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SUMMARY

Expression of the Notch effector gene Hes1 is re-
quired for maintenance of neural progenitors in the
embryonic brain, but persistent and high levels of
Hes1 expression inhibit proliferation and differentia-
tion of these cells. Here, by using a real-time imaging
method, we found that Hes1 expression dynamically
oscillates in neural progenitors. Furthermore, sus-
tained overexpression of Hes1 downregulates ex-
pression of proneural genes, Notch ligands, and
cell cycle regulators, suggesting that their proper
expression depends on Hes1 oscillation. Surpris-
ingly, the proneural gene Neurogenin2 (Ngn2) and
the Notch ligand Delta-like1 (Dll1) are also expressed
in an oscillatory manner by neural progenitors, and
inhibition of Notch signaling, a condition known to
induce neuronal differentiation, leads to downregula-
tion of Hes1 and sustained upregulation of Ngn2 and
Dll1. These results suggest that Hes1 oscillation reg-
ulates Ngn2 and Dll1 oscillations, which in turn lead
to maintenance of neural progenitors by mutual
activation of Notch signaling.

INTRODUCTION

Neural progenitors change their competency over time, giving

rise to distinct types of cells during development (Alvarez-Buylla

et al., 2001; Fishell and Kriegstein, 2003; Fujita, 2003; Götz and

Huttner, 2005; Miller and Gauthier, 2007). Thus, maintenance

of neural progenitors until later stages of development is essen-

tial for the generation of cells both in correct numbers and with

a full spectrum of cell types. It has been shown that Notch signal-

ing plays an important role in the maintenance of neural progen-

itors (Artavanis-Tsakonas et al., 1999; Gaiano and Fishell, 2002;

Honjo, 1996; Selkoe and Kopan, 2003). Upon activation of Notch

signaling by its ligands, such as Delta-like1 (Dll1), the intracellular

domain of the transmembrane protein Notch (NICD) is released

from the membrane region and transferred into the nucleus,

where the NICD converts RBP-J from a repressor to an activator

by forming a complex with it (Honjo, 1996; Selkoe and Kopan,

2003). The complex of NICD and RBP-J activates expression

of the basic helix-loop-helix transcriptional repressors Hes1

and Hes5 (Ohtsuka et al., 1999), downregulates proneural gene
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expression, and inhibits neuronal differentiation (Bertrand

et al., 2002; Ross et al., 2003; Kageyama et al., 2007). Inactiva-

tion of Hes1 upregulates expression of proneural genes, acceler-

ating neuronal differentiation (Ishibashi et al., 1995; Tomita et al.,

1996; Hatakeyama et al., 2004), whereas misexpression of Hes1

inhibits neuronal differentiation (Ishibashi et al., 1994; Ohtsuka

et al., 2001), suggesting that Hes1 is one of essential effectors

of Notch signaling. It has been shown that postmitotic neurons

express Notch ligands and activate Notch signaling of neighbor-

ing neural progenitors (Henrique et al., 1995; Myat et al., 1996;

Dunwoodie et al., 1997). However, Notch ligands are already

expressed in the developing nervous system before overt neuro-

nal differentiation (Bettenhausen et al., 1995; Hatakeyama et al.,

2004), raising the possibility that Notch ligands are also ex-

pressed by dividing neural progenitors.

Another issue is the expression mode of Hes1 in the develop-

ing nervous system. We previously found that Hes1 protein

expression by neural progenitors that actively proliferate and dif-

ferentiate is variable, with high levels in some cells, but lower

levels or no expression in others (Baek et al., 2006). Furthermore,

sustained Hes1 expression inhibits proliferation of cultured neu-

ral progenitors by G1 phase retardation, suggesting that Hes1

expression should be downregulated at some points of the cell

cycle (Baek et al., 2006). There are at least two possible explana-

tions for such variable levels of Hes1 expression. One is that

Hes1 expression is initially high in neural progenitors but is grad-

ually downregulated and finally lost during neuronal differentia-

tion. Another possibility is that Hes1 expression is oscillatory in

neural progenitors. We previously found that Hes1 expression

oscillates with a period of about 2 hr in cultured cells, such as

fibroblasts (Hirata et al., 2002; Masamizu et al., 2006). This oscil-

latory expression is induced by serum stimulation or Notch

activation and is regulated by negative feedback: Hes1 can re-

press its own expression by directly binding to its own promoter

(Takebayashi et al., 1994), and repression of the promoter leads

to rapid disappearance of both Hes1 mRNA and Hes1 protein,

because they are extremely unstable, which allows the next

round of expression. In this way, Hes1 autonomously starts

oscillatory expression (Hirata et al., 2002). However, it remains

to be determined whether Hes1 expression oscillates in neural

progenitors.

To address these questions, we examined the dynamics of

Hes1 expression in neural progenitors by taking advantage of

a real-time imaging method that we previously developed

(Masamizu et al., 2006). We found that Hes1 expression dynam-

ically oscillates in neural progenitors. Furthermore, we found that
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Figure 1. Hes1 Expression in Neural Progenitors

BrdU was administered to E14.5 mouse embryos, and the telencephalon was examined 90 min, 8 hr, and 14 hr later, which corresponds to labeling of cells in

S-G2 phase (I–L), early G1 phase (A–D), and late G1 phase (E–H) , respectively. Hes1 protein expression and BrdU incorporation were immunohistochemically

analyzed. Hes1 expression occurred at variable levels from S to G2. Cells expressing Hes1 protein at high and low levels are indicated by arrows and arrowheads,

respectively (J and L). In early G1 phase, when cell bodies were located near the ventricular surface, Hes1 protein expression was mostly absent (B–D), (some

of them are indicated by arrows). After early G1 phase, various levels of Hes1 expression occurred again in about 50% of the BrdU-labeled cells, whereas no

expression occurred in other BrdU+ cells. Some Hes1+ and Hes1� cells are indicated by arrows and arrowheads, respectively (H). Scale bars, 50 mm (A), (E),

and (I) and 10 mm (B–D), (F–H), and (J–L).
the proneural gene Neurogenin2 (Ngn2) and the Notch ligand

Dll1 are expressed in an oscillatory manner by neural progeni-

tors, and that these oscillations are regulated by Hes1 oscillation.

In contrast, downregulation of Hes1 expression, which is known

to induce neuronal differentiation, leads to sustained upregula-

tion of Ngn2 and Dll1 expression. These results suggest that

oscillations in Notch signaling play an important role in mainte-

nance of neural progenitors.

