High Hes1 expression and resultant Ascll
suppression regulate quiescent vs. active
neural stem cells in the adult mouse brain
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Somatic stem/progenitor cells are active in embryonic tissues but quiescent in many adult tissues. The detailed
mechanisms that regulate active versus quiescent stem cell states are largely unknown. In active neural stem cells,
Hes1 expression oscillates and drives cyclic expression of the proneural gene Ascl1, which activates cell prolifera-
tion. Here, we found that in quiescent neural stem cells in the adult mouse brain, Hesl levels are oscillatory, al-
though the peaks and troughs are higher than those in active neural stem cells, causing Ascll expression to be
continuously suppressed. Inactivation of Hes1 and its related genes up-regulates Ascll expression and increases
neurogenesis. This causes rapid depletion of neural stem cells and premature termination of neurogenesis. Con-
versely, sustained Hes1 expression represses Ascll, inhibits neurogenesis, and maintains quiescent neural stem
cells. In contrast, induction of Ascll oscillations activates neural stem cells and increases neurogenesis in the adult
mouse brain. Thus, Ascll oscillations, which normally depend on Hes1 oscillations, regulate the active state, while
high Hes1 expression and resultant Ascll suppression promote quiescence in neural stem cells.
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Somatic stem/progenitor cells actively divide and give rise
to many mature cells in embryonic tissues, whereas they
are usually dormant/quiescent in many adult tissues. For
example, muscle stem/progenitor cells derived from the
dermomyotome of the somite actively proliferate and gen-
erate skeletal muscles in embryos, whereas satellite cells
in the adult skeletal muscle, known as muscle stem cells,
are quiescent (Shi and Garry 2006). When muscles are in-
jured, satellite cells are activated and contribute to muscle
regeneration. Similarly, in the developing nervous system,
neural stem/progenitor cells (neuroepithelial cells and ra-
dial glial cells) actively divide and sequentially produce
many neurons and glial cells (Alvarez-Buylla et al. 2001;
Gotz and Huttner 2005). Neural stem cells are also pre-
sent in two regions of the adult mouse brain: the subgra-
nular zone (SGZ) of the hippocampal dentate gyrus and
the subventricular zone (SVZ) of the lateral ventricles
(Doetsch 2003; Kriegstein and Alvarez-Buylla 2009).
These adult neural stem cells are mostly quiescent/dor-
mant and only occasionally divide to produce some new
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neurons, which integrate into the pre-existing neural cir-
cuits (Seri et al. 2001; Lagace et al. 2007; Imayoshi et al.
2008a; Bonaguidi et al. 2011; Encinas et al. 2011; Pilz
et al. 2018). The molecular nature of such differences be-
tween the embryonic active state and adult quiescent
state of stem cells remains to be analyzed.

The process of activating quiescent neural stem cells in
the adult brain has been intensively analyzed. A small
fraction of neural stem cells (type 1 cells in the SGZ and
type B cells in the SVZ) is activated to produce transit-am-
plifying cells (type 2 cells in the SGZ and type C cells in
the SVZ), which proliferate and soon generate neuroblasts
(type 3 cells in the SGZ and type A cells in the SVZ). These
neuroblasts then migrate into the granular layer of the
dentate gyrus (from the SGZ) and the olfactory bulb
(from the SVZ). The proneural gene Ascll plays a critical
role in the activation of quiescent neural stem cells and
subsequent formation of neuroblasts in the mouse brain.
Ascll is expressed at low levels by some activated neural
stem cells (type 1 and type B cells) and at high levels by
transit-amplifying cells (type 2 and type C cells) (Pastrana
et al. 2009; Kim et al. 2011; Andersen et al. 2014).
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Furthermore, live-imaging analysis showed that Ascll-
expressing neural stem cells exclusively generate neurons
in the adult mouse hippocampus (Pilz et al. 2018). In con-
trast, in the absence of Ascll, all neural stem cells remain
quiescent, and type 2 cells are never formed in the hippo-
campus, indicating that Ascll is absolutely required for
activation of quiescent neural stem cells (Andersen et al.
2014). However, it was shown that overexpression of
Ascll in adult hippocampal neural stem cells leads to ex-
clusive generation of oligodendrocytes at the expense of
neurons (Jessberger et al. 2008). Thus, the detailed mech-
anisms of how Ascll expression is controlled and how
Ascll activates quiescent neural stem cells to induce neu-
rogenesis are unknown.

Accumulating evidence indicates that Notch signaling
plays an essential role in maintaining quiescent neural
stem cells in the adult brain. Inactivation of the Notch
pathway up-regulates Ascll expression, activates neural
stem cells, and transiently enhances neurogenesis, but
neural stem cells are soon depleted, ending neurogenesis
prematurely (Ables et al. 2010; Ehm et al. 2010; Imayoshi
et al. 2010; Andersen et al. 2014). Activation of Notch sig-
naling induces the transcriptional repressor Hesl, and
Hes1 suppresses Ascll expression, which may contribute
to the quiescence of adult neural stem cells. However,
Notch signaling is also required for maintaining active
neural stem cells in the embryonic brain (Mason et al.
2005; Mizutani et al. 2007; Imayoshi et al. 2010). How
Notch signaling regulates both the active and quiescent
states of neural stem cells is unknown. One possible mech-
anism may be involved in the expression dynamics of
Hesl. In multipotent embryonic neural stem cells, Hesl
expression autonomously oscillates, and these oscillations
periodically repress Ascll expression, thereby driving
Ascll oscillations (Shimojo et al. 2008; Imayoshi et al.
2013). Optogenetic gene expression analysis showed that
sustained Ascll expression induces cell cycle exit and neu-
ronal differentiation, whereas oscillatory Ascll expression
activates the proliferation of neural stem cells (Imayoshi
et al. 2013), suggesting that Hesl oscillation-induced
Ascll oscillation may be involved in activating neural
stem cells. These observations raised the possibility that
the expression patterns of the Notch effector Hes1 might
be different in active and quiescent neural stem cells.

To understand the mechanism controlling active versus
quiescent states of neural stem cells, we examined the ex-
pression and functions of Hesl and Ascll in the adult
brain and found that Hesl-induced sustained suppression
of Ascll expression contributes to the quiescent state of
adult neural stem cells. We also found that inducing
Ascll oscillation can activate neural stem cells and gener-
ate new neurons in the adult brain.

