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Essential Roles of Notch Signaling in Maintenance of Neural
Stem Cells in Developing and Adult Brains
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Activation of Notch signaling induces the expression of transcriptional repressor genes such as HesI, leading to repression of proneural
gene expression and maintenance of neural stem/progenitor cells. However, a requirement for Notch signaling in the telencephalon was
not clear, because in HesI;Hes3;Hes5 triple-mutant mice, neural stem/progenitor cells are depleted in most regions of the developing CNS,
but not in the telencephalon. Here, we investigated a role for Notch signaling in the telencephalon by generating tamoxifen-inducible
conditional knock-out mice that lack Rbpj, an intracellular signal mediator of all Notch receptors. When Rbpj was deleted in the embry-
onic brain, almost all telencephalic neural stem/progenitor cells prematurely differentiated into neurons and were depleted. When Rbpj
was deleted in the adult brain, all neural stem cells differentiated into transit-amplifying cells and neurons. As a result, neurogenesis
increased transiently, but 3 months later all neural stem cells were depleted and neurogenesis was totally lost. These results indicated an
absolute requirement of Notch signaling for the maintenance of neural stem cells and a proper control of neurogenesis in both embryonic

and adult brains.

Introduction
Neurogenesis occurs in both developing and adult brains (Gage,
2000; Temple, 2001; Ming and Song, 2005; Imayoshi et al., 2008b,
2009; Kriegstein and Alvarez-Buylla, 2009). In the embryonic
brain, radial glial cells sequentially give rise to distinct types of
neurons or basal progenitors (Rakic, 1995; Haubensak et al.,
2004; Miyata et al., 2004; Noctor et al., 2004), and finally differ-
entiate into astrocytes. Radial glial cells are thus considered em-
bryonic neural stem/progenitor cells (Fishell and Kriegstein,
2003; Gotz and Huttner, 2005; Miller and Gauthier, 2007). In the
adult brain, neural stem cells exist in two regions, the subven-
tricular zone (SVZ) of the lateral ventricle and the subgranular
zone of the hippocampal dentate gyrus, and neurogenesis occurs
continuously in these two regions (Alvarez-Buylla et al., 2001;
Doetsch, 2003). It was shown that subsets of GFAP * cells (type B
cells) function as neural stem cells in the adult SVZ (Doetsch et
al., 1999; Imura et al., 2003). Type B cells divide slowly and give
rise to rapidly proliferating cells called “transit-amplifying cells”
(type C cells), which then differentiate into neuroblasts (type A
cells) (Zhao et al., 2008; Kriegstein and Alvarez-Buylla, 2009).

It has been shown that Notch signaling plays an important role
in neurogenesis in both embryonic and adult brains (Chambers et
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al., 2001; Hitoshi et al., 2002; Mason et al., 2005; Androutsellis-
Theotokis et al., 2006; Mizutani et al., 2007; Yoon et al., 2008). Upon
activation of Notch by its ligands (e.g., Deltal), the Notch intracel-
lular domain (NICD) is released from the membrane and translo-
cates to the nucleus, where NICD forms a complex with Rbpj. The
NICD-Rbpj complex induces the expression of transcriptional re-
pressor genes such as HesI and Hes5, which repress proneural gene
expression and thereby inhibit neuronal differentiation. Thus, acti-
vation of Notch signaling leads to maintenance of the neural stem
cell population, whereas inactivation of Notch signaling induces
neuronal differentiation and depletes the neural stem cell population
(Bertrand et al., 2002; Ross et al., 2003; Kageyama et al., 2008; Kopan
and Ilagan, 2009). We previously generated mouse mutants that
lacked the Notch effector genes Hesl, Hes3, and Hes5, and found
that virtually all neural stem cells prematurely differentiated
into neurons and were depleted in most regions of the CNS
(Hatakeyama et al., 2004). However, in the telencephalon, many
radial glial cells were maintained and proliferated almost nor-
mally even in Hes1;Hes3;Hes5 triple-mutant mice, suggesting that
the mechanism for maintenance of neural stem cells is different
between the telencephalon and other regions (Imayoshi et al.,
2008a). Thus, whether there is a requirement for Notch signaling
for maintenance of neural stem cells in embryonic and adult
forebrains remains to be determined.