RESULTS

Hes1 Is Expressed at Various Levels
by Neural Progenitors
We first examined Hes1 expression in neural progenitors in the

developing telencephalon. Hes1 protein was expressed in the

ventricular zone of the developing nervous system (Figures 1A,

1E, and 1I). Virtually all Hes1-expressing cells were found to be

positive for Ki67, a marker for mitotic cells (see Figures S1A–

S1D available online), indicating that Hes1 is expressed only by

dividing cells. To reveal the relationship between Hes1 expres-

sion and the cell cycle, we administered BrdU to mouse embryos

at embryonic day (E) 14.5 and examined brain sections 30 min,

90 min, 8 hr, and 14 hr later, which corresponds to the labeling,

respectively, of cells in S phase, S-G2 phase, early G1 phase,

and late G1 phase (Takahashi et al., 1995). Cells in M phase
were labeled by antiphosphorylated histone H3 (pH3) antibody.

In addition, the cell cycle phases were assessed according to

the location of cell bodies of neural progenitors. During S phase,

cell bodies are present at the outer region of the ventricular zone

but descend toward the ventricular surface during G2 phase

(Fujita, 2003; Takahashi et al., 1993). Cell division occurs at the

ventricular surface, and cell bodies ascend during G1 phase

(Fujita, 2003; Takahashi et al., 1993).

Hes1 protein was expressed in the nuclei of neural progenitors

in S and G2 phases (Figures 1J–1L, Hes1+BrdU+). Some cells

expressed Hes1 protein at high levels (Figures 1J–1L, arrows)

whereas others expressed it at low levels (Figures 1J–1L, arrow-

heads). During M phase (pH3+), Hes1 protein was not expressed

by some cells but was present in the cytoplasm of others (Fig-

ures S1E–S1H). However, in early G1 phase, when cell bodies

were located near the ventricular surface, Hes1 protein expres-

sion was mostly absent (Figures 1B–1D; many BrdU+ cells near

the ventricular surface were negative for Hes1). After early G1

phase, various levels of Hes1 expression occurred again in about

50% of the BrdU-labeled cells, whereas no expression occurred

in other BrdU+ cells (some Hes1+ and Hes1� cells are indicated

by arrows and arrowheads, respectively, in Figures 1F–1H).

Because neural progenitors undergo asymmetric cell division

at this stage, which produces a new neural progenitor and a

neuron or a neuronal precursor, it is likely that half of the
Neuron 58, 52–64, April 10, 2008 ª2008 Elsevier Inc. 53
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BrdU-labeled cells (i.e., those that expressed Hes1) remained as

neural progenitors, whereas the other half (i.e., those that did not

express Hes1) differentiated into neurons or neuronal precur-

sors. These results suggest that Hes1 expression is downregu-

lated during early G1 phase in all cells, and remains suppressed

thereafter in neurons and neuronal precursors, but occurs again

at various levels in neural progenitors.

Hes1 Expression Oscillates in Neural Progenitors
in Dissociation Cultures
Hes1 was expressed at various levels by neural progenitors, but it

was not clear how Hes1 expression changes in these cells. To

address this question, we examined the dynamics of Hes1

Figure 2. Real-Time Imaging of Hes1 Ex-

pression in Dissociated Neural Progenitor

Cultures

(A) Structure of the Hes1 reporter. Ubiquitinated

luciferase was expressed under the control of

the 2.5 kb Hes1 promoter (Masamizu et al., 2006).

(B) Neural progenitors were prepared from the tel-

encephalon of Hes1 reporter mice. Biolumines-

cence images of individual neural progenitors

were taken using 20 min exposures and binning

of pixels 4 3 4 to increase signal-to-noise ratios

(Movie S1). Bright images (DIC) are also shown.

(C) Quantification of bioluminescence of individual

neural progenitors shown in (B).

(D) Average period of Hes1 oscillations in neural

progenitors. The average period of Hes1 oscilla-

tion was 2–3 hr during E9.5 to E14.5. Thus, it

was not significantly changed during this period,

although there was some tendency that the period

was longer at earlier stages.

Standard deviation is shown with each value.

expression by taking advantage of

a real-time imaging method, one that

used a ubiquitinated firefly luciferase

reporter under the control of the Hes1

promoter (pHes1-Ub1-Luc) (Figure 2A)

(Masamizu et al., 2006). Because the

half-lives of Hes1 mRNA and Hes1 protein

are about 20 min (Hirata et al., 2002), an

unstable reporter with a half-life of 20 min

or less is necessary to monitor the dy-

namic changes of Hes1 expression. The

ubiquitinated firefly luciferase reporter has

a half-life of about 10 min and is unstable

enough to monitor the precise dynamics

of oscillatory expression of Hes1 in the

somite segmentation clock and in cul-

tured fibroblasts (Masamizu et al., 2006).

Accordingly, we prepared dissociation

cultures of telencephalic neural progeni-

tors from the transgenic mice carrying

pHes1-Ub1-Luc reporter at E9.5, E11.5,

E13.5, and E14.5 and monitored their bioluminescence using

a highly sensitive CCD camera.

We found that 60%–85% of neural progenitors soon lost Hes1

expression in dissociation cultures, probably because Notch sig-

naling was disrupted by dissociation (Figure S2B, cells 1–4). The

rest of the neural progenitors (15%–40%) expressed Hes1 for at

least several hours, and Hes1 expression oscillated in all of them

(Figures 2B and 2C, Movie S1, and Figure S2B, cells 5–8), sug-

gesting that the variability in Hes1 expression observed in neural

progenitors is due to oscillation. The periods of Hes1 oscillation

were not stable but varied from cycle to cycle and from cell to cell

(Figures 2B and 2C and Figure S2A). In some cases, Hes1

expression was repressed for several hours but then suddenly

increased and started oscillating (Figure S2B, cells 9–11). These
54 Neuron 58, 52–64, April 10, 2008 ª2008 Elsevier Inc.



Neuron

Notch Signaling Oscillations in Neural Progenitors
Figure 3. Real-Time Imaging of Hes1 Expression in a Slice Culture of the Dorsal Telencephalon

pHes1-Ub1-Luc reporter was introduced into telencephalic neural progenitors of mouse embryos in utero by electroporation at E13.5, and a slice culture was

prepared one day later. pEF-EGFP vector was also introduced to visualize cell morphology.

(A) Bioluminescence images were taken using 20 min exposures and binning of pixels 4 3 4 to increase signal-to-noise ratios (Movie S2). Hes1 expression

dynamically oscillated in a neural progenitor.

(B) To trace cells, EGFP expression was monitored. Labeled cells displayed an elevator movement of their nuclei and cell bodies in a slice culture.

(C) Quantification of bioluminescence of a neural progenitor shown in ([A], arrowheads). Peaks are indicated by asterisks.
cells probably proceeded from early G1 to late G1 phase in

culture, because Hes1 is not expressed during early G1 phase

(Figures 1A–1D). If such long silence was excluded, the average

period of Hes1 oscillation from E9.5 to E14.5 was 2–3 hr

(Figure 2D). Thus, the period of Hes1 oscillation was not signifi-

cantly changed during development, although there was some

tendency for the period to be longer at earlier stages.