Results

Hes1 and Ascll expression patterns in the adult
mouse brain

We first investigated Hesl expression in the brains of
adult Nestin-mCherry mice, in which neural stem cells
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were labeled with mCherry. Hesl was specifically ex-
pressed at variable levels by Nestin-mCherry";GFAP*
neural stem cells in both the SVZ and SGZ (Fig. 1A,F).
To quantify the Hesl expression levels, we next used Ve-
nus-Hes1 fusion knock-in mice, in which Venus (GFP var-
iant) cDNA was knocked-in in-frame into the 5’ region of
the Hes1 gene so that the Venus-Hesl fusion protein was
expressed (Imayoshi et al. 2013). In these mice, Venus ex-
pression correlated very well with the endogenous Hesl
expression (Imayoshi et al. 2013), and we used a GFP anti-
body to detect Hes1 expression. Levels of Hes1 were high-
er and more variable in quiescent neural stem cells (Ki677)
than in active neural stem cells (Ki67") (Fig. 1B-E,G-J). To
examine the Hesl expression dynamics, we next used
the Hes1 reporter mice, in which firefly luciferase (Luc2)
cDNA was inserted in-frame into the 5 region of the
Hesl gene in a bacterial artificial chromosome (BAC)
clone so that the Luc2-Hesl fusion protein was expressed
(Imayoshi et al. 2013). The expression of the reporter in
these mice was very similar to endogenous expression
(Imayoshi et al. 2013). Neural stem cell lines (NS cells) es-
tablished from the ventral telencephalon of these mice
were cultured, and their luciferase activity was moni-
tored. These cells were actively dividing in the presence
of epidermal growth factor (EGF) and basic fibroblast
growth factor (bFGF) but became quiescent in the pres-
ence of bone morphogenetic protein (BMP) and bFGF, as
observed in other neural stem cell cultures (Mira et al.
2010; Martynoga et al. 2013). Time-lapse imaging analysis
indicated that Hesl protein expression oscillated at lower
levels in these NS cells when they were in an active state
(Supplemental Fig. SIA). When these cells were switched
to a quiescent condition, Hes1 expression was still oscilla-
tory but highly up-regulated (Supplemental Fig. S1B,C).
Importantly, under this condition, Hesl expression was
not completely repressed even at trough phases but rather
was as high as peak levels of Hes1 oscillations in active NS
cells. When these cells were returned to an active condi-
tion, Hesl expression was down-regulated and oscillated
at lower levels (Supplemental Fig. S1D). We next per-
formed time-lapse imaging of adult brain slices of the
Hesl reporter mice crossed with Nestin-mCherry mice.
In both the SGZ and SVZ regions, Hes1 expression oscil-
lated at high levels in most of the mCherry" neural stem
cells (Fig. 1K,L; Supplemental Fig. S2A,B). Together, these
results indicated that Hesl expression is oscillatory but
high in quiescent neural stem cells.

We next examined Ascll expression using the Ascll
reporter mice, in which Luc2 cDNA was inserted in-frame
into the 5’ region of the Ascll gene in a BAC clone so that
the Luc2-Ascll fusion protein was expressed (Imayoshi
et al. 2013). NS cells established from the ventral telence-
phalons of these mice were cultured. Immunostaining
showed that Ascll expression exhibited a “salt and pep-
per” pattern in the active state (Supplemental Fig. S1E)
but was negative in the quiescent state (Supplemental
Fig. S1F). Time-lapse imaging of luciferase activity indi-
cated that Ascll protein expression was mostly negative
in these NS cells when they were in a quiescent state,
whereas it was up-regulated and oscillated when these
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Hesl and Ascll in neural stem cells
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cells were switched to an active condition (Supplemental
Fig. S1G). We next performed time-lapse imaging of adult
brain slices of the Ascll reporter mice crossed with Nes-
tin-mCherry mice. In both the SGZ and SVZ regions,
Ascll expression oscillated in subsets of mCherry* neural
stem cells at lower levels (Fig. 1M [cell 5], N [cell 7]; Sup-
plemental Fig. S2C [cells 7 and 8], D [cells 10 and 11]). The
expression occurred at higher levels in mCherry-negative/
low transit-amplifying cells (Fig. 1M [cell 6], N [cell 8];
Supplemental Fig. S2C [cell 9], D [cell 12]). It was shown
previously that Ascll is expressed by only a third of the ac-
tive neural stem cell population as well as by transit-
amplifying cells (Andersen et al. 2014). Thus, it is likely
that because Ascll expression is oscillatory, it occurs in
the majority (if not all) of activated neural stem cells
even though a snapshot shows that only one-third of
them express Ascll.

Activation of adult neurogenesis by inactivation
of Hes genes

The above expression analyses suggested that Hes1 expres-
sion was high in quiescent neural stem cells. We next ex-
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mCherry /Y transit-amplifying cells. Note that
Luc2-Ascll levels are higher in Nestin-
mCherry "% transit-amplifying cells than in
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amined whether Hesl is required to maintain these cells
in the adult brain. Hes1 was conditionally knocked out
by crossing Hes1-floxed mice with Nes-CreER™ mice, in
which tamoxifen-inducible Cre recombinase was specifi-
cally expressed by neural stem cells (Imayoshi et al.
2006). Tamoxifen was administered to Nes-CreER™?;
Hes1-floxed mice at 2 mo of age to induce Hes1 ablation
in neural stem cells, but we did not see any significant de-
fects in the maintenance of quiescent neural stem cells
(data not shown). This is probably because the Hes1 defi-
ciency was compensated for by other Hes and Hes-related
genes, such as Hes5 and Heyl, as reported previously
(Hatakeyama et al. 2004; Imayoshi et al. 2008Db).

