-
tiation when its expression oscillates, probably because many
downstream genes respond rather slowly to Ngn2 expression.
It seems that Ngn2 induces neuronal differentiation only when
its expression becomes sustained, and when its expression oscil-
lates, only quickly responding genes such as DIII are selectively
induced. DIII oscillations may lead to the mutual activation of
Notch signaling and the maintenance of neural stem/progenitor
cells. Thus, depending on its expression dynamics, Ngn2 may
lead to two opposite outcomes: when its expression oscillates,
Ngn2 induces the maintenance of neural stem/progenitor cells,
but when its expression is sustained, Ngn2 induces neuronal
differentiation.

The expression dynamics of Ngn2 (oscillatory versus sustained)
are regulated by Hes1 (oscillatory versus no expression). However,
the precise mechanism by which Hesl oscillations stop is not
known. One possible mechanism is Numb-mediated inhibition
of Notch signaling (Figure 2). Numb is asymmetrically distributed
into a prospective neuron during asymmetric cell division (Shen
etal.,2002; Ohtsuka et al., 2006). Numb-expressing cells lose Hes1
expression and differentiate into neurons, while Numb-negative
cells maintain Hes1 expression (Ohtsuka et al., 2006).

Gene Expression Level

Hes1

Neural stem/progenitor cell

FIGURE 4 | Dynamic expression in neural stem/progenitor cells. Hes
expression oscillates with a period of ~2-3 h in neural progenitor cells. In
these cells, Ngn2 and DIl expression also oscillates. Hes1 protein expression
exhibits an inverse correlation with Ngn2 protein and D/I7T mRNA expression.
In contrast, the expression of Ngn2 and DII7 is sustained in post-mitotic
neurons, which lose Hes1 expression. It is likely that DI/7 oscillation
periodically activates Notch signaling between neighboring cells. This
reciprocal regulation is particularly important for the maintenance of neural
stem/progenitor cells before the formation of neurons.
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FIGURE 3 | Oscillatory expression of Hes1. Hes1 expression oscillates with a
period of ~2 h in many cell types such as neural stem/progenitor cells and
fibroblasts. Hes1 represses its own expression by directly binding to its promoter.

This negative feedback leads to the disappearance of HesT mRNA and protein,
because they are extremely unstable, allowing the next round of its expression. In
this way, Hes1 autonomously starts an oscillatory expression pattern.
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The above observations raise the possibility that Ngn2 and DIlI
oscillations enable the maintenance of neural stem/progenitor cells
without the aid of neurons. When Hes1 expression is low in a subset
of cells (Cell 1 in the left panel of Figure 5), Ngn2 and DIl expres-
sion becomes high, leading to the activation of Notch signaling
and the up-regulation of Hesl in neighboring cells (Cell 2 in the
left panel of Figure 5). In the latter cells, high levels of Hes1 repress
Ngn2 and DII1 expression, but due to oscillations, Hes1 expression
becomes low after ~1 h, while Ngn2 and DII1 expression becomes
high (Cell 2 in the right panel of Figure 5), leading to the activation
of Notch signaling in the former cells (Cell 1 in the right panel of
Figure 5). In this way, DII1 oscillations lead to the mutual activation
of Notch signaling between neural stem/progenitor cells (Shimojo
etal.,2008). Thus, oscillatory expression is advantageous for main-
taining a group of undifferentiated cells. These observations also
suggest that Notch signaling is not a one-way mechanism (neuron
to neural stem/progenitor), but functions by reciprocal transmission
(neural stem/progenitor to neural stem/progenitor). At later stages
(neurogenic phase), many differentiating neurons express DII1 in
a sustained manner, thereby activating Notch signaling in neural
stem/progenitor cells. At these stages, Ngn2 and DII1 expression
mostly occurs in neurons but not in neural stem/progenitor cells,
and therefore their expression is sustained, although Hes1 expression
in neural stem/progenitor cells oscillates even at these later stages.