Hes1 Expression Oscillates in Neural Progenitors
in Slice Cultures
We next examined the dynamics of Hes1 expression in slice cul-

tures, which do not disrupt Notch signaling and thus represent

in vivo situations better than dissociation cultures. The pHes1-

Ub1-Luc reporter was introduced into telencephalic neural

progenitors of mouse embryos in utero by electroporation at

E13.5, and slice cultures were prepared one day later to examine

Hes1 expression. pEF-EGFP vector, which directs GFP expres-

sion from the elongation factor 1a promoter, was also intro-

duced. Neural progenitors, which were visualized by GFP

expression, displayed an elevator movement of their nuclei and

cell bodies in slice cultures (Figure 3B). The intensity of GFP
labeling was not significantly changed according to the cell

movement (Figure 3B). In contrast, the luciferase activity repre-

senting Hes1 expression was oscillatory in neural progenitors,

when they were located in the outer region of the ventricular

zone or descending toward the ventricular surface (correspond-

ing to late G1, S, and G2 phases) (Figure 3A, arrowheads;

Figure S3; and Movie S2). The average period of Hes1 oscillation

in slice cultures was about 3 hr (Figure 3C). However, neural pro-

genitors ascending near the ventricular surface toward the outer

region, which were in early G1 phase, did not express Hes1 (data

not shown). All these data agreed well with the above results.

Persistent and High Levels of Hes1 Repress
Expression of Proneural Genes, Notch Ligands,
and Cell Cycle Regulators
Real-time monitoring experiments revealed that Hes1 expres-

sion oscillates in neural progenitors. We next investigated the

significance of Hes1 oscillation. It was previously shown that

persistent and high levels of Hes1 expression not only inhibit

neuronal differentiation but also retard cell cycle progression of

cultured cells (Castella et al., 2000; Ström et al., 2000; Hartman
Neuron 58, 52–64, April 10, 2008 ª2008 Elsevier Inc. 55
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et al., 2004; Baek et al., 2006), raising the possibility that persis-

tent Hes1 expression represses expression of genes required for

efficient proliferation and differentiation of neural progenitors. To

determine the target genes for Hes1, we introduced pEF-Hes1

and pEF-EGFP vectors into the developing telencephalon by

electroporation at E13.5. As a control, pEF was used instead of

pEF-Hes1. The telencephalon was dissociated 18 hr after elec-

troporation, at which time the control cells did not initiate overt

neuronal differentiation; thus, the earliest changes in gene

expression could be detected. Transfected cells (GFP+) were

collected by a cell sorter, and biotinylated cRNAs of each sample

were hybridized to high-density microarrays. We found that 40

genes displayed more than two-fold repression by persistent

and high levels of Hes1 expression in telencephalic neural pro-

genitors (Figure 4A). These genes included the proneural genes

Mash1 (Ascl1), Math3 (Neurod4), and Ngn2, the Notch ligands

Dll1 and Jag1, and the cell cycle regulators cyclin D1 (Ccnd1)

and cyclin E2 (Ccne2).

To confirm that Hes1 represses the endogenous expression of

these genes, we introduced pEF-Hes1 and pEF-EGFP (Hes1 +

EGFP) into the developing dorsal telencephalon by electropora-

tion at E13.5. As a control, pEF was introduced instead of pEF-

Hes1 (EGFP only). In situ hybridization and immunohistochemical

analysis indicated that sustained overexpression of Hes1

repressed the endogenous expression of cyclin D1, Ngn2, and

Dll1 (Figures 4F–4K and Figures S4A–S4F). Furthermore, Hes1

inhibited BrdU uptake (Figures S4G–S4L) and led to G1 phase

retardation (Figure S5). These in vivo results agreed well with

Figure 4. Effects of Sustained Overexpres-

sion of Hes1

(A) List of genes whose expression was repressed

by sustained overexpression of Hes1. Genes that

display >2.0-fold higher repression by Hes1 are

indicated. pEF or pEF-Hes1 together with pEF-

EGFP was electroporated into telencephalic neu-

ral progenitors at E13.5. Eighteen hours later, the

telencephalon was dissociated, and EGFP-posi-

tive cells were collected by a cell sorter. Biotiny-

lated cRNAs were made from each sample and

hybridized to high-density microarrays. Data from

two independent experiments are shown.

(B–K) pEF (B, D, F, H, and J) or pEF-Hes1 (C, E, G,

I, and K) together with pEF-EGFP was electropo-

rated into the developing telencephalon at E13.5,

and brain sections were examined by immunohis-

tochemistry (B and C) or in situ hybridization (D–K).

Sustained overexpression of Hes1 repressed the

endogenous expression of cyclin D1 (G), Ngn2

(I), and Dll1 (K). Electroporated regions are shown

by brackets. Scale bars, 100 mm (C) and (K).

the previous in vitro data (Baek et al.,

2006). Hes1 + EGFP and the EGFP-only

telencephalic cells were also collected

by sorting, and gene expression levels

were examined by quantitative PCR.

Cyclin D1, Ngn2, and Dll1 expression

was significantly downregulated in Hes1-

overexpressing (Hes1 + EGFP) cells, com-

pared with control (EGFP only) cells (Figure S6). These results

suggest that persistent and high levels of Hes1 expression in-

hibit neuronal differentiation and cell cycle progression by repres-

sing expression of proneural genes and cell cycle regulators.

These results also suggest that proper expression of these genes

depends on Hes1 oscillation.

In situ hybridization and quantitative PCR analysis indicated

that Hes1 also repressed other genes, such as the Notch signal-

ing molecules Hes5 and Manic fringe (Mfng) (Figures S6 and S7A–

S7D) (Ohtsuka et al., 1999; Chen et al., 2001) and the cell cycle

regulators Gadd45g, Myt1, and Tis21 (Figures S6 and S7E–

S7J), which induce G2-M arrest (Mueller et al., 1995; Rouault

et al., 1996; Vairapandi et al., 2002), suggesting that Hes1 regu-

lates cell proliferation and differentiation via multiple factors.

Ngn2 and Dll1 Are Expressed at Various Levels
by Dividing Neural Progenitors
Ngn2 and Dll1 not only were repressed by overexpression of

Hes1 (Figures 4I and 4K) but also are known to be upregulated

in the absence of Hes1 (Hatakeyama et al., 2004; Baek et al.,

2006), raising the possibility that expression of Ngn2 and Dll1

dynamically changes under the control of Hes1 oscillation. We

therefore examined whether Ngn2 and Dll1 are expressed at

various levels by neural progenitors. BrdU was administered to

embryos at E10.5, E12.5, and E14.5 to monitor dividing neural

progenitors at S to G2 phase.