We next generated Hes]floxed/floxed proe3=/= ppg5-/-,
Hey1™/~ mice and Nes-CreERT%;Hes1loxed/floxed ppg3=/-
Hes57/~;Hey1™/~ mice. In the former mice, the mainte-
nance of quiescent neural stem cells was not significantly
affected, probably because Hesl compensated for the
Hes3, Hes5, and Heyl deficiencies, and therefore these
mice were used as controls (Fig. 2; Supplemental Fig.
S3). To inactivate Hesl, tamoxifen was administered
to Nes-CreERT%;Hes1loxed/floxed pro03-/= Hes57/~, Hey17/~
mice at 2 mo of age (referred to here as Hes1/3/5/Heyl
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Figure 2. Up-regulation of Ascll and premature loss of neural stem cells in the adult brains of Hes1/3/5/Hey1 mutant mice. Coronal
sections of the SVZ of the lateral ventricles (A-Z) and the SGZ of the hippocampal dentate gyrus (AA-AO) of Hes1loxed/floxed proc3-/-,
Hes5™/~;Hey1~/~ mice (control) and Hes1/3/5/Heyl mutant mice were examined by immunohistochemistry. BrdU was administered
for 2 h before sacrifice. (A—H) Control (A-D) and Hes1/3/5/Heyl mutant mice that were treated with tamoxifen 10 d before (E-H).
(I-P) Control (I-L) and Hes1/3/5/Heyl mutant mice that were treated with tamoxifen 3 wk before (M-P). (Q-X) Control (Q-T) and
Hes1/3/5/Hey1 mutant mice that were treated with tamoxifen 3 mo before (U-X). Boxed regions in R and V are enlarged at the right.
(Y,Z) Quantification of BrdU* (Y) and Ascll™ (Z) cells in control and Hes1/3/5/Heyl mutant mice that were treated with tamoxifen
10 d (left), 3 wk (middle), and 3 mo (right) before BrdU administration. (AA-AN) Control (AA-AC,AG-A]) and Hes1/3/5/Hey1 mutant
mice that were treated with tamoxifen 3 wk (AD-AF) and 3 mo (AK-AN) before. (A],AN) BrdU was given for seven consecutive days before
sacrifice. (AO) Quantification of DCX*, GFAP*;MCM2", and BrdU" cells in control and Hes1/3/5/Hey1 mutant mice that were treated
with tamoxifen 3 wk (left) and 3 mo (right) before. (*) P<0.05, Student’s t-test. Scale bars, 50 um.

mutant mice), and brains were examined 10 d later. In the tended to be higher in the mutant dentate gyrus than in
Hes1/3/5/Hey1 mutant SVZ, the numbers of Ascll-posi- the controls (Fig. 2AB,AC,AE,AF,AO). However, 3 mo after
tive cells and BrdU-incorporating and CyclinD1*- tamoxifen treatment, the numbers of both DCX* neuro-
dividing cells significantly increased compared with the blasts and GFAP;MCM2" neural stem cells were lower
brains of control mice (Fig. 2A-C,E-G, Y [left panel], Z in Hes1/3/5/Heyl mutants than in the controls (Fig.
[left panel]). At this stage, neuroblasts (DCX") in the 2AG,AH,AK,AL,AO). Sox2";Ascl1” neural stem cells also
mutants were not much different than in the controls tended to decrease in the mutant SGZ compared with in
(Fig. 2D,H). Three weeks after tamoxifen treatment, the the controls (Fig. 2AT1,AM). Furthermore, BrdU was admin-
numbers of both Ascll-positive and BrdU-incorporating istered for seven consecutive days to label both transit-am-
dividing cells and DCX* neuroblasts significantly in- plifying cells and slowly dividing neural stem cells, but the
creased compared with in the controls (Fig. 2I-P,Y [middle number of BrdU" cells significantly decreased in the mu-
panel], Z [middle panel]). However, 3 mo after tamoxifen tant SGZ compared with in the controls (Fig. 2AJ,AN,
treatment, Ascll expression mostly disappeared, and the AOQ). Thus, in adult Hes1/3/5/Hey1 mutant mice, Ascll-
numbers of BrdU-incorporating dividing cells and DCX* dependent neurogenesis increases only transiently but
neuroblasts significantly decreased in Hes1/3/5/Hey1 mu- then prematurely ceases due to depletion of neural stem
tants compared with in the controls (Fig. 2Q-X,Y [right cells. These results suggested that Hes and Hes-
panel], Z [right panel]). Similarly, in the mutant hippo- related genes cooperatively inhibit Ascll-induced neuro-
campal dentate gyrus, the number of DCX* neuroblasts genesis and regulate the maintenance of neural stem cells
increased compared with in the controls 3 wk after tamox- in the adult brain.

ifen treatment (Fig. 2AA,AD,AO). Furthermore, the num- We also treated these mice with tamoxifen at embryon-
ber of active neural stem cells (GFAP*;MCM2*;Ascl1”) ic day 9.5 and found enhanced expression of proneural
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genes, including Ascll; accelerated neurogenesis; and pre-
mature depletion of virtually all BrdU-incorporating ac-
tive neural stem cells in the Hes1/3/5/Heyl mutant
mice (Supplemental Fig. S3D-F,H,M~-P), whereas the con-
trol mice were mostly normal (Supplemental Fig. S3A-C,
G,I-L). Thus, Hes and Hes-related genes are required to
maintain both embryonic and adult neural stem cells.

Essential roles of Hes genes in maintaining adult
neural stem cells

The above results suggest that following inactivation of
Hes and Hes-related genes in the adult brain, all neural
stem cells become transit-amplifying cells and neurons,
leading to a transient increase in neurogenesis, but then
neural stem cells are depleted, which eventually leads to
an arrest of neurogenesis. To further confirm this notion,
we quantified the label-retaining cells—those represent-
ing slowly dividing (or quiescent) neural stem cells—in
Hes1/3/5/Heyl mutant mice that had been injected
with tamoxifen 10 d before. BrdU was given to both
Hes1/3/5/Hey1 mutant mice and control mice for 14 con-
secutive days to label not only transit-amplifying cells but
also slowly dividing neural stem cells (Fig. 3A). After 14 d
of BrdU administration (t =0), all dividing cells, including
slowly dividing neural stem cells, were labeled by pro-
longed exposure to BrdU, whereas, 12 d after BrdU admin-
istration (t=12), slowly dividing neural stem cells
selectively retained BrdU because the BrdU was diluted
out in fast-cycling transit-amplifying cells. In agreement
with the above results (Fig. 2), there were significantly
more dividing cells in Hes1/3/5/Heyl mutant mice than
in the controls at ¢ =0 (Fig. 3B,C,F). At t=12, there were
numerous label-retaining cells in the control mice (Fig.
3D,G), whereas the number of BrdU™* cells was severely re-
duced in Hes1/3/5/Hey1 mutant mice (Fig. 3E,G). These
control mice had a number of BrdU-incorporating cells
similar to that of wild-type control mice (Fig. 3F,G). These
results indicate that slowly dividing neural stem cells are
severely reduced in number as early as 10 d after the Hes/
Hey genes are inactivated.

