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Summary 
The basic helix-loop-helix factors (bHLH) Hes1 and Hes5 repress the expression of 
proneural factors such as Ascl1, thereby inhibiting neuronal differentiation and 
maintaining neural progenitor cells (NPCs). Hes1 expression oscillates by negative 
feedback with a period of about 2-3 hours in proliferating NPCs. Induction of sustained 
expression of Hes1 in NPCs inhibits their cell cycle progression, suggesting that the 
oscillatory expression of Hes1 is important for the proliferation of NPCs. Hes1 
oscillation drives the oscillatory expression of proneural factors such as Ascl1 by 
periodic repression. By contrast, in differentiating neurons, Hes1 expression disappears 
and the expression of proneural factors is up-regulated and sustained. A new 
optogenetics approach that induces Ascl1 expression by blue light illumination 
demonstrated that sustained expression of Ascl1 induces neuronal differentiation, 
whereas oscillatory expression of Ascl1 activates proliferation of NPCs. These results 
together indicate that Hes1 regulates the oscillatory versus sustained expression of the 
proneural factor Ascl1, which regulates the proliferation of NPCs and the subsequent 
processes of cell cycle exit and neuronal fate determination, depending on the 
expression dynamics. 
 
Introduction 
Neuroepithelial cells, the first form of embryonic neural progenitor cells (NPCs), extend 
from the ventricular surface to the pial surface of the neural tube. These cells proliferate 
extensively by repeating symmetric cell division, where each neuroepithelial cell 
divides into two neuroepithelial cells (Fig. 1) (Alvarez-Buylla et al. 2001; Fishell and 
Kriegstein 2003; Fujita 2003; Götz and Huttner 2005; Miller and Gauthier 2007; 
Kriegstein and Alvarez-Buylla, 2009). As the wall of the neural tube becomes thicker, 
neuroepithelial cells are gradually elongated, becoming radial glial cells, which have 
cell bodies in the innermost region, called the ventricular zone, and radial fibers 
reaching the pial surface (Fig. 1). Radial glial cells undergo asymmetric cell division, 
where each radial glial cell divides into two distinct cell types, a new radial glial cell 
and an immature neuron or a basal progenitor (Fig. 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. On 
the other hand, basal progenitors migrate into the subventricular zone, proliferate further, 
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and produce more neurons. Radial glial cells sequentially give rise to different types of 
neurons, initially deep layer neurons and then superficial layer neurons, by repeating 
asymmetric cell divisions (Fig. 1). Later, radial glial cells give rise to oligodendrocytes, 
ependymal cells, and astrocytes (Fig. 1). Both neuroepithelial and radial glial cells are 
considered embryonic NPCs. 

It has been shown that basic helix-loop-helix (bHLH) factors play key roles in 
maintenance of NPCs and their cell fate determination (Bertrand et al., 2002; Ross et al., 
2003; Wilkinson et al., 2013). In this review, we will discuss the recent findings 
regarding the complex regulations and functions of bHLH factors in neural 
development. 
 
Maintenance of NPCs 
The bHLH factors Hes1 and Hes5, mammalian homologues of Drosophila hairy and 
Enhancer of split (E(spl)), are highly expressed by NPCs. These factors form homo- or 
heterodimers through the helix-loop-helix domain and bind to the DNA sequences, such 

as the N box (CACNAG) and the class C site (CACG(C/A)G), through the basic region 

(Sasai et al., 1992). These factors act as transcriptional repressors by recruiting the 

co-repressor Transducin-like E(spl) (TLE1-4)/Groucho-related gene (Grg), a homologue 

of Drosophila Groucho, at the carboxy-terminal WRPW domain (Trp-Arg-Pro-Trp) 

(Akazawa et al. 1992; Sasai et al. 1992; Grbavec and Stifani, 1996). The best-studied 