Immunohistochemical analysis showed that Ngn2 protein was

expressed at various levels in the ventricular zone at E10.5,
56 Neuron 58, 52–64, April 10, 2008 ª2008 Elsevier Inc.
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E12.5, and E14.5 (Figures 5A, 5B, 5E, 5F, 5I, and 5J). At E10.5

and E12.5, many of Ngn2-expressing cells (39.0% ± 15.1% at

E10.5 and 38.9% ± 6.4% at E12.5) were labeled with BrdU (Fig-

ures 5A–5H). Furthermore, many Ngn2-expressing cells were

positive for Ki67 at this stage (Figures S8A–S8H). At E14.5,

some of BrdU+ or Ki67+ cells expressed Ngn2, although the

number was reduced (Figures 5I–5L and Figures S8I–S8L). At

this stage, many Ngn2-expressing cells did not incorporate

BrdU, suggesting that many of them differentiated into postmi-

totic neurons (Figures 5I–5L). Similarly, in situ hybridization anal-

ysis showed that Dll1 mRNA was expressed at various levels in

the ventricular zone at E10.5, E12.5, and E14.5 (Figures 5M, 5N,

5Q, 5R, 5U, and 5V). At E10.5 and E12.5, many Dll1-expressing

cells (46.0% ± 2.1% at E10.5 and 42.0% ± 4.5% at E12.5) were

Figure 5. Ngn2 and Dll1 Expression in

Dividing Neural Progenitors

BrdU was administered to mouse embryos, and

the telencephalon was examined 1–2 hr later to

monitor the cells at S to G2 phase.

(A–L) Many BrdU+ cells expressed Ngn2 at vari-

able levels at E10.5 and E12.5 (A–H), suggesting

that many dividing neural progenitors express

Ngn2 at this stage. At E14.5, some of BrdU+ cells

expressed Ngn2, although the number was re-

duced (I–L). At this stage, many Ngn2-expressing

cells did not incorporate BrdU, suggesting that

many of them differentiated into postmitotic neu-

rons. Boxed regions in (A), (E), and (I) are enlarged

in (B–D), (F–H), and (J–L), respectively.

(M–X) Dll1 was expressed in the ventricular zone at

E10.5, E12.5, and E14.5 (M, Q, and U). Many

BrdU+ cells expressed Dll1 at variable levels at

E10.5 and E12.5 (N–P and R–T), suggesting that

many dividing neural progenitors express Dll1 at

this stage. At E14.5, the number of Dll1-expressing

neural progenitors was reduced (V–X). Scale bars,

20 mm in (A), (E), and (I); 20 mm in (N–P), (R–T), and

(V–X); and 10 mm in (B–D), (F–H), and (J–L).

labeled with BrdU (Figures 5N–5P and

5R–5T), but this ratio was reduced at

E14.5 (Figures 5V–5X). Thus, Ngn2 and

Dll1 expression occurred at various levels

in many dividing neural progenitors at

E10.5 and E12.5, but the number of

Ngn2- and Dll1-expressing neural pro-

genitors was reduced at E14.5.

Inverse Correlation between Hes1
and Ngn2/Dll1 Expression Levels
Our results indicated that Ngn2 and Dll1

are indeed expressed at various levels

by neural progenitors. We next sought

to determine the relationship between

Hes1 protein and Ngn2/Dll1 expression

levels. Many cells coexpressed Hes1 and

Ngn2 or Dll1 at E12.5 (Figures 6A–6D and

6I–6L). Interestingly, in most cells, when

the levels of Hes1 protein were high,

levels of Ngn2 expression were low (Figures 6A–6D, arrows),

and vice versa (Figures 6A–6D, arrowheads). Similarly, when

the levels of Hes1 protein were high, Dll1 expression was mostly

undetectable, and when the levels of Hes1 protein were low, Dll1

expression was observed in neural progenitors (Figures 6I–6L).

Thus, there was an inverse correlation between Hes1 and

Ngn2/Dll1 expression levels (Figure S9). At E14.5, there was

also an inverse correlation between Hes1 and Ngn2/Dll1 expres-

sion levels, although the number of cells coexpressing Hes1 and

Ngn2 or Dll1 was reduced (Figures 6E–6H and 6M–6P and

Figure S9).

The above results suggest that variable levels of Ngn2 and Dll1

expression are controlled, at least in part, by Hes1. To examine

this possibility, we next misexpressed low, intermediate, and
Neuron 58, 52–64, April 10, 2008 ª2008 Elsevier Inc. 57



Neuron

Notch Signaling Oscillations in Neural Progenitors
Figure 6. Inverse Correlation Between Hes1

and Ngn2/Dll1 Expression

The telencephalon at E12.5 and E14.5 was

examined.

(A–H) Immunohistochemistry for Hes1 and Ngn2.

At E12.5, when the levels of Hes1 protein were

high, levels of Ngn2 expression were low ([A–D],

arrows), and vice versa ([A–D], arrowheads).

Thus, there was an inverse correlation between

Hes1 and Ngn2 expression levels. At E14.5, there

was also an inverse correlation between Hes1 and

Ngn2 expression levels, but fewer cells coex-

pressed Hes1 and Ngn2, suggesting that Ngn2

expression is gradually restricted to Hes1� cells

(E–H). Boxed regions in (A) and (E) are enlarged

in (B–D) and (F–H), respectively.

(I–P) Immunohistochemistry for Hes1 and in situ

hybridization for Dll1. At E12.5, when the levels

of Hes1 protein were high, Dll1 expression was

mostly undetectable, and when the levels of

Hes1 protein were low, Dll1 expression was

observed in neural progenitors (I–L). Thus, there

was an inverse correlation between Hes1 and

Dll1 expression levels. At E14.5, there was also

an inverse correlation between Hes1 and Dll1

expression levels, but fewer cells coexpressed

Hes1 and Dll1, suggesting that Dll1 expression

is gradually restricted to Hes1� cells (M–P).

Boxed regions in (I) and (M) are enlarged in (J–L)

and (N–P), respectively. Scale bars, 20 mm in (A),

(E), (I), and (M); 10 mm in (B–D), (F–H), (J–L), and

(N–P).
high levels of Hes1 by electroporating different amounts of pEF-

Hes1 into the developing dorsal telencephalon at E13.5. As Hes1

expression levels increased (Figures S10A, S10B, S10H, S10I,

S10O, and S10P), Ngn2 and Dll1 expression levels decreased

(Figures S10C, S10D, S10J, S10K, S10Q, and S10R). We also

obtained the same results when we electroporated the Tet-Off

promoter-driven Hes1 expression vector and applied different

amounts of doxycycline (data not shown). These results support

the notion that Ngn2 and Dll1 expression levels dynamically

change depending on Hes1 expression levels.

Interestingly, when Hes1 was persistently misexpressed at an

intermediate or a high level, many nontransfected cells (GFP-

negative) prematurely differentiated into neurons (TuJ1+) in the

ventricular zone (Figures S10L–S10N and S10S–S10Y). This

was probably because Dll1 expression was persistently re-

pressed in transfected cells (GFP+) and thus Notch signaling

was kept inactive in their neighboring nontransfected cells

(GFP�). These data suggest that Hes1 oscillation is required

for mutual activation of Notch signaling and maintenance of

neural progenitors in the ventricular zone.