It has been shown that treatment with the antimitotic
drug cytosine-p-D-arabinofuranoside (AraC) kills transit-
amplifying cells but does not affect slowly dividing or qui-
escent neural stem cells (Morshead et al. 1994; Doetsch
et al. 1999). Thus, while neurogenesis is transiently im-
paired by AraC treatment, the damaged brains are later re-
constituted by slowly dividing or quiescent neural stem
cells (Doetsch et al. 1999). We next examined this regen-
eration process in control and Hes1/3/5/Heyl mutant
mice that had been injected with tamoxifen 10 d before
(Fig. 3H). After 7 d of AraC treatment (t=0), cells that in-
corporated BrdU in BrdU pulse-labeling experiments
(transit-amplifying cells) and DCX"* neuroblasts were
mostly missing in both control and Hes1/3/5/Hey1 mu-
tant mice (Fig. 3L,J,M,N,Q). At day 10 (t=10), however,
the BrdU* transit-amplifying cell population in the con-
trol brains returned to normal numbers, indicating that
neurogenesis had resumed (Fig. 3K,L,Q). In contrast, in
the Hes1/3/5/Hey1 mutant brains, BrdU* transit-amplify-

Hesl and Ascll in neural stem cells

A

T 10daysl 14 days , 12 days '

a

m I"BrdU T washout }
(drinking water)‘

t=0 t=12

t=0 t=12

control mutant control mutant

Dorsal
Dorsal

Hes1/3/5/Hey1
-mutant

Ventral

rea
2 3
8 X
8 5
-

Ventral

F =0 G t=12
" Eno e
5
N 1400 N
% % %
S 1200 S 80
g 1000 T 70
© 2 700
= 800 3 60 3 = Control
= S s0 S 600 ® Mutant
T 600 3 ]
& s 4 2
- - o
5 400 5 % <
8 200 32 s
£ £ 10
Z 0 Y
&L & & S &> &
}P(\ o& \)\0 & & & 3 0
&9 ~ é\f & &

Figure 3. Depletion of slowly dividing neural stem cells and im-
pairment of regeneration after cytosine-p-D-arabinofuranoside
(AraC) treatment in Hes1/3/5/Hey1 mutant adult mouse brains.
(A) Experimental design. (B-E) Dividing progenitors (t=0; B,C)
and slowly dividing cells, ones that retained labeling even after
12 d (¢=12; D,E), in the SVZ were labeled with BrdU in control
(B,D)and Hes1/3/5/Hey1 mutant (C,E) mice. (F,G) Quantification
of the number of BrdU-incorporating cellsin the SVZatt =0and ¢t =
12 after BrdU administration for 14 consecutive days. WT-control
(Hes1 +/*,-HeSS*/*;Hes5*/*;Heyl +/*) mice are shown as a reference.
(H) Experimental design. (I-P) Coronal sections of the SVZ show-
ing BrdU-incorporating cells soon after the removal of the osmotic
pump (t=0;I,J,M,N)and 10 d after the pumpremoval (t=10; K,L,O,
P)in AraC-treated control (I-L) and AraC-treated Hes1/3/5/Hey1
mutant (M-P) mice. (Q) Quantification of the number of BrdU-in-
corporating cells in the SVZ. BrdU was administered for 4 h before
sacrifice. (*) P <0.05, Student’s t-test. Scale bars, 50 pm.

ing cells did not reappear, and thus neurogenesis had not
resumed by ¢ =10 (Fig. 30-Q). This failed resumption was
likely due to the lack of slowly dividing or quiescent neu-
ral stem cells at this stage in Hes1/3/5/Heyl mutant
mice. These results indicated that Hes/Hey genes are re-
quired for neuronal regeneration in AraC-treated brains
by maintaining slowly dividing or quiescent neural
stem cells.

Sustained Hes1 expression represses Ascll expression
and inhibits neurogenesis

We next examined whether sustained Hes1 expression is
sufficient for suppression of both Ascll expression and
neurogenesis in the adult brain. We generated Rosa26
knock-in mice, in which continuous Hesl and GFP ex-
pression was induced from the Rosa26 locus by Cre
expression (Fig. 4A, bottom panel). These mice were
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Figure 4. Suppression of Ascll expression and neuro-
genesis in the adult mouse brain by sustained expression
of Hesl. (A) Experimental design. (B-I) Immunohistolog-
ical analysis of the SVZ of R26-CFP (B-E) and R26-Hesl-
iresGFP (F-I) mice that had been treated with tamoxifen
1 wk before. BrdU was administered for 2 h before sacri-

R26-Hes1-iresGFP gl .06 %RO M@’Heﬂ & reporter fice. (J,K) Quantification of BrdU-incorporating (J) and

Ascll-expressing (K) cells among CFP- or GFP-labeled
cells. (L) Structures of lentiviruses. (M-T) Immunohisto-

" logical analysis of the SGZ 1 wk after infection with EF-
Venus virus (M-P) or EF-Hes1-Venus virus (Q-T). (U)
Quantification of MCM2" cells among virus-infected
cells (Venus*). (*) P<0.05, Student’s t-test. Scale bars:
50 pm (B-I); 30 pm (M-T).
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crossed with Nes-CreER™ mice to induce continuous
Hes1 and GFP expression specifically in neural stem cells
by tamoxifen treatment (R26-Hesl-iresGFP mice). As a
control, we used Rosa26 knock-in mice, in which only
CFP expression was induced from the Rosa26 locus by
Cre expression (R26-CFP) (Fig. 4A, top panel). Tamoxifen
was applied at 2 mo of age, and brains were examined 1
wk later. In the SVZs of control mice, many CFP-labeled
cells incorporated BrdU (Fig. 4B,]J). Furthermore, while
some of the CFP-labeled cells expressed GFAP, a stem
cell marker (Fig. 4D), many of them expressed Ascll or
DCX (Fig. 4C,E K], suggesting that CFP-labeled neural
stem cells became active and produced transit-amplify-
ing cells and neuroblasts within 1 wk in control mice.
In contrast, in the SVZs of R26-Hesl-iresGFP mice,
many GFP-labeled cells appeared, but virtually all of
them expressed GFAP (Fig. 4H). Furthermore, very few
of the GFP-labeled cells incorporated BrdU (Fig. 4F,J) or
coexpressed Ascll or DCX (Fig. 4G,1K). In the hippocam-
pal dentate gyrus of R26-Hesl-iresGFP mice, sustained
Hes1 expression did not efficiently occur. Therefore, we
used lentivirus to induce sustained Hesl expression
(Fig. 4L). Many cells infected with the control virus
(EF-Venus) expressed MCM2, Ascll, GFAP, or DCX
(Fig. 4M-P,U), whereas most cells infected with the
Hesl virus (EF-Hesl-Venus) expressed GFAP but not
MCM2, Ascll, or DCX (Fig. 4Q-U). These results indi-
cated that sustained Hesl expression is sufficient to
not only repress Ascll expression but also inhibit neuro-
genesis, thereby maintaining quiescent neural stem cells
in the adult brain.
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Optogenetic induction of Ascll oscillations activates
neural stem cells in the adult brain