target genes for Hes1 and Hes5 are proneural genes such as Ascl1/Mash1 and 
Neurogenin2 (Neurog2), which promote neuronal fate determination (Bertrand et al., 
2002; Ross et al., 2003; Wilkinson et al., 2013). Hes1 and Hes5 directly repress the 
proneural gene expression, thereby inhibiting neuronal differentiation and leading to the 
maintenance of NPCs. In the absence of either Hes1 or Hes5, the defects are minimum, 
but in the absence of both Hes1 and Hes5, proneural gene expression is up-regulated, 
accelerating neuronal differentiation and leading to premature exhaustion of NPCs 
(Ishibashi et al., 1995; Ohtsuka et al., 1999; Hatakeyama et al., 2004). However, there 
are some NPCs remaining even in the absence of Hes1 and Hes5 in the dorsal regions of 
the developing nervous system, where Hes3 is expressed. In the absence of Hes1, Hes3, 
and Hes5, virtually all NPCs are depleted in most of the developing nervous system 
except for the telencephalon (Hatakeyama et al. 2004). Thus, Hes1, Hes3, and Hes5 
cooperatively regulate the maintenance of NPCs, but another Hes-related factor may be 
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also responsible for the maintenance of NPCs in the telencephalon. 
 In differentiating neurons, proneural factors induce the expression of Notch 
ligands such as the transmembrane proteins Delta-like1 (Dll1), which activate Notch 
receptors such as the transmembrane protein Notch1 in neighboring cells (Castro et al. 
2006). Upon activation of Notch signaling, Notch receptors undergo successive 
cleavages, releasing the Notch intracellular domain (NICD) from the transmembrane 
domain (Fig. 2). NICD next moves to the nucleus and forms a complex with the 
DNA-binding protein Rbpj and the transcriptional co-activator Maml (Fig. 2). This 
ternary complex (NICD-Rbpj-Maml) activates target genes such as Hes1 and Hes5 
(Jarriault et al. 1995; Fortini 2009; Honjo 1996; Kageyama et al. 2008; Kopan and 
Ilagan 2009; Pierfelice et al. 2011). Then, Hes1 and Hes5 inhibit neuronal 
differentiation and maintain NPCs (Ishibashi et al. 1994; Ohtsuka et al. 1999; 
Hatakeyama et al. 2004; Kageyama et al. 2007). Thus, differentiating neurons inhibit 
neighboring cells from differentiating into the same cell types via Notch signaling, a 
process called lateral inhibition. In the absence of Notch signaling, all cells express 
proneural genes and initiate neuronal differentiation, resulting in premature depletion of 
NPCs (Ishibashi et al. 1995; Hatakeyama et al. 2004; Imayoshi et al. 2010). Thus, Notch 
signaling is essential to maintain NPCs in the developing nervous system. 

The Notch signaling pathway suggests that differentiating neurons that 
express Notch ligands are required in the neighbor to maintain NPCs, raising a question 
as to how NPCs are maintained during early stages of development before neurons are 
born. Another issue is that proneural factors like Ascl1 have contradictory functions. As 
a proneural factor, Ascl1 induces cell cycle exit and promotes neuronal differentiation. 
However, Ascl1 is expressed by NPCs, and its absence results in slow proliferation of 
these cells, suggesting that Ascl1 is involved in proliferation of NPCs. Indeed, it was 
found that Ascl1 directly activates the expression of genes involved in cell cycle 
progression, raising a question as to how Ascl1 coordinates such contradictory function, 
activation of NPC proliferation and induction of cell cycle exit and neuronal 
differentiation. It was also found that Notch ligand genes like Dll1 are expressed in a 
salt-and-pepper pattern by NPCs, suggesting that Notch signaling is active before 
neurons are born. We recently found that the expression of these factors is more 
dynamic than previously thought, and that the dynamics of gene expression is important 
for the functions of these factors. 
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Oscillatory expression of Notch signaling genes 
We previously found that Hes1 expression oscillates with a period of about 2-3 hours in 
many cell types such as fibroblasts after serum stimulation or Notch activation (Hirata 
et al. 2002). This oscillatory expression is soon dampened after three or four cycles. 
However, time-lapse imaging analyses using a Hes1 reporter revealed that Hes1 
oscillation is dampened at the population level but not at a single cell level; Hes1 
oscillation continues in individual cells but soon becomes out of synchrony (Masamizu 
et al., 2006). Hes1 oscillation is regulated by negative feedback with a delayed timing 
(Fig. 3) (Hirata et al. 2002). Hes1 represses its own expression by directly binding to 
multiple N box sequences (CACNAG) of its promoter (Takebayashi et al. 1994). When 
the promoter is repressed, hes1 mRNA and Hes1 protein disappear rapidly because they 
are extremely unstable, and the disappearance of Hes1 protein allows the next round of 
its expression. In this way, Hes1 expression autonomously oscillates with a period of 
about 2-3 hours (Hirata et al. 2002). 