Oscillatory Expression of Ngn2 and Dll1 Is Regulated
by Hes1 Oscillation
To reveal the dynamics of Ngn2 and Dll1 expression, we imaged

their expression at the single cell level by using a ubiquitinated
58 Neuron 58, 52–64, April 10, 2008 ª2008 Elsevier Inc.
firefly luciferase reporter under the control of the Ngn2 or Dll1

promoter (pNgn2-Ub1-Luc and pDll1-Ub1-Luc) (Figures 7A and

7H). The half-lives of Ngn2 and Dll1 mRNAs are shorter than

30 min in neural progenitors (data not shown); thus, this reporter is

unstable enough to monitor the precise dynamics of Ngn2 and

Dll1 expression. The pNgn2-Ub1-Luc or pDll1-Ub1-Luc reporter

was introduced into telencephalic neural progenitors of mouse

embryos in utero by electroporation at E13.5, and dissociation

cultures were prepared one day later. pEF-EGFP vector was

also introduced together, and the bioluminescence of GFP+ cells

was monitored. Both Ngn2 and Dll1 expression were found to

oscillate in about a half of GFP+ cells (Figures 7B, 7D, 7I, and

7K and Movies S3 and S4) but were relatively persistent in the

other half (Figures 7C, 7E, 7J, and 7L and Movies S3 and S4).

Slice cultures were also prepared from pNgn2-Ub1-Luc- or

pDll1-Ub1-Luc-electroporated telencephalon, and both oscillat-

ing and persistently expressing cells were found in either case

(data not shown). In dissociation cultures, the oscillating cells

were negative for TuJ1 expression, and thus it is likely that

they were neural progenitors (Figures 7F and 7M). In contrast,

the persistently expressing cells were positive for TuJ1, and thus

they were differentiating neurons (Figures 7G and 7N). These

results indicated that both Ngn2 and Dll1 expression are oscil-

lating in neural progenitors but persistent in differentiating

neurons.
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We observed Hes1 oscillation more frequently in neural

progenitor cultures, which were plated at higher density (data

not shown). We thus speculated that cell-cell interaction via

Notch signaling is required for Hes1 oscillation and that Dll1 os-

cillation mutually activates Notch signaling in neighboring neural

progenitors. To determine whether Notch signaling is required

for Hes1 oscillation in these cells, we examined the effect of

a g-secretase inhibitor, which blocks Notch signaling. In the

presence of the g-secretase inhibitor DAPT, Hes1 expression

was persistently repressed (Figure S11A), indicating that Hes1

oscillation depends on Notch signaling. Under this condition,

Figure 7. Oscillatory Expression of Ngn2 and Dll1 in

Neural Progenitors

The pNgn2-Ub1-Luc (A–G) or pDll1-Ub1-Luc reporter (H–N)

was introduced into telencephalic neural progenitors of mouse

embryos in utero by electroporation at E13.5, and dissociation

cultures were prepared one day later. pEF-EGFP vector was

also introduced together, and the bioluminescence of GFP+

cells was monitored.

(A) Schematic structure of pNgn2-Ub1-Luc.

(B and C) Bioluminescence images of individual neural pro-

genitors were taken using 20 min exposures and binning of

pixels 2 3 2 (Movie S3).

(D and E) Quantification of bioluminescence of individual

neural progenitors shown in (B) and (C).

(F and G) After bioluminescence images were taken, the cells

were immunostained. A cell expressing Ngn2 in an oscillatory

manner was negative for TuJ1 (F), whereas one expressing

Ngn2 persistently was positive for TuJ1 (G).

(H) Schematic structure of pDll1-Ub1-Luc.

(I and J) Bioluminescence images of individual neural progen-

itors were taken using 20 min exposures and binning of pixels

2 3 2 (Movie S4).

(K and L) Quantification of bioluminescence of individual

neural progenitors shown in (I) and (J).

(M and N) After bioluminescence images were taken, the cells

were immunostained. A cell expressing Dll1 in an oscillatory

manner was negative for TuJ1 (M), whereas one expressing

Dll1 persistently was positive for TuJ1 (N).

both Ngn2 and Dll1 expression was persistently

upregulated (Figures S11B and S11C). Real-time

imaging analysis showed that, in the presence of

DAPT, the number of cells expressing Ngn2 and

Dll1 in an oscillatory manner decreased, whereas

that of cells exhibiting persistent expression of

Ngn2 and Dll1 increased. Thus, blockade of Notch

signaling, a condition known to induce neuronal

differentiation, leads to repression of Hes1 expres-

sion and sustained upregulation of Ngn2 and Dll1

expression.

It was recently shown that, in addition to Notch

signaling, Jak2-Stat3 signaling is required for

Hes1 oscillation in fibroblasts (Yoshiura et al.,

2007). To determine whether Jak2-Stat3 signaling

is involved in Hes1 oscillation in neural progenitors,

AG490, an inhibitor of this signaling, was added to

the cultures. Under this condition, Hes1 oscillation

disappeared (Figure S12), suggesting that Jak2-Stat3 signaling

also regulates Hes1 oscillation in neural progenitors.

DISCUSSION

Oscillatory Expression of Hes1, Ngn2, and Dll1

in Neural Progenitors
We examined the dynamics of Hes1 expression using a real-time

imaging method and showed that Hes1 expression dynamically

oscillates in neural progenitors in the embryonic brain

(Figure 8A). To our surprise, we found that expression of the
Neuron 58, 52–64, April 10, 2008 ª2008 Elsevier Inc. 59
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proneural gene Ngn2 and the Notch ligand Dll1 also oscillates in

neural progenitors (Figure 8A). Downregulation of Hes1 expres-

sion by blockade of Notch signaling leads to sustained upregu-

lation of Ngn2 and Dll1, whereas sustained overexpression of

Hes1 downregulates Ngn2 and Dll1 expression. These data

suggest that Hes1 regulates Ngn2 and Dll1 oscillations in neural

progenitors by periodically repressing their expression. We then

speculated that Hes1 directly represses Ngn2 expression, as is

the case for a related proneural gene Mash1, which Hes1 directly

represses by binding to the Mash1 promoter (Chen et al., 1997).

However, regulation of Dll1 expression by Hes1 could be indi-

rect. It has been shown that Ngn2 upregulates Dll1 expression

by directly binding to the enhancer region (Castro et al., 2006).

Thus, Ngn2 oscillation itself may induce periodic upregulation

of Dll1. However, it is also possible that Hes1 directly represses

Dll1 expression by competing with Ngn2, because Hes1 can

functionally antagonize proneural factors by forming a non-

DNA-binding heterodimer complex (Sasai et al., 1992). Both

mechanisms are not mutually exclusive and may be cooperative

for precise regulation of Dll1 expression.