The above results suggest that high Hesl expression and
resultant Ascll suppression contribute to the mainte-
nance of quiescent neural stem cells in the adult brain,
which raised the possibility that inducing Ascll oscilla-
tions may activate quiescent neural stem cells and initiate
neurogenesis. We tested this possibility by using the
previously developed optogenetic Ascll-inducing system,
in which blue light-activated hGAVPO (Wang et al. 2012)
induced Ascll expression (Supplemental Fig. S4A;
Imayoshi et al. 2013). This system was introduced with
lentiviruses (hGAVPO-mCherry virus and UAS-Ascl1 vi-
rus) into cultured NS cells that were then illuminated
with blue light. Although this system efficiently induced
Ascll expression in active NS cells, it only induced low
levels of Ascll expression in quiescent NS cells (Supple-
mental Fig. S4C). In contrast, blue light-activated
hGAVPO efficiently induced luciferase expression in qui-
escent NS cells (data not shown), suggesting that low lev-
els of Ascll protein in a quiescent state was due to its
fast degradation (Urbén et al. 2016). Indeed, it was shown
previously that BMP signaling decreases Ascll protein
stability (Vifals et al. 2004).

Because the Ascl1-E47 fusion protein is more active and
stable than Ascll (Geoffroy et al. 2009), we next optoge-
netically induced the Ascll-E47 fusion protein with
hGAVPO-mCherry virus and UAS-Ascl1-E47-Venus virus
(Supplemental Fig. S4B) and found that the Ascl1-E47 fu-
sion protein was more efficiently induced in quiescent
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NS cells than Ascll, reaching a level similar to that in ac-
tive NS cells (Supplemental Fig. S4D). Using this system,
we optogenetically induced the expression of Ascll-E47
fusion protein in cultured quiescent NS cells. It was
shown previously that 1 min of blue light exposure at 3-h
intervals induced oscillatory expression, while 1 min of
blue light exposure at 30-min intervals induced sustained
expression (Imayoshi et al. 2013). Induction of Ascll oscil-
lations efficiently activated quiescent NS cells to generate
Ki67*DCX" cells at day 4 and day 7 (Supplemental Fig.
S5A,B,D,F). In contrast, induction of sustained Ascll ex-
pression more efficiently generated Ki67"DCX" and
Ki67"DCX"* cells at day 4 and day 7 and depleted
Ki67*DCX"™ cells by day 7 (Supplemental Fig. S5A,C,
E-G). These results suggest that Ascll oscillations are
able to activate cultured quiescent NS cells and maintain
active NS cells more efficiently than sustained expression
of Ascll.

To induce Ascll oscillations in adult neural stem cells,
we next introduced the same lentiviral system into the
SGZ of the hippocampal dentate gyrus in adult mouse
brains and implanted optic fibers to shine a blue light
(Fig. 5A). We used 6-mo-old and 13- to 14-mo-old mice
because very few neural stem cells express Ascll at these
stages. Light pulses were applied to induce Ascll oscilla-
tions with 2.5-h periodicity for 1 or 2 wk (Fig. 5B; Supple-
mental Fig. S6A-C). After 1 wk of light stimulation,
39.1% +8.3% and 32.8% +3.5% of the cells infected
with both hGAVPO-mCherry and UAS-Ascl1-E47-Venus
viruses expressed Ki67 and Ascll, respectively, in 6-mo-
old mice (Fig. 5D-K,D’-K’,M,N). Furthermore, 15.6% =
2.6% of the double-infected cells were positive for DCX
(Fig. 5C-E,C’-E’,L), suggesting that neurogenesis was acti-
vated. In contrast, virtually none of the cells infected with
hGAVPO-mCherry virus alone expressed Ascll or Ki67
(Fig. 5M,N), and most of these single-infected cells were
negative for DCX (Fig. 5L). Similarly, neurogenesis was ac-
tivated in cells infected with both hGAVPO-mCherry and
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Hesl and Ascll in neural stem cells

UAS-Ascl1-E47-Venus viruses, but not in single-infected
cells, in 13- to 14-mo-old mice after 1 wk of light stimula-
tion (Supplemental Fig. S6D-L,D'-L'). These findings sug-
gest that optogenetic induction of Ascll oscillations
efficiently activated quiescent neural stem cells to initiate
neurogenesis in adult mice.

To examine the long-term effects of Ascll oscillations,
we continued light stimulation for a longer period. How-
ever, after 2 wk of light stimulation, significantly fewer
double-infected cells expressed Ascll (Supplemental Fig.
S6M-Q), indicating that the double-infected cells initially
expressed Ascll by responding to light illumination, but
most of them lost this ability within 2 wk. We also found
that when sustained Ascl1 expression was optogenetically
induced, there were very few double-infected cells that ex-
pressed Ascll even after 1 wk of light stimulation (data
not shown). Furthermore, we noticed that cultured NS
cells gradually lost their light responsiveness for Ascll ex-
pression (data not shown). Thus, it is likely that the
hGAVPO-UAS system loses light responsiveness over
time for unknown reasons, and therefore we were not
able to examine longer effects of Ascl1 oscillations on neu-
ral stem cells.

Hes5 promoter-driven Ascll expression activates
quiescent neural stem cells in the adult brain

To overcome the above difficulty, we tried an alternative
approach to induce oscillatory Ascl1-E47 expression. It
was reported that the Hes5 promoter can induce gene ex-
pression in neural stem cells (Lugert et al. 2010). We con-
firmed that injecting a lentivirus carrying Hes5 promoter-
driven Venus cDNA successfully induced Venus expres-
sion in GFAP*;Sox2* neural stem cells in the SGZ of the
adult mouse hippocampus (Fig. 6A). Because the Hes5 pro-
moter also induced oscillatory expression (Supplemental
Fig. S7A), we used it to induce expression of the Ascll-
E47 fusion protein in cultured quiescent NS cells prepared

Figure 5. Optogenetic induction of Ascl1 oscillations in
neural stem cells in the adult mouse brain (6 mo old; n =
3). (A,B) Experimental design. (A) After virus injection
(Ieft), optic fiber connected to Optoflash was implanted
to illuminate with blue light (right). (B) Ascll oscillations
with 2.5-h periodicity were induced, and brain sections
were examined after 7 d of illumination. (C-K) Immuno-
histological analysis of cells in the adult mouse hippo-
campal dentate gyrus infected with hGAVPO-mCherry
virus and UAS-Ascl1-E47-Venus virus. Boxed regions in
G and K are enlarged in C'-G’ and H'-K', respectively.
(L-N) Quantification of marker expression in cells infect-
ed with both hGAVPO-mCherry virus and UAS-Ascll-
E47-Venus virus (double) or with hGAVPO-mCherry vi-
rus alone (single). (*) P<0.05, Student’s t-test. Scale
bars: 100 pm (C-K); 30 um (C'-K').