Time-lapse imaging analysis revealed that Hes1 expression also oscillates in 
NPCs (Fig. 4) (Shimojo et al. 2008). Hes1 expression exhibits an inverse correlation 
with Ascl1 and Neurog2 protein and Dll1 mRNA expression in NPCs (Baek et al., 2006; 
Shimojo et al. 2008), suggesting that Hes1 oscillation induces the oscillatory expression 
of Ascl1, Neurog2, and Dll1 by periodic repression. Time-lapse imaging analysis 
revealed that Ascl1, Neurog2 and Dll1 expression indeed oscillates in NPCs, where 
Hes1 expression oscillates (Fig. 4) (Shimojo et al. 2008; Imayoshi et al., 2013). 
However, in differentiating neurons, where Hes1 expression disappears, Ascl1, Neurog2 
and Dll1 expression becomes sustained (Fig. 4) (Shimojo et al. 2008; Imayoshi et al., 
2013). It is likely that the proneural factors Ascl1 and Neurog2 cannot induce neuronal 
differentiation when their expression oscillates, probably because many of their 
downstream genes do not respond to Ascl1 and Neurog2 oscillation, and that Ascl1 and 
Neurog2 induce neuronal differentiation only when their expression becomes sustained. 
When Ascl1 and Neurog2 expression oscillates, only rapidly responding genes such as 
Dll1 may be selectively induced, and Dll1 oscillations may lead to the mutual activation 
of Notch signaling and the maintenance of NPCs. Agreeing with this notion, Neurog2 is 
phosphorylated by cyclin-dependent kinases in NPCs, and phosphorylated Neurog2 can 
induce Dll1 expression efficiently but not other gene expression (Ali et al. 2011; 
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Hindley et al. 2012). Only non-phosphorylated Neurog2 can induce the expression of 
neuronal differentiation genes. These results suggest that Neurog2 may lead to two 
opposite outcomes, depending on its expression dynamics and phosphorylation status: 
when it is phosphorylated and its expression oscillates, Neurog2 induces the 
maintenance of NPCs, but when it is dephosphorylated and its expression is sustained, 
Neurog2 induces neuronal differentiation. 

Oscillatory versus sustained expression of proneural genes may involve the 
stability of gene products. For example, it was previously shown that the oscillatory 
expression of a Hes1-related gene, Hes7, turns into sustained expression, when its 
product is stabilized by introduction of a point mutation, indicating that the instability of 
gene products is required for oscillatory expression (Hirata et al. 2004). In NPCs, 
Neurog2 mRNA is destabilized by the RNase III Drosha, and loss of Drosha stabilizes 
Neurog2 mRNA, thereby promoting neuronal differentiation (Knuckles et al., 2012). 
Similarly, Ascl1 protein is destabilized by NICD in NPCs, but it is stabilized in neurons, 
where NICD is absent (Sriuranpong et al., 2002). These results suggest that the stability 
of proneural gene products is differentially controlled between NPCs and neurons, 
thereby enabling different expression dynamics. 

The above results suggest that salt-and-pepper patterns of Ascl1, Neurog2, 
and Dll1 in NPCs are the result of oscillatory expression. It is generally thought that 
Ascl1-, Neurog2-, or Dll1-positive cells are selected to become neurons first while 
negative cells remain undifferentiated. However, their expression just oscillates, and 
positive and negative cells may be equivalent to each other (Kageyama et al., 2008). We 
speculate that Dll1 oscillation enables the maintenance of NPCs by mutual activation of 
Notch signaling without the aid of neurons. These results suggest that Notch signaling 
functions not only by a one-way mechanism (neuron to NPC) but also by reciprocal 
transmission (NPC to NPC). 
 