It has been shown that Notch ligands are expressed by differ-

entiating neurons (Henrique et al., 1995; Myat et al., 1996; Dun-

woodie et al., 1997). However, it was previously reported that

expression of Notch ligands and induction of the Notch effector

Figure 8. Model for Oscillations in Notch Signaling

(A) Expression of Hes1, Ngn2, and Dll1 oscillates in dividing neural progenitors.

In immature postmitotic neurons, Hes1 is downregulated, whereas Ngn2 and

Dll1 are upregulated in a sustained manner. It is likely that oscillatory expres-

sion of Ngn2 is not sufficient but sustained upregulation is required for neuro-

nal differentiation.

(B) Ngn2 and Dll1 oscillations are regulated by Hes1 oscillation in neural pro-

genitors. Ngn2 oscillation may be advantageous for maintenance/proliferation

of neural progenitors at early stages, because it induces Dll1 expression and

activates Notch signaling without promoting neuronal differentiation.
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Hes5 occur before overt neuronal differentiation (Bettenhausen

et al., 1995; Hatakeyama et al., 2004). We showed here that

the Notch ligand Dll1 is expressed in an oscillatory manner by

neural progenitors. It is likely that Dll1 oscillation mutually acti-

vates Notch signaling in neighboring neural progenitors, thereby

maintaining Hes1 oscillation and these cells (Figure 8B). At one

time point, when the levels of Hes1 protein are high by activation

of Notch signaling, those of Ngn2 and Dll1 expression are low

(Figure 8B). About 1 hr later, the levels of Hes1 protein become

low as a result of oscillation, leading to upregulation of Ngn2

and Dll1, which activates Notch signaling of neighboring cells

(Figure 8B). Our data also showed that persistent Hes1 expres-

sion in subsets of neural progenitors represses Dll1 expression

and induces ectopic neuronal differentiation of the neighboring

cells in the ventricular zone (Figure S10). These data suggest

that Hes1 oscillation is important for mutual activation of Notch

signaling and maintenance of neural progenitors.

Apparently, Ngn2 oscillation cannot induce neuronal differenti-

ation, although Ngn2 is known to have a neurogenic activity (Ma

et al., 1996; Nieto et al., 2001; Sun et al., 2001). In differentiating

neurons, Ngn2 is expressed in a sustained manner (Figures 7C,

7E, and 7G). These results imply that oscillatory expression of

Ngn2 is not sufficient for but sustained upregulation is required

for neuronal differentiation. Ngn2 oscillation may be advanta-

geous for maintenance/proliferation of neural progenitors at early

stages, because it induces Dll1 expression and activates Notch

signaling without promoting neuronal differentiation. In agreement

with this idea, various levels of Ngn2 and Dll1 expression, which

are indicative of oscillatory expression, are observed more

frequently in neural progenitors at earlier stages (around E10.5

to E12.5), when many cells proliferate by symmetric cell division.

We showed that Ngn2 and Dll1 expression oscillates in neural

progenitors (Figure 7). On immunohistochemical analysis, Ngn2

protein was expressed at various levels by neural progenitors

(Figures 5 and 6), suggesting that expression of Ngn2 protein

also oscillates in thesecells. However, it remains tobe determined

whether Dll1 protein expression oscillates in neural progenitors.

We did not show this, because it was technically difficult to mea-

sure the Dll1 protein levels on the cell surface. If the Dll1 protein is

stable, Dll1 mRNA oscillation does not lead to Dll1 protein oscilla-

tion; rather, it just maintains Dll1 expression at certain levels.

Persistent expression of Dll1 protein would also induce Hes1

oscillation, because the addition of cells that persistently express

Dll1 can induce Hes1 oscillation (Hirata et al., 2002).

Although the periods of Hes1 oscillation vary from cycle to

cycle and from cell to cell, the average was 2–3 hr during E9.5–

E14.5. Because there was some tendency for the period to be

longer at earlier stages, different period lengths could be involved

in different characteristics of neural progenitors. For example,

symmetrically dividing early neural progenitors could have a

longer period than asymmetrically dividing late progenitors. Fur-

ther analysis will be required to reveal the relationship between

the period lengths and characteristics of neural progenitors.

Oscillatory versus Sustained Hes1 Expression
The developing nervous system is partitioned into many

compartments by such boundaries as the isthmus and zona

limitans intrathalamica (Kiecker and Lumsden, 2005). Cells in
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compartments proliferate efficiently and give rise to many neu-

rons, whereas cells in boundary areas do not. In contrast to

compartmental neural progenitors, boundary cells persistently

express Hes1 at high levels (Baek et al., 2006). Furthermore, sus-

tained overexpression of Hes1 in telencephalic compartment

cells represses expression of cell cycle regulators and proneural

genes (Figure 4), suggesting that sustained Hes1 expression is

involved in slow cell proliferation and inhibition of neurogenesis,

two important features of boundary cells. Thus, it is likely that

sustained expression of Hes1 is involved in the formation of

boundary cells, whereas oscillatory expression of Hes1 causes

formation of compartment cells in the embryonic brain.

We found that Hes1 expression is repressed at early G1 phase

in compartmental neural progenitors and that sustained over-

expression of Hes1 in these cells downregulates expression of

such cell cycle regulators as cyclin D1 and cyclin E2 and leads

to G1 phase retardation. Thus, although Hes1 is required for

maintenance of neural progenitors, it should be downregulated

at certain points, such as in G1 phase, to allow cell cycle pro-

gression. Further analysis will be required to determine at which

points Hes1 inhibits and promotes the cell cycle.

The precise mechanism underlying how persistent versus

oscillatory Hes1 expression is regulated in neural progenitors is

not known. We recently found that Hes1 oscillation is regulated

by Stat3-Socs3 signaling in fibroblasts after serum stimulation

(Yoshiura et al., 2007). Stat3-Socs3 signaling displays an oscilla-

tory response that involves negative feedback: Jak activates

Stat3 by phosphorylation, and phosphorylated Stat3 (p-Stat3)

induces expression of Socs3, which antagonizes Jak-dependent

activation of Stat3 (Levy and Darnell, 2002; Yu and Jove, 2004). As

a result, formation of p-Stat3 and expression of Socs3 oscillate

out of phase with each other (Yoshiura et al., 2007). Interestingly,

this oscillation is important for Hes1 oscillation: in the absence of

Stat3-Socs3 oscillations,Hes1protein is expressed ina sustained

manner, whereas Hes1 mRNA expression is suppressed,

although the precise mechanism remains to be analyzed (Yosh-

iura et al., 2007). Because Jak-Stat signaling is involved in main-

tenance of neural progenitors (Kamakura et al., 2004), it is likely

that Hes1 oscillations are regulated by Jak-Stat signaling in these

cells. Indeed, we found that blockade of this signaling abolished

Hes1 oscillation (Figure S12). It was also recently shown that Id

factors are involved in sustained upregulation of Hes1 in boundary

regions of the developing nervous system (Bai et al., 2007). Id fac-

tors are highly expressed in boundary regions and inhibit Hes1

from negative autoregulation, thereby persistently upregulating

Hes1 expression. Interestingly, Id factors do not inhibit Hes1

from repressing proneural gene expression (Bai et al., 2007).