0
Single Double
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from Delta-likel (DIl1) reporter mice (Shimojo et al.
2016). D11 expression is directly controlled by Ascl1 (Cas-
tro et al. 2006). Therefore, D111 expression oscillates in ac-
tive neural stem cells with oscillating Ascll expression,
while it is sustained in differentiating neurons with sus-
tained Ascll expression (Shimojo et al. 2008, 2016). There
was no DII1 reporter expression in NS cells when they
were maintained in a quiescent state, but oscillatory
DII1 reporter expression occurred in NS cells when Hes5
promoter-driven Ascll-E47 expression was induced (Sup-
plemental Fig. S7B,C), suggesting that the Hes5 promoter
successfully induced oscillatory Ascl1-E47 expression in
quiescent neural stem cells.

We also examined the effects of Hes5 promoter-driven
Ascl1-E47 expression on in vitro NS cell cultures. Infec-
tion with a lentivirus that induced Ascl1-E47 expression
under the control of the Hes5 promoter efficiently activat-
ed cultured NS cells (Ki67*DCX") at day 4 and day 7 (Sup-
plemental Fig. S7D,E), like the optogenetic induction of
Ascl1-E47 oscillations. Infection with this virus also gen-
erated Ki67*DCX"* and Ki67"DCX" cells at day 4 and day 7
(Supplemental Fig. S7D,F). These results indicated that
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Hes5 promoter-driven Ascl1-E47 expression is able to ac-
tivate quiescent NS cells, which initiate proliferation and
neuronal differentiation.

To analyze the in vivo effects of Hes5 promoter-driven
Ascl1-E47 expression on adult neural stem cells, lentivi-
rus-inducing Cre recombinase as well as Ascll-E47 ex-
pression under the control of the Hes5 promoter (Hes5-
Ascl1-E47-Cre virus) were prepared. As a control, we
used lentivirus-inducing Cre recombinase only under
the control of the Hes5 promoter (Hes5-Cre virus). These
viruses were injected into the SGZs of the adult Ail4
mice, in which Cre recombinase labels not only infected
cells but also their progeny with tdTomato (Fig. 6B; Mad-
isen et al. 2010). We used Ail4 mice at 5-8 mo of age for
the analysis because neurogenesis significantly decreases
at this stage in the SGZ (Imayoshi et al. 2008a; Encinas
etal. 2011). Brain sections were examined 1 and 4 wk later
(Fig. 6C). One week after the Hes5-Cre control virus injec-
tion, many of the virus-infected cells (tdTomato*) had a ra-
dial morphology and coexpressed GFAP and Sox2 (Fig. 6D,
D/,E,], open bar), and very few of them expressed the cell
cycle marker MCM2 (Fig. 6F K, open bar), suggesting
that these virus-infected cells were mostly quiescent neu-
ral stem cells. In contrast, 1 wk after the Hes5-Ascl1-E47-

Figure 6. Induction of Ascll-E47 expression by the Hes5 pro-
moter in the adult mouse brain (5-8 mo old; n=3). (A) Lentivirus
carrying Hes5 promoter-driven Venus cDNA was injected into
the hippocampal dentate gyrus of adult mice, and brains were ex-
amined 4 d later. (B,C) Experimental design. (D-I) Either Hes5-
Cre virus (D-F) or Hes5-Ascl1-E47-Cre virus (G-I) was injected
into the hippocampal dentate gyrus of Ail4 mice, and brains
were examined 1 wk later. Boxed regions in D and G are enlarged
in D’ and G'. (E) When the Hes5-Cre virus was infected, many
tdTomato® cells had a radial morphology and coexpressed
GFAP and Sox2 (arrowhead). (F) Some coexpressed DCX, but
MCM2 was mostly negative (arrowhead). (H,I) When the Hes5-
Ascl1-E47-Cre virus was infected, many tdTomato* cells had a
nonradial morphology and coexpressed GFAP and Sox2 (H, arrow-
heads) or DCX and MCM2 (I, arrowheads). (/) Quantification of
the indicated types of tdTomato* cells in the SGZ. Radial cells
are GFAP*;Sox2" neural stem cells. Nonradial cells are either
GFAP*/Sox2*-activated neural stem cells (GS*) or GFAP~;Sox2~
transit-amplifying cells (GS™). Neurons and astrocytes were iden-
tified based on morphology and markers (DCX* and/or NeuN" for
neurons and GFAP" for astrocytes). There were very few NG2" ol-
igodendrocytes under this condition. (K ) Quantification of the in-
dicated marker expressions in tdTomato® cells. (L-Q) Either
Hes5-Cre virus (L-N) or Hes5-Ascl1-E47-Cre virus (O-Q) was in-
jected into the hippocampal dentate gyrus of Ail4 mice, and
brains were examined 4 wk later. Boxed regions in L and O are en-
larged in I’ and O'. (M,P,Q) tdTomato" cells coexpressing GFAP
and Sox2 (M,P) or DCX (Q) are indicated by arrowheads. (R) Pro-
portions of the indicated types of tdTomato* cells in the SGZ
and granule cell layer were quantified, as in J. (S) Quantification
of the indicated marker expressions in tdTomato* cells. (/,K,R,
S) Open and closed bars represent cells infected with Hes5-Cre vi-
rus and Hes5-Ascl1-E47-Cre virus, respectively, in all graphs. (*) P
<0.05, (**) P<0.01, Student’s t-test. Scale bars: 50 um (A,D,G,L,
0); 20 um (D',E,F,G,H,I,L', M,N,0’,P,Q).
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Cre virus injection, many virus-infected cells (tdTomato™)
lost a radial morphology and down-regulated GFAP and
Sox2 expression (Fig. 6G,G’,H,J, closed bar). Furthermore,
20.0% = 3.3% of the virus-infected cells expressed the cell
cycle marker MCM2 (Fig. 61 [arrowheads], K [closed bar]),
suggesting that many neural stem cells were activated by
the Hes5-Ascl1-E47-Cre virus within 1 wk, as observed for
optogenetic induction of Ascll-E47 oscillations. There
were also more DCX* neuroblasts at this stage (Fig. 6LK,
closed bar). Four weeks after the Hes5-Cre control virus
injection, some tdTomato™” cells still had a radial morphol-
ogy (Fig. 6L,L’ R, open bar) and were positive for GFAP and
Sox2 but mostly negative for MCM2 (Fig. 6M,N,S, open
bar), suggesting that these cells were quiescent neural
stem cells. At this stage, there were only some DCX" vi-
rus-infected neuroblasts (Fig. 6N,S, open bar), suggesting
that the neurogenic activity of the control virus-infected
neural stem cells remained low. In contrast, 4 wk after
the Hes5-Ascl1-E47-Cre virus injection, the majority of
the virus-infected cells (tdTomato*) differentiated into
neurons (Fig. 60,0,R, closed bar). Furthermore, there
were fewer GFAP*;Sox2* virus-infected cells with a nonra-
dial morphology (Fig. 6P, arrowhead), and 11.9% +0.9% of
the virus-infected cells expressed DCX (Fig. 6Q [arrow-
heads], S [closed bar]), suggesting that the neurogenic ac-
tivity of the virus-infected cells was maintained until
this stage. Under this condition, only a minor population
of the virus-infected cells differentiated into astrocytes
or oligodendrocytes (Fig. 6R). These results suggest that
Hes5 promoter-driven Ascll-E47 expression activates
neurogenesis and maintains neurogenic activity for a lon-
ger term in the adult brain.