It has been thought that lateral inhibition amplifies stochastic
variation, creates a salt-and-pepper pattern in gene expression and
selects subsets of cells for neuronal differentiation: Ngn2-positive
or DIlI-positive neural stem/progenitor cells are initially selected
to become neurons when the neurogenic phase starts, while nega-
tive cells remain neural stem/progenitor cells (Artavanis-Tsakonas
etal., 1999). However, time-lapse imaging analysis indicated that a
salt-and-pepper pattern is just a snapshot of oscillatory expression;
therefore, neither Ngn2-positive nor DIlI-positive cells are initially
selected to become neurons. Thus, the traditional view of salt-and-
pepper pattern formation induced by lateral inhibition should be
revised (Kageyama et al., 2008).

BASAL PROGENITORS AND OUTER SUBVENTRICULAR ZONE
PROGENITORS

Basal progenitors in the SVZ, which are derived from radial glial
cells by Tbr2, retract their apical and basal processes and generally
divide only once to generate two neurons (Sessa et al., 2008). Thus,
basal progenitors have a limited proliferation ability. In these cells,
HesI and Hes5 expression is down-regulated, suggesting that the
Notch-Hes1/5 pathway is not active in basal progenitors (Mizutani
et al., 2007; Kawaguchi et al., 2008). It was recently shown that
the developing human neocortex has an expanded outer region
in the SVZ (OSVZ), and that progenitors in this region (OSVZ
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FIGURE 5 | Maintenance of neural stem/progenitor cells by the mutual
activation of Notch signaling. Ngn2 and D7 oscillations are regulated by Hes1
oscillation in neural stem/progenitor cells. Ngn2 oscillation may be advantageous for
the maintenance/proliferation of neural stem/progenitor cells during the early stages

of development, because it induces DIl expression and activates Notch signaling
without promoting neuronal differentiation. A salt-and-pepper pattern induced by
lateral inhibition is just a snapshot of oscillatory expression. The precise interactive
regulation among DIl1-positive and -negative cells remains to be determined.
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progenitors) divide multiple times and generate a large number of
neurons (Fietz et al., 2010; Hansen et al., 2010). These cells seem to
play a major role in the expansion of the cortex. OSVZ progenitors
have radial glia-like morphology and extend radial fibers to the
pial surface. However, they lack apical processes and therefore are
not in contact with the ventricular surface. Like radial glia, OSVZ
progenitors express Hes1, and inhibition of Notch signaling by
treatment with a y-secretase inhibitor induces OSVZ progenitors
to differentiate into neurons or Tbr2* basal progenitors (Hansen
et al., 2010), suggesting that the Notch-Hes1 pathway is required
for maintenance of OSVZ progenitors (Figure 6). It is possible that
the cells that migrate into the SVZ may become OSVZ progenitors
when Notch signaling is active, whereas they may become basal
progenitors when Notch signaling is inactive. It remains to be deter-
mined how Notch signaling is regulated in the SVZ and whether
Hesl expression oscillates in OSVZ progenitors, as observed in
radial glia.

Similar cells called outer ventricular zone (OVZ) progenitors are
found in the developing mouse cortex (Shitamukai et al., 2011).
OVZ progenitors are located outside of the ventricular zone and

retain radial fibers reaching the pial surface (basal processes). These
cells undergo asymmetric cell division, where each OVZ progeni-
tor divides into a daughter cell that inherits the radial fiber (OVZ
progenitor) and the other that does not. The one that inherits the
radial fiber seems to repeat asymmetric cell division multiple times,
while the other differentiates into post-mitotic neurons. The for-
mer cells (OVZ progenitors) express Hesl, suggesting that Notch
signaling is activated in these cells (Figure 6). Interestingly, these
daughter cells (OVZ progenitor and neuron) maintain contact with
each other for several hours, and neurons seem to express Notch
ligands and activate Notch signaling in their sibling OVZ progeni-
tors (Figure 6; Shitamukai et al., 2011). These observations suggest
that asymmetric cell division is required to activate Notch signaling
in OSVZ or OVZ progenitors by their sibling neurons.