Both Jak-Stat signaling and Id factors may be responsible for

oscillatory versus persistent Hes1 expression.

Biological Implications of Oscillatory Expression
It is well known that neural progenitors display a variety of re-

sponses to single signals. For example, although PDGF induces

neuronal differentiation very efficiently, subsets of neural progen-

itors nevertheless become oligodendrocytes or astrocytes (Johe

et al., 1996). We also noted that some neural progenitors start

neuronal differentiation immediately, whereas others do not.

Such nonresponding cells could adopt different cell phenotypes
later. It is possible that Hes1 oscillation is involved in this different

responsiveness. Cells expressing Hes1 at high levels probably do

not respond, whereas cells expressing Hes1 at very low levels can

respond immediately to differentiation signals. Cells expressing

Hes1 at intermediate levels could have limited responsiveness

to certain differentiation signals. Further analysis will be required

to determine the relationship between the levels of Hes1 expres-

sion and the timing of cell differentiation.

In addition to Hes1, Ngn2, and Dll1, more and more genes have

been shown to display oscillatory expression. For example, more

than 30 genes, including Hes1, Hes7, and Dll1, are cyclically ex-

pressed during somite segmentation (Jouve et al., 2000; Bessho

et al., 2001; Maruhashi et al., 2005; Dequéantet al., 2006). Further-

more, expression of NF-kB signaling, p53, Socs3, and Smad6

also oscillates (Lev Bar-Or et al., 2000; Hoffmann et al., 2002; Nel-

son et al., 2004; Yoshiura et al., 2007). These data suggest that os-

cillatory expression is more general than was previously thought.

There seem to be at least three different modes of response of

downstream target genes to Hes1 oscillation. If downstream tar-

get gene products are very stable, transcriptional induction by ac-

tivators and periodic repression by Hes1 oscillation could lead to

upregulation of the products in a stepwise manner. When the ex-

pression of downstream genes reaches a certain level, the next

event could happen. In this case, the number of oscillation cycles

can be converted into the timing information of the next event,

suggesting that Hes1 functions as a cellular clock. If the down-

stream target gene products are relatively unstable, they do not

accumulate. Expression of such factors can be maintained within

a certain range by periodic downregulation by Hes1 oscillation. If

the downstream target gene products are very unstable, their

expression should be periodically downregulated by Hes1 oscilla-

tion, thus responding in an oscillatory manner, like Ngn2. Further

analysis of the expression of downstream target genes will be

required to reveal the full significance of Hes1 oscillations.

EXPERIMENTAL PROCEDURES

Reporter Vectors

pHes1-Ub1-Luc was described elsewhere (Masamizu et al., 2006). For pNgn2-

Ub1-Luc, 1.8 kb E1 enhancer (Scardigli et al., 2001) and 1.7 kb of Ngn2

promoter were placed upstream, and 30-untranslated region of Ngn2 was

placed downstream of Ub1-Luc. For pDll1-Ub1-Luc, 4.3 kb of Dll1 promoter

(Castro et al., 2006) was placed upstream, and 30-untranslated region of Dll1

was placed downstream of Ub1-Luc.

Mice

pHes1-Ub1-Luc transgenic mice were described elsewhere (Masamizu et al.,

2006). All mice used for this study were maintained and handled according to

the protocols approved by Kyoto University.

In Utero Electroporation

In utero electroporation was performed as described elsewhere (Ohtsuka

et al., 2001). Embryos were harvested 18–24 hr after electroporation.

BrdU Labeling

For cell cycle phase labeling, pregnant mice were injected intraperitoneally

with 50 mg BrdU/g of body weight. By changing BrdU exposure time, different

cell cycle phases were labeled. For analysis of E14.5 mouse embryos, brain

sections were examined 30 min, 90 min, 8 hr, and 14 hr after BrdU administra-

tion, which labeled cells in the S phase, S-G2 phase, early G1 phase, and late

G1 phase, respectively (Takahashi et al., 1995).
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For analysis of cell cycle progression of Hes1-overexpressing cells, in utero

electroporation of pEF-Hes1 or pEF control vector with pEF-EGFP was per-

formed, and embryos were examined 24 hr later. BrdU was injected 2 hr before

harvesting.

Tissue Processing

After electroporation or BrdU labeling, embryos were harvested, and brains

were excised in phosphate buffered saline (PBS). For immunohistochemistry,

brains were fixed in 2% paraformaldehyde (PFA) for 30 min or in 4% PFA for

6 hr or overnight at 4�C. For in situ hybridization, brains were fixed in 4%

PFA for 6 hr or overnight at 4�C. Fixed brains were cryoprotected overnight

in 25% sucrose/PBS at 4�C, embedded in OCT compound, and sectioned

at 15 mm by cryostat.

Immunohistochemistry

Frozen sections of fixed brains were treated as described elsewhere (Ohtsuka

et al., 2006). For immunostaining of BrdU, HCl treatment was performed as

follows. After washing in PBS, sections were incubated in 2N HCl for 30 min

at 37�C and then were neutralized in 0.1 M sodium tetraborate for 10 min at

room temperature. Primary antibodies used are as follows: guinea pig anti-

Hes1 (1:500 dilution, Baek et al., 2006), goat anti-Ngn2 (1:500; Santa Cruz

Biotechnology), mouse anti-BrdU (1:500; Sigma), mouse anti-Ki67 (1:100;

BD PharMingen), mouse antiphosphorylated histone H3 (1:500; Sigma), rabbit

anti-GFP (1:500; Molecular Probes), mouse anti-TuJ1 (1:1000, Covance), and

mouse anti-cyclinD1 (1:100; Santa Cruz Biotechnology). Sections were incu-

bated with primary antibody overnight or for 2 days at 4�C and then were

incubated with secondary antibody for 1–3 hr at room temperature. Secondary

antibodies used were as follows: biotinylated donkey anti-guinea pig IgG

(1:200; Jackson Immunoresearch), Alexa488-conjugated avidinD (1:1000;

Molecular Probes), Alexa594-conjugated anti-goat IgG (1:200; Molecular

Probes), Alexa594-conjugated anti-mouse IgG (1:200; Molecular Probes),

and Cy3-conjugated anti-mouse IgG (1:200; Jackson Immunoresearch).