Discussion

High levels of Hes1 expression regulate quiescent
neural stem cells

The molecular nature of differences between the active
and quiescent states of stem cells is not fully understood.
Notch signaling is reportedly required to maintain
both active and quiescent neural stem cells (Nyfeler et
al. 2005; Ables et al. 2010; Ehm et al. 2010; Imayoshi
et al. 2010; Veeraraghavalu et al. 2010), but how the
same signaling pathway regulates such different states of
neural stem cells remained to be determined. Here, we
found that expression of the Notch signaling effector
Hesl oscillates in active neural stem cells but is high in
quiescent neural stem cells (Fig. 7). Ascll expression
also oscillates in active neural stem cells due to periodic
repression by Hesl, while it is suppressed in quiescent
neural stem cells by high Hesl expression (Fig. 7). Ascll
plays an important role in not only neuronal differentia-
tion but also proliferation of neural stem cells, and these
opposing functions are controlled by its sustained versus
oscillatory expression: Oscillatory Ascll expression acti-
vates proliferation of neural stem cells, while sustained
Ascll expression induces neuronal differentiation (Castro
et al. 2011; Imayoshi et al. 2013). Furthermore, it was re-
ported that Ascll is absolutely required for activation of

Hesl and Ascll in neural stem cells
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Figure 7. Expression dynamics of Hesl and Ascll in quiescent
and active neural stem cells and differentiating neurons. (RGC)
Radial glia-like neural stem cell.

quiescent neural stem cells (Andersen et al. 2014). Togeth-
er, these findings suggest that high Hesl expression and
the resultant suppression of Ascll expression may con-
tribute to the quiescent state of neural stem cells in the
adult brain (Fig. 7). Indeed, inactivation of Hes1 and its re-
lated genes leads to Ascll expression and activation of qui-
escent neural stem cells, enhancing neurogenesis. In such
activated neural stem cells, the function of Ascll could be
oscillatory because the expression of Id1, which antago-
nizes Ascll, is high (Nam and Benezra 2009) and could
be oscillatory (William et al. 2007).

The detailed mechanism by which high levels of Hesl
are maintained in quiescent neural stem cells remains to
be determined. Oscillatory expression of Hesl is con-
trolled by negative feedback: Hesl represses its own ex-
pression by directly binding to its promoter (Hirata et al.
2002). It was reported that high levels of Idl interact
with Hesl and inhibit its negative feedback, thereby up-
regulating Hes1 expression (Bai et al. 2007; Boareto et al.
2017). 1d1 expression is induced by BMP signaling (Miya-
zono and Miyazawa 2002), an essential pathway for the
maintenance of quiescent neural stem cells (Mira et al.
2010). These results suggest that the BMP-Id-Hes axis
may be the major pathway for suppressing Ascll and main-
taining quiescent neural stem cells in the adult brain.

High Hes1 expression and quiescence

High levels of Hes1 are also observed in other types of qui-
escent cells. For example, high levels of Hesl and the re-
sultant suppression of Ascll and other proneural genes
occur in the boundary regions of the embryonic brain,
such as the isthmus, floor plate, and roof plate (Baek
et al. 2006). In these regions, cells are mostly quiescent,
suggesting that Hesl and proneural factor oscillations
may be important for cell cycle progression. Another ex-
ample is the high levels of Hesl found in quiescent hema-
topoietic stem/progenitor cells and quiescent muscle
satellite cells (Yu et al. 2006; Mourikis et al. 2012). Fur-
thermore, overexpression of Hesl inhibits proliferation
of hematopoietic stem/progenitor cells (Yu et al. 2006),
suggesting that a high level of Hes1 is a common feature
of cell quiescence. Similarly, it was reported that Hesl is
highly expressed by human fibroblasts when they enter
quiescence due to serum deprivation or contact inhibition
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(Sang et al. 2008). Interestingly, these quiescent fibro-
blasts lost their ability to resume proliferation and entered
senescence when Hes1 was knocked down, whereas high
sustained Hes1 was sufficient to prevent these cells from
entering senescence associated with prolonged cell cycle
arrest (Sang et al. 2008). Hesl also plays an important
role in contact inhibition of proliferation in preadipocytes
(Noda et al. 2011). Thus, high levels of Hesl expression
may be a general feature to prevent senescence and main-
tain quiescence of many cell types, including stem cells.

Ascll oscillations regulate active neural stem cells

Ascll is expressed in an oscillatory manner by active neu-
ral stem cells, and we found that inducing Ascl oscilla-
tions activates quiescent neural stem cells to generate
new neurons in the adult brain. In both in vitro and in
vivo experiments, optogenetic and Hes5 promoter-driven
induction of Ascll oscillations activated neural stem cells
to generate new neurons. When Hes5 promoter-driven
Ascll oscillations were induced, the neurogenic activity
was maintained for ~4 wk, while it mostly declined in
controls.