Optogenetic approach to control gene expression dynamics 
The above results also suggest that the oscillatory versus sustained expression patterns 
of proneural factors are important for their activities, NPC proliferation versus neuronal 
differentiation. To examine this notion further, we adopted an optogenetic approach 
using a hybrid protein, GAVPO. GAVPO is a light-activatable protein consisting of the 
light-inducible dimerizing protein Vivid (VVD), a Gal4 DNA-binding domain, and a 
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p65 transcriptional activation domain (Wang et al., 2012). A dimer form, but not a 
monomer form, of the Gal4 DNA-binding domain can interact with UAS sequences. 
Blue light illumination activates VVD, forming a dimer, and a dimer form of the Gal4 
DNA-binding domain binds to the UAS sequences. Then, the p65 transcriptional 
activation domain up-regulates the gene expression under the control of the UAS 
sequences. The significance of gene expression dynamics was examined by introducing 
the light-dependent Ascl1-inducible system into Ascl1-null NPCs. Light-induced 
sustained Ascl1 expression promotes neuronal differentiation, whereas light-induced 
oscillatory Ascl1 expression with 3-hour periodicity activates proliferation of NPCs. 
These results clearly showed that depending on the expression dynamics, the proneural 
factor Ascl1 can exhibit opposite functions: oscillatory Ascl can activate NPC 
proliferation, whereas sustained Ascl1 can induce neuronal differentiation (Imayoshi et 
al., 2013). 
 We also found that the bHLH factors Hes1 and Olig2 are expressed in an 
oscillatory manner by NPCs, whereas their expression becomes dominant and sustained 
during astrocyte and oligodendrocyte differentiation, respectively (Imayoshi et al., 
2013). These results suggest that multipotency is a state of oscillatory expression of 
multiple fate-determining bHLH factors. By contrast, the fate choice is a process of 
sustained expression of a selected single bHLH factor. The mechanisms of how 
oscillatory bHLH factors specifically activate the expression of genes involved in cell 
cycle progression and of how one of the fate-determining bHLH factors is selected and 
up-regulated during cell fate choice remain to be analyzed. 
 
Basal progenitors and outer subventricular zone (OSVZ) progenitors 
It was recently found that in addition to basal progenitors, outer SVZ (OSVZ) 
progenitors are formed (Hansen et al., 2010; Fietz et al., 2010; Shitamukai et al., 2011). 
Basal progenitors formed by Tbr2 migrate into the SVZ, retract their apical and basal 
processes and usually divide only once to generate two neurons (Sessa et al., 2008). In 
these cells, Hes1 and Hes5 expression is down-regulated, suggesting that Notch 
signaling is not active (Fig. 5) (Mizutani et al., 2007; Kawaguchi et al., 2008). OSVZ 
progenitors have radial fibers extending to the pial surface but lack apical processes (Fig. 
5). In contrast to basal progenitors, OSVZ progenitors repeatedly undergo asymmetric 
cell division, forming another OSVZ progenitor and a post-mitotic neuron (Hansen et 
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al., 2010; Fietz et al., 2010). The latter cell expresses Notch ligands and activates Notch 
signaling in its sibling OSVZ progenitor (Fig. 5) (Shitamukai et al., 2011). Indeed, 
OSVZ progenitors express Hes1, and inhibition of Notch signaling by treatment with a 
γ–secretase inhibitor induces OSVZ progenitors to differentiate into neurons or Tbr2+ 

basal progenitors (Hansen et al., 2010), suggesting that Notch signaling is required for 
maintenance of OSVZ progenitors (Fig. 5). 

It was shown that the developing human neocortex has an expanded outer 
region in the SVZ, suggesting that OSVZ progenitors are responsible for the expansion 
of the cortex. 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 determined how Notch signaling is 
regulated in the SVZ and whether Hes1 expression oscillates in OSVZ progenitors, as 
observed in radial glial cells. 
 