In Situ Hybridization

Preparation of DIG-labeled antisense RNA probes and in situ hybridization

using NBT/BCIP detection were performed as described elsewhere (Ohtsuka

et al., 2006). For fluorescent in situ hybridization (FISH), Fast Red (Roche) was

used as substrates instead of NBT/BCIP. For double staining of FISH and

immunohistochemistry, FISH was performed first. After antigen retrieval was

done in 0.01 M citrate buffer (pH 6.0) using autoclave (105�C for 10 min), immu-

nohistochemistry was performed, as described above.

Bioluminescence Imaging of Dissociation Culture

Dissociation cultures of neural progenitors were prepared from E9.5 to E14.5

pHes1-Ub1-Luc transgenic mice or mice whose brain had been transfected

with pEF-EGFP and pNgn2-Ub1-Luc or pDll1-Ub1-Luc 20 hr before by in utero

electroporation, as described elsewhere (Ohtsuka et al., 2001). Neural progen-

itors were plated into glass-based dishes with 1 mM luciferin in neurosphere cul-

ture medium (DMEM/F-12 supplemented with 100 mg/ml transferrin, 25 mg/ml

insulin, 20 nM progesterone, 30 nM sodium selenite, 60 mM putrescine,

20 ng/ml EGF, and 20 ng/ml bFGF). For measurement of bioluminescence,

the dish was placed on the stage of inverted microscope (Olympus IX81)

and was maintained at 37�C in 5% CO2. Bioluminescence was collected by

an Olympus 340 UPlanApo objective and was transmitted directly to a cooled

charge-coupled device (CCD) camera (Princeton Instruments, VersArray 1kb),

as described elsewhere (Masamizu et al., 2006). The signal-to-noise ratio was

increased by 2 3 2 or 4 3 4 binning and 20 min exposure.

Bioluminescence Imaging of Slice Culture

About 20 hr after cotransfection of GFP expression vector and pHes1-Ub1-

Luc reporter vector by in utero electroporation, embryos were harvested in

PBS, and brains were isolated in DMEM/F-12. Brain tissue was immediately

transferred into a silicon rubber-coated dish with DMEM/F-12, which was pre-

viously conditioned by a mixture of 5% CO2 and 95% O2 for 10–15 min on ice.

Meninges were removed, and brains were coronally sliced manually using mi-

croknives (100–200 mm thick). Sliced cortex was transferred to a dish contain-

ing enriched slice culture medium (DMEM/F-12 supplemented with 100 mg/ml
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transferrin, 25 mg/ml insulin, 20 nM progesterone, 30 nM sodium selenite,

60 mM putrescine, 20 ng/ml EGF, 20 ng/ml bFGF, 5% horse serum, and 5%

fetal bovine serum). Slices were transferred onto slice culture inserts (Millipore)

in a glass-based dish with 1 mM luciferin in enriched slice culture medium. The

dish was placed on the stage of inverted microscope and was maintained at

37�C in 5% CO2 and 40% O2. Bioluminescence from the sample was mea-

sured using the CCD camera, as described above.

Image Analysis

Images collected from the CCD camera were analyzed with IMAGE-PRO

PLUS (Media Cybernetics), as described elsewhere (Masamizu et al., 2006).

Cell Sorting

Eighteen hours after electroporation of pEF-EGFP and pEF-Hes1, or pEF

control vector, embryos were harvested, and brains were excised. Cells

were prepared as described elsewhere (Ohtsuka et al., 2006). Cell sorting

was performed using a FACSAria cell sorter (BD Biosciences). Dead cells

were excluded by gating on forward and side scatter and by elimination of cells

stained with propidium iodide (PI). Cells in the GFP+ fraction were sorted and

collected into culture medium. A fluorescence intensity of >5 3 102 was used

to define cells as GFP positive.

Microarray Analysis

Total RNA was prepared from sorted cells. Microarray analysis using Gene-

Chip Mouse Genome 430 2.0 Array (Affymetrix) was performed, and data

were analyzed by using GCOS (Affymetrix) and Gene Spring (Agilent Technol-

ogies), as described elsewhere (Yoshiura et al., 2007). To explore the candi-

dates for Hes1 targets, two criteria were set. First, the candidates have

two-fold changes in signal value between the control and Hes1 overexpres-

sion. Second, the signal intensities of higher one should be flagged ‘‘Present’’

and higher than 300. The microarray data have been deposited in the Genome

Network Platform (http://genomenetwork.nig.ac.jp/index_e.html).
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Götz, M., and Huttner, W.B. (2005). The cell biology of neurogenesis. Nat. Rev.

Mol. Cell Biol. 6, 777–788.

Hartman, J., Müller, P., Foster, J.S., Wimalasena, J., Gustafsson, J.-Å., and

Ström, A. (2004). HES-1 inhibits 17b-estradiol and heregulin-b1-mediated

upregulation of E2F–1. Oncogene 23, 8826–8833.

Hatakeyama, J., Bessho, Y., Katoh, K., Ookawara, S., Fujioka, M., Guillemot,

F., and Kageyama, R. (2004). Hes genes regulate size, shape and histogenesis

of the nervous system by control of the timing of neural stem cell differentia-

tion. Development 131, 5539–5550.

Henrique, D., Adam, J., Myat, A., Chitnis, A., Lewis, J., and Ish-Horowicz, D.

(1995). Expression of a Delta homologue in prospective neurons in the chick.

Nature 375, 787–790.

Hoffmann, A., Levchenko, A., Scott, M.L., and Baltimore, D. (2002). The

IkB-NF-kB signaling module: temporal control and selective gene activation.

Science 298, 1241–1245.
Hirata, H., Yoshiura, S., Ohtsuka, T., Bessho, Y., Harada, T., Yoshikawa, K.,

and Kageyama, R. (2002). Oscillatory expression of the bHLH factor Hes1

regulated by a negative feedback loop. Science 298, 840–843.

Honjo, T. (1996). The shortest path from the surface to the nucleus: RBP-J

k/Su(H) transcription factor. Genes Cells 1, 1–9.

Ishibashi, M., Moriyoshi, K., Sasai, Y., Shiota, K., Nakanishi, S., and

Kageyama, R. (1994). Persistent expression of helix-loop-helix factor HES-1

prevents mammalian neural differentiation in the central nervous system.

EMBO J. 13, 1799–1805.

Ishibashi, M., Ang, S.L., Shiota, K., Nakanishi, S., Kageyama, R., and Guille-

mot, F. (1995). Targeted disruption of mammalian hairy and Enhancer of split

homolog-1 (HES-1) leads to up-regulation of neural helix-loop-helix factors,

premature neurogenesis, and severe neural tube defects. Genes Dev. 9,

3136–3148.

Johe, K.K., Hazel, T.G., Muller, T., Dugich-Djordjevic, M.M., and McKay,

R.D.G. (1996). Single factors direct the differentiation of stem cells from the

fetal and adult central nervous system. Genes Dev. 10, 3129–3140.

Jouve, C., Palmeirim, I., Henrique, D., Beckers, J., Gossler, A., Ish-Horowicz,
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