SUSTAINED Hes1 EXPRESSION IN BOUNDARY CELLS

Not all cells express Hes1 in an oscillatory manner: cells in the roof
plate, floor plate,and boundary regions, such as the isthmus, express
Hesl in a sustained manner (Baek et al., 2006). These cells are qui-
escent or proliferate very slowly. Furthermore, cells in these regions
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FIGURE 6 | Notch signaling in OSVZ/0VZ progenitors. OSVZ/OVZ
progenitors have radial glia-like morphology and extend radial fibers to the pial
surface, but lack apical processes. These cells undergo asymmetric cell division

multiple times and generate a lot of neurons. These neurons seem to express
Notch ligands and activate Notch signaling in their sibling OSVZ/OVZ
progenitors.
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usually do not give rise to any neurons, probably because sustained
Hesl expression constitutively represses the expression of proneu-
ral genes and cell cycle regulators. The introduction of sustained
Hesl expression into neural stem/progenitor cells inhibits their
proliferation and neuronal differentiation (Bacek et al., 2006). In
contrast, when Hes genes are inactivated, the cells in the roof plate,
floor plate, and boundary regions can differentiate into neurons
(Baek et al., 2006). These results suggest that cells with sustained
Hesl expression are rather dormant with regard to proliferation
and differentiation. This feature is similar to the one observed in
fibroblasts, where sustained Hes1 over expression leads to reversible
quiescence (Sang et al., 2008).

The mechanism by which oscillatory versus sustained Hes1
expression is regulated remains to be determined. In fibroblasts,
Jak—Stat signaling is involved in Hes1 oscillations. Jak2 activates
Stat3 by phosphorylation, and phosphorylated Stat3 (pStat3)
induces Socs3 expression, which in turn inhibits Jak2. Due to this
negative feedback, pStat3 and Socs3 levels oscillate in fibroblasts
(Yoshiura et al., 2007). Interestingly, blockade of this pathway
with a Jak inhibitor inhibits Hes1 oscillations by stabilizing the
Hesl protein, and Hesl expression becomes steady (Yoshiura
et al., 2007). Similarly, treatment with a Jak inhibitor inhibits
Hes1 oscillations in neural stem/progenitor cells, suggesting that
Jak—Stat signaling is also involved in the regulation of Hes1 oscil-
lations in these cells (Shimojo et al., 2008). Another possible

mechanism is the Id-mediated regulation of Hes1. Id proteins,
HLH factors without a basic region, form heterodimers with Hes1
through their HLH domains and inhibit Hes1 from binding to
the N box in the Hes1 promoter (Bai et al., 2007), suggesting that
Id factors prevent Hes1 from negative autoregulation. However,
it remains to be determined whether Id factors lead to steady
Hes1 expression.

CONCLUSION

Oscillatory versus sustained Hesl expression leads to different
outcomes in neural stem/progenitor cells. When its expression
oscillates, neural stem/progenitor cells proliferate actively and
differentiate into mature cells. By contrast, when its expression is
sustained, neural stem/progenitor cells become dormant. Similarly,
oscillatory versus sustained Ngn2 expression leads to different out-
comes. When its expression is sustained, neural stem/progenitor
cells differentiate into neurons. By contrast, when its expression
oscillates, neural stem/progenitor cells remain undifferentiated.
Thus, not just the expression but also the dynamics of these genes
are very important for the outcomes. The mechanism by which
oscillatory versus sustained Hes1 expression is regulated remains
to be determined. In addition, the dynamics of downstream genes
for Hes1 and Ngn2 oscillations are mostly unknown. Such analysis
will be required to understand the complex regulatory mechanism
of neural development.
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