Sustained Hes1 expression in boundary cells 
The developing nervous system is partitioned into many compartments by boundaries 
such as the isthmus and the zona limitans intrathalamica (Fig. 6). The nervous system is 
also partitioned into the right and left halves by the roof plate and the floor plate (Fig. 6). 
These boundaries function as the signaling centers by expressing signaling molecules 
such as Fgf8, Shh and Wnt and regulate region-specific specification of NPCs and 
neurons in neighboring compartments (Kiecker and Lumsden 2005). Cells in these 
boundary regions usually do not proliferate actively or do not give rise to neurons. Thus, 
the proliferation and differentiation characteristics are different between boundary cells 
and compartmental NPCs. 
 Cells in boundary regions express Hes1 at high levels in a sustained manner 
(Fig. 6) (Baek et al. 2006). Sustained and high levels of Hes1 expression repress the 
expression of proneural genes and cell cycle regulators such as cyclin D1 and cyclin E2 
(Shimojo et al. 2008). As a result, both NPC proliferation and neuronal differentiation 
are inhibited by sustained Hes1 expression (Baek et al. 2006). By contrast, when Hes 
genes are inactivated, cells in the boundary regions ectopically express proneural genes 
and differentiate into neurons (Hirata et al. 2001; Baek et al. 2006). These results 
suggest that cells with sustained Hes1 expression are rather dormant with regard to 
proliferation and differentiation, and that oscillatory expression of Hes1 may be 
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important for proliferation and differentiation of NPCs. This feature is similar to the one 
observed in fibroblasts, where sustained Hes1 overexpression inhibits their proliferation, 
leading to reversible quiescence (Yoshiura et al., 2007; Sang et al. 2008). 
 The mechanism by which oscillatory versus sustained Hes1 expression is 
regulated remains to be determined. In fibroblasts, blockade of Jak-Stat signaling by 
treatment with a Jak inhibitor dampens Hes1 oscillations by stabilizing the Hes1 protein, 
resulting in steady Hes1 expression in fibroblasts (Yoshiura et al. 2007). Similarly, 
treatment with a Jak inhibitor inhibits Hes1 oscillations in NPCs, suggesting that 
Jak-Stat signaling is involved in the regulation of Hes1 oscillations in these cells 
(Shimojo et al. 2008). 
 
Downstream events of oscillatory expression 
As described above, Dll1 is expressed in an oscillatory manner via periodic repression 
by Hes1 and periodic activation by Ascl1 and Neurog2. However, if downstream factors 
are stable, they cannot respond in an oscillatory manner but may gradually accumulate 
in a step-wise manner. When the levels of downstream factors reach certain values, new 
events may happen. In this case, Hes1, Ascl1, and Neurog2 oscillators may function as 
cellular clocks to regulate the timing of certain events. However, this possibility remains 
to be further analyzed. Other downstream factors may be gradually down-regulated over 
time in response to Hes1, Ascl1, and Neurog2 oscillations. It was previously shown that 
sustained overexpression of Hes1 or Hes5 accelerates astrocyte formation (Ohtsuka et al. 
2001), raising the possibility that compared to Hes1 oscillation, sustained Hes1 
expression accelerates the transition from neurogenesis to astrogenesis. Identification of 
downstream genes for Hes1, Ascl1, and Neurog2 oscillators will be required to 
understand whether these oscillators are involved in such fate transition. 
 One candidate gene involved in the transition from neurogenesis to 
astrogenesis is ESET/Setdb1/KMT1E, a histone H3 Lys-9 (H3K9) methyltransferase 
gene. This gene has multiple Hes1-binding sites in the promoter, although it remains to 
be determined whether Hes1 regulates ESET expression. ESET is highly expressed by 
NPCs at early stages of development, but the expression is down-regulated over time 
and becomes almost absent at later stages when the transition from neurogenesis to 
astrogenesis occurs (Tan et al. 2012). Inactivation of ESET enhances astrocyte 
formation at the expense of neurogenesis. Conversely, overexpression of ESET 
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decreases the astrocyte differentiation (Tan et al. 2012). Another regulator for the 
transition from neurogenesis to astrogenesis is the Polycomb group complex, although it 
is unknown whether its expression is controlled by Hes1 and proneural factors. 
Inactivation of this complex prolongs neurogenesis and delays astrogenesis, indicating 
that the Polycomb group complex regulates the fate switch of NPCs from neurogenesis 
to astrogenesis (Hirabayashi et al. 2009). These results suggest that decreasing ESET 
activity and increasing Polycomb activity during development may be under the control 
of internal clock mechanisms that regulate the timing of cell fate switches from 
neurogenesis to astrogenesis. Further analyses will be required to determine whether 
Hes1 and proneural factors are involved in regulation of ESET and Polycomb factor 
expression. 
 
Conclusions and Perspectives 
The oscillatory versus sustained expression dynamics of bHLH factors is very important 
for their activities. When Hes1 expression oscillates, NPCs proliferate actively. 
However, when the expression is sustained, NPCs do not proliferate well, resulting in a 
dormant state. Alternatively, at later stages, these cells differentiate into astrocytes. 
Similarly, Ascl1 exhibits contradictory functions, depending on the expression dynamics. 
When Ascl1 expression oscillates, NPCs proliferate actively. By contrast, when the 
expression is sustained, NPCs differentiate into post-mitotic neurons. Further analyses 
will be required to understand the mechanism by which these bHLH factors lead to 
different outcomes depending on different expression dynamics. 
 bHLH factors seem to be useful tools for regenerative medicine of neural 
tissues. We have recently developed a new optogenetics method that enables oscillatory 
versus sustained gene expression. This method offers a new way to control the 
proliferation and differentiation of stem cells by simply changing the light exposure 
pattern rather than using different growth factors or chemicals, showing its applicability 
to the regeneration technology. 
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Figure legends 
 