Ascll is required to generate both neurons and oligoden-
drocytes in the postnatal brain (Parras et al. 2004;
Andersen et al. 2014). However, CAG promoter-induced
overexpression of Ascll in adult hippocampal neural
stem cells leads to exclusive generation of oligodendro-
cytes at the expense of neurons (Jessberger et al. 2008), al-
though these neural stem cells normally generate neurons
after Ascll expression (Pilz et al. 2018). In contrast, Hes5
promoter-driven induction of AsclI mostly generated neu-
rons and virtually no oligodendrocytes in the adult hippo-
campus. The mechanism underlying these differences
remains to be analyzed. One possibility concerns their dif-
ferent expression patterns: The Hes5 promoter is specific
toneural stem cells and is therefore suppressed in differen-
tiating cells, while the CAG promoter is active in both
neural stem cells and differentiating cells. Ascll expres-
sion is normally down-regulated in differentiating neurons
(Lo et al. 1991), and CAG promoter-induced continuous
expression of Ascll might block neuronal differentiation
and redirect neural stem cells toward the oligodendrocyte
lineage at the expense of neurons. Another possibility is
their different expression levels: The CAG promoter ex-
hibits stronger activity than the Hes5 promoter, and high
sustained Ascll expression might favor the oligodendro-
cyte lineage over the neuronal lineage. Alternatively, it
is possible that Ascll functions together with Oligl and
Olig2, essential factors for oligodendrogenesis, whereas
the Ascl1-E47 heterodimer does not. Further analyses are
required to understand the mechanism by which Ascll
differentially regulates specification of neurons and
oligodendrocytes.

We demonstrated that the Hes5 promoter-driven Ascll
expression system offers an efficient way to activate qui-
escent neural stem cells to induce neurogenesis in the
adult brain. This method may be useful to manipulate en-
dogenous stem cells for therapeutic purposes in patients
with various brain disorders as an alternative to trans-
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planting exogenous cells (Gaspard et al. 2008; Falkner
et al. 2016).

Materials and methods

Transgenic mice

Hes1 flox mice, Hes3-null mice, Hes5-null mice, Nes-CreER™?
mice, Nestin-mCherry mice, Luc2-Hesl mice, and Luc2-Ascll
mice were generated before (Hatakeyama et al. 2004; Kokubo
et al. 2005; Imayoshi et al. 2006, 2008b, 2013; Furutachi et al.
2015). Heyl-null mice and Ail4 mice were obtained from
Yumiko Saga and Jackson Laboratory, respectively.

Tissue preparation and immunochemistry

Tissue preparation and immunochemical analyses were per-
formed as described previously (Shimojo et al. 2016). The follow-
ing primary antibodies (final dilution and source) were used:
rabbit anti-Hes1 (1:500) (Kobayashi et al. 2009), mouse anti-pIII-
tubulin (1:500; Babco), rat anti-BrdU (1:50; Oxford Biotech), goat
antidoublecortin (DCX; 1:200; Santa Cruz Biotechnology), mouse
anti-GFAP (1:200; Sigma), rabbit anti-GFAP (1:200; Sigma), mouse
antimammalian achaete-schute homolog 1 (1:20; BD Pharmin-
gen), mouse anti-Nestin (1:200; BD Pharmingen), rabbit anti-
MCM2 (1:500; Abcam), mouse anti-cyclinD1 (1:200; Santa Cruz
Biotechnology), goat anti-Sox2 (1:500; R&D Systems), rat anti-
GFP (1:500; Nacalai Tesque), chicken anti-GFP (1:500; Abcam),
and mouse anti-Ki67 (1:50; BD Biosciences).

Quantification of labeled cells and statistical analysis

The lateral SVZs and SGZs of more than three adult mice were
analyzed in each experiment. A minimum of 10 coronal sections
throughout the anterior-posterior extent was assessed for each
animal. Stained cells were counted and expressed as the number
of cells per 5 mm along the SVG or per square millimeter of the
SGZ for each image. Student’s t-test (one-tailed) was performed
to calculate P-values.

Time-lapse imaging of NS cultures and brain slices

Time-lapse imaging of NS cultures and brain slices was per-
formed as described previously (Imayoshi et al. 2013). For slice
cultures, coronal brain slices (150-um thickness) were transferred
into cell culture inserts (Merck) on a glass-base dish with 135 mM
NaCl,, 5mM KCl, 10 mM HEPES, 1 mM CaCl,, and 1 mM MgCl,
bubbled with 100% O, for 30 min at room temperature. Slices
were immersed in type Ia collagen (Cellmatrix) diluted with slice
culture medium (135 mM NaCl,, 5 mM KCI, 10 mM HEPES,
1 mM CaCl,, 1 mM MgCl,, 5% horse serum, 5% fetal bovine se-
rum) and neutralizing buffer at room temperature. After 10 min of
incubation at 37°C in 5% CO, and 80% O,, slices were cultured
at37°C in slice culture medium containing 1 mM luciferin. After
6 h, the dish was placed on a stage of an inverted microscope and
maintained at 37°C in 5% CO, and 80% O,. Bioluminescence
was acquired using a CCD camera, as described above.

Generation of R26-Hes1-iresGFP mice

Rosa26-loxP-stop-loxP-Hes1-iresEGFP knock-in embryonic stem
cells (Kobayashi et al. 2009) were used to establish the mouse line,
which was crossed with Nes-CreER™ mice.



Tamoxifen treatment of mice

For activation of CreER™?, 10 mg of tamoxifen was administered
orally to 2-mo-old mice once per day for four consecutive days.
For controls, Rosa26-loxP-stop-loxP-CFP mice (Srinivas et al.
2001) were crossed with Nes-CreER™ mice.

BrdU administration and AraC infusion

BrdU administration and AraC infusions were performed as de-
scribed previously (Imayoshi et al. 2010).

Light stimulation in NS cell cultures by the hGAVPO system

Lentivirus was produced as described previously (Imayoshi et al.
2013). Blue light was delivered by LEDB-SBOXH (OptoCode) at 60
nmol/m?/sec for 1 min with 3-h intervals for oscillatory expres-
sion and for 1 min with 30-min intervals for sustained expression
as described previously (Imayoshi et al. 2013; Isomura et al. 2017).

Lentiviral infection of adult mouse brain and light illumination with
optic fibers

The coding sequence for codon-optimized Cre (iCre) or Ascll-
E47-P2A-iCre was subcloned into CSII-1.6-kb pHes5-MCS
plasmid for lentivirus production. For optical controls of Ascll
expression, hGAVPO-mCherry and UAS-Ascl1-E47-Venus virus-
es were applied. Viruses were delivered stereotactically into the
dentate gyrus with the following coordinates: anteroposterior =
-2 mm from bregma; lateral=+1.5 mm; and ventral =2.2 mm.
Optic fiber connected with Optoflash (Bio Research Center Co.,
Ltd.) was implanted at the same injection sites immediately after
viral injection with a dorsal-ventral depth of 1.6 mm from the
skull. The light illumination condition was empirically deter-
mined because the light intensity of Optoflash is much weaker
than OptoCode. For achieving oscillatory expression (2.5-h peri-
odicity), blue light (470 nm) was delivered (one cycle consisted
of 10 repeats of 2 min on at 5-min intervals followed by 80 min
off). One week or 2 wk later, brain sections were immunohisto-
logically examined.
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