Here, we generated Rbpj-conditional knock-out mice by
crossing Rbpj-floxed mice and tamoxifen-inducible Nestin-
CreER ™ mice, because conventional Rbpj-null mice die very
early. We found that by inactivation of Rbpj, neural stem cells are
completely lost in both the developing and adult telencephalon,
revealing an absolute requirement for Notch signaling for main-
tenance of the telencephalic neural stem cells.
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Materials and Methods

Breeding and tamoxifen treatment of mice. Rbpj-conditional mutant mice
were obtained by crossing homozygous Rbpj-floxed mice (Han et al.,
2002) with Rbpj (+/—) (Okaetal., 1995) and Nes-CreER " mice (Imay-
oshi et al., 2006). Line5-1 and line4 of Nes-CreER > mice were used for
the analysis of Rbpj-conditional mutant embryos and postnatal mice,
respectively. These mice were maintained on C57BL/6;ICR mixed back-
ground. Plug date was defined as embryonic day 0.5 (E0.5). Stock solu-
tion of tamoxifen (20 mg/ml; Sigma-Aldrich) was prepared in corn oil
(Sigma-Aldrich). For activation of CreER T2, 6 mg of tamoxifen per 35 g
of body weight was administered by oral gavage to the pregnant mice at
E9.5 or E14.5. CreER ™ activation in pups was triggered by intraperito-
neal injection of 30 ul of tamoxifen solution once each at postnatal day 1
(P1) and P7. For activation of CreER "2 in adult mice, 10 mg of tamoxifen
was orally administered to 2-month-old mice once a day for 4 consecu-
tive days. For a higher degree of Cre-mediated recombination, other
rounds of injections were given after the initial tamoxifen treatment. For
estimating Cre recombination efficiency, Rosa26-loxP-stop-loxP-CFP
mice (Srinivas et al., 2001) were crossed with Nes-CreER "> mice and
recombined cells were identified by CFP expression.

Generation of Hes5-nlsLacZ mice. For the Hes5-nlsLacZ targeting
vector, IRES (internal ribosome entry site)-nls (nuclear localization
signal)-attached LacZ and PGK (phosphoglycerate kinase)-puromycin
resistance gene cassette were inserted into the Sacl sites of Hes5 gene. This
engineered genomic fragment was inserted into the pBluescript II SK+
vector (Stratagene) with a diphtheria toxin A-negative selection cassette.
The targeting vector was linearized and electroporated into TT2 embry-
onic stem cells, and puromycin-resistant clones were selected. Genomic
DNA from drug-resistant cells was digested with EcoRI and analyzed by
Southern blot using a 0.45 kb EcoRI-Spel fragment asa 5’ external probe
for Hes5. Transmission of the target allele into the germline was con-
firmed by Southern blot. Genotypes were determined by PCR using
the following primers: Hes5-WT-Fw, 5'-TGCCCGCGCCTATATAGG-
GCTGGCGTGCTG-3'; Hes5-WT-Rv, 5-TGCACTTACTCGGTTTT-
TCTCCTTGGGACT-3'; and Hes5-KO-Rv, 5'-CCTTCACGACATTC-
AACAGACCTTGCATTC-3". The sizes of the PCR products for mutant
allele and wild-type allele are 400 bp and 200 bp, respectively.

Bromodeoxyuridine administration. Bromodeoxyuridine (BrdU) (Sigma-
Aldrich) was dissolved in 0.1 M PBS, pH7.4. BrdU (50 mg per g of body
weight) was given to pregnant mice at E15.5 for 30 min by a single
intraperitoneal injection at a concentration of 10 mg/ml. BrdU (200 mg
per g of body weight) was given to adult mice for 2 h by a single intra-
peritoneal injection at a concentration of 10 mg/ml. For long-term BrdU
administration, drinking water containing 1 mg/ml BrdU was given to
mice for 14 consecutive days, and they were killed immediately or 12 d
later.

Cytosine--p-arabinofuranoside infusion. Tamoxifen was adminis-
tered to 2-month-old adult mice, and 10 d later these mice were anesthe-
tized with ketamine (37.5 mg/kg, i.p.) and implanted with an osmotic
pump (Alzet model 1002). For cytosine--p-arabinofuranoside (AraC)
infusions, the cannula was implanted stereotaxically in the left lateral
ventricle (anterior, —0.2 mm; lateral, 0.8 mm; depth, 2 mm relative to
bregma and the surface of the brain). AraC (2%; Sigma-Aldrich) was
dissolved in Ringer’s solution with 1 mg/ml mouse serum albumin
(Sigma-Aldrich). Seven days after infusion, the pump was removed, and
mice were killed immediately or 10 d later. BrdU was given for 4 h by a
single intraperitoneal injection just before death. The SVZ of the right
lateral ventricle (the opposite side of cannula-injected hemisphere) was
analyzed.

X-gal staining. For whole-mount X-gal staining, dissected embryos
were fixed in 2% formaldehyde and 0.2% glutaraldehyde in PBS for 60
min at 4°C, rinsed twice in 0.1 M phosphate buffer, pH 7.4, 2 mm MgCl,,
0.01% sodium deoxycholate, 0.02% NP-40, and then stained at 37°C
for 8 h in X-gal stain buffer (2 mg of X-gal in 2 mm MgCl,, 0.01%
sodium deoxycholate, 0.02% NP-40, 5 mm K Fe(CN)y, 5 mm
K,Fe(CN), in 0.1 M phosphate buffer). Stained embryos were washed
twice in PBS and postfixed with 4% paraformaldehyde (PFA) in PBS
for 2 h at room temperature.
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For X-gal staining of tissue sections, embryos and brains were fixed
with 4% PFA in PBS at 4°C for 60 min, washed in PBS, equilibrated in
20% sucrose/PBS before mounting OCT compound, and frozen at
—80°C. Frozen sections were made by cryostat at 16 um thickness, and
then X-gal staining was performed as described for whole-mount
staining.

Tissue preparation and immunocytochemistry. Embryos were fixed in
4% PFA/PBS overnight at 4°C, washed in ice-cold PBS three times, equil-
ibrated in 20% sucrose/PBS at 4°C, embedded in OCT compound
(Sakura Finetek), and frozen at —80°C. Pups and adult mice were deeply
anesthetized and transcardially perfused with 30 ml of PBS and 30 ml of
4% PFA/PBS. Brains were postfixed in the perfusion solution overnight
at 4°C and then cryoprotected for 24 h in 20% sucrose in PBS. Brains
were embedded in OCT compound and frozen at —80°C. Sections were
made by cryostat at 16 um thickness and incubated in 5% normal goat
serum (NGS) and 0.1% Triton X-100/PBS at room temperature for 1 h.
Then, these sections were incubated with primary antibodies diluted in
0.1% Triton X-100/PBS containing 1% NGS overnight at 4°C, washed
with PBS, and incubated with regular secondary antibodies conjugated
with Alexa488 or Alexa594 (1:200; Invitrogen) for 1 h at room tempera-
ture. For BrdU staining, sections were pretreated with 1IN HCI for 20 min
at 37°C to denature cellular DNA. Sections were mounted with
Fluormount-G (Southern Biotech) and photographed with LSM510
confocal microscopy (Zeiss). The following primary antibodies (final
dilution and source) were used: mouse anti-BIII-tubulin (1:500; Babco),
rat anti-BrdU (1:50; Oxford Biotech), goat anti-doublecortin (DCX;
1:200; Santa Cruz Biotechnology), rabbit anti-LacZ (1:5000; Cortex
Biochem), mouse anti-GFAP (1:200; Sigma-Aldrich), mouse anti-
mammalian achaete-schute homolog 1 (Mashl; 1:20; Pharmingen),
mouse anti-S1008 (1:500; Sigma-Aldrich), rabbit anti-S10083 (1:2000;
DAKO), mouse anti-Cre (1:200; Millipore Bioscience Research Re-
agents), mouse anti-NeuN (1:200; Millipore Bioscience Research Re-
agents) and mouse anti-Ki67 (1:50; BD Biosciences).

Quantification of labeled cells and statistical analysis. The lateral SVZ of
the lateral ventricle of more than three adult mice per age group was
analyzed in each experiment. A minimum of 10 coronal sections,
throughout the anterior—posterior extent of the SVZ of the lateral ven-
tricle, was assessed for each animal. Cells were scored on the basis of
staining for BrdU or Mash1 in their nuclei. Stained cells within the SVZ
were counted and expressed as the number of cells per 5 mm along the
ventricle for each image. Student’s ¢ test (one-tailed) was performed to
calculate p values and to determine whether the results were significantly
different.

Results
Notch signaling is active in the developing and
adult forebrain
To understand the significance of Notch signaling in the telen-
cephalon, we first determined to what extent Notch signaling is
active in this region. In our previous analysis using Hes1 reporter
mice, we found that the Notch effector Hes! is highly expressed
by neural stem/progenitor cells in both developing and adult
telencephalon (Ohtsuka et al., 2006), suggesting that Notch sig-
naling is active in this region. Because Hesl expression is also
regulated by signaling pathways other than Notch signaling, we
next examined the expression of Hes5, a more faithful Notch
effector. To this end, we visualized the expression of Hes5 by
knocking in the nlsLacZ cDNA at the Hes5 locus (Hes5-nlsLacZ
mice) (Fig. 1A). In these mice, LacZ was expressed from the
endogenous Hes5 promoter, and LacZ was found to be highly
expressed in the ventricular zone of the developing telencephalon
(Fig. 1 Band supplemental Fig. S1, available at www.jneurosci.org
as supplemental material). LacZ was also expressed in the adult
brain; hence, we decided to determine the LacZ-expressing cell
types in more detail.

In the SVZ and its surrounding regions of the adult brain of
Hes5-nlsLacZ mice (Fig. 1C), almost all LacZ-positive cells ex-
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Figure 1.

Notch signaling activity in the SVZ of the adult brain. A, Generation of Hes5-nlsLacZ knock-in mice. In the Hes5-nlsLacZ allele, the entire coding region of the Hes5 gene was replaced

by the IRES-nlsLacZ expression cassette. B, X-gal staining of E12.5 Hes5-nlsLacZ embryo. C—N, Immunostaining of coronal sections of the SVZ of the lateral ventricle in Hes5-nlsLacZ mice. Most
nisLacZ * cells expressed GFAP (D, E). A small number of nlsLacZ ™ cells expressed Mash1 (F, G). However, nisLacZ-expressing cells were negative for S1003 (H, /) and DCX (J, K). Some nlsLacZ *
cells incorporated BrdU (L, M). Almost all nisLacZ ™ cells expressed CreER ™2 in Hes5-nlsLacZ and Nes-CreER ™ double-transgenic mice (N).

pressed GFAP, a type B cell and astrocyte marker (96.5 = 0.4%)
(Fig. 1D,E and supplemental Table S1, available at www.
jneurosci.org as supplemental material). The majority of
Mash1 ™ type C cells were negative for LacZ expression, whereas
a small number of coexpressing cells were observed (6.8 = 0.8%)
(Fig. 1F,G and supplemental Table S1, available at www.
jneurosci.org as supplemental material). In addition, after pro-
longed exposure to BrdU (14 d), only a few of LacZ-positive cells
were labeled with BrdU (4.7 * 1.3%) (Fig. 1 L, M and supplemen-
tal Table S1, available at www.jneurosci.org as supplemental ma-
terial), suggesting that the majority of Hes5-expressing cells were
not actively dividing. Furthermore, in Nes-CreER 7%;Hes5-
nlsLacZ mice, which express CreER "2 in type B cells (Imayoshi et
al., 2008b), many cells coexpressed LacZ and CreER ™2 (Fig. 1 N).
However, none of the ependymal cells (51008 ) and neuroblasts
(DCX™) expressed LacZ in Hes5-nlsLacZ mice (Fig. 1 H-K).
Thus, LacZ expression occurred in almost all type B cells as well as
in astrocytes and a small number of type C cells but not in others.
Because the LacZ protein is stable, it is likely that the expression
could remain transiently in type C cells even after the Hes5 promoter
was repressed, suggesting that Notch signaling is active mostly in
type B cells. All these data suggest that Notch signaling is active in
neural stem/progenitor cells of both the developing and the adult
forebrain.

Notch signaling is required for the maintenance of neural
stem cells in the embryonic telencephalon

To determine the role of Notch signaling in telencephalic neural
stem cells, we conditionally knocked out Rbpj by using Rbpj-

floxed mice and Nes-CreER*? mice. The latter mice specifically
induce Cre recombinase activity in neural stem cells after tamox-
ifen treatment. We first assessed the Cre recombination efficiency
at various stages (embryonic, perinatal, and adult stages) by using
Rosa26 reporter mice, and found that >80% of neural stem/
progenitor cells (Ki67 *) displayed Cre-mediated recombination
after tamoxifen administration (supplemental Fig. S2, available
at www.jneurosci.org as supplemental material) (Imayoshi et al.,
2006, 2008b). We next examined the role of Notch signaling in
the early development of the telencephalon. Tamoxifen was given
to pregnant mothers carrying Nes-CreER "%Rbpj1°*¥~ embryos
so that the Cre recombinase was activated in the nervous system
of Rbpj-floxed embryos at E9.5 and the brains were examined at
E15.5. Tamoxifen-treated Nes-CreER "% Rbpj V" mice, which
retained one wild-type Rbpj allele, were normal and used as the
control in subsequent experiments. In the control brain, postmi-
totic neurons (Tujl ™) existed in the outer layers, and radial glial
cells actively proliferated in the ventricular zone (VZ) at E15.5
(BrdU ") (Fig. 2A-D). In contrast, in Rbpj-conditional knock-
out mice, brain size was significantly smaller than controls (Fig. 2,
compare A,B with E F). In addition, almost