Figure 1. Neural progenitor cells and their differentiation in the embryonic brain.  
Neuroepithelial cells initially undergo self-renewal by symmetric division and 
proliferate extensively. As development proceeds, neuroepithelial cells are elongated to 
become radial glial cells, which have cell bodies in the inner region (the ventricular 
zone) of the neural tube and radial fibers that reach the pial surface. Radial glial cells 
give rise to neurons first. After the production of neurons, radial glial cells give rise to 
oligodendrocytes, ependymal cells, and astrocytes. Both neuroepithelial cells and radial 
glial cells are considered embryonic neural progenitor cells. 
 
Figure 2. The core pathway of Notch signaling. 
Proneural factors such as Ascl1 and Neurog2, which promote neuronal differentiation, 
induce the expression of Notch ligands such as Dll1 (Cell 1), which activate Notch 
signaling in neighboring cells (Cell 2). Upon activation, Notch is cleaved at the 
transmembrane part, releasing the Notch intracellular domain (NICD). NICD then 
moves to the nucleus, where it forms a complex with the DNA-binding protein Rbpj and 
the transcriptional co-activator Maml. The NICD-Rbpj-Maml ternary complex induces 
the expression of Hes1 and Hes5, which repress the expression of proneural genes and 
Dll1, thereby leading to the maintenance of neural progenitor cells (Cell 2). 
 
Figure 3. Oscillatory expression of Hes1 by negative feedback. 
Hes1 expression oscillates by negative feedback with a period of 2-3 hours in neural 
progenitor cells. Hes1 represses its own expression by directly binding to its promoter. 
This negative feedback leads to the disappearance of hes1 mRNA and Hes1 protein, 
because they are extremely unstable, allowing the next round of its expression. In this 
way, Hes1 autonomously starts oscillatory expression. 
 
Figure 4. Expression dynamics in neural progenitor cells and differentiating neurons.  
Hes1 expression oscillates with a period of 2-3 hours in neural progenitor cells. In these 
cells, Hes1 oscillation drives the oscillatory expression of Ascl1, Neurog2, and Dll1 by 
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periodic repression. When Hes1 expression disappears, Ascl1, Neurog2, and Dll1 

expression becomes sustained, promoting neuronal differentiation. Thus, the oscillatory 
expression correlates with proliferation of neural progenitor cells, whereas sustained 
expression correlates with neuronal differentiation. 
 
Figure 5. Basal progenitors and OSVZ progenitors. 
Basal progenitors retract apical and basal processes and generally divide only once to 
generate two neurons in the subventricular zone. In these cells, Hes1 expression is 
down-regulated, suggesting that Notch signaling is not active. OSVZ progenitors have 
radial glia-like morphology extending radial fibers to the pial surface but lack apical 
processes. These cells repeatedly undergo asymmetric cell division, each dividing into a 
daughter cell that inherits the radial fiber (OSVZ progenitor) and a neuron that does not. 
Neurons express Notch ligands and activate Notch signaling in their sibling OSVZ 
progenitors. 
 
Figure 6. Different expression dynamics of Hes1 in the developing nervous system. 
The developing nervous system is partitioned into many compartments by boundaries 
such as the isthmus and the zona limitans intrathalamica (Zli). The nervous system is 
also partitioned into the right and left halves by the roof plate and the floor plate. Cells 
in boundary regions are mostly dormant with regard to proliferation and differentiation, 
in contrast to neural progenitor cells present in compartments. Boundary cells express 
Hes1 in a sustained manner while neural progenitor cells present in compartments 
express Hes1 in an oscillatory manner. 
 
Figure 7. Hypothesis for the involvement of Hes1 and proneural factor oscillators in the 
temporal fate switch of NPCs. ESET activity gradually decreases while Polycomb group 
complex (PcG) activity on proneural genes may increase over time, and these factors 
regulate the temporal fate switch of NPCs. Their expression might be directly or 
indirectly controlled by Hes1 and proneural factor oscillators, although the exact 
mechanism is unknown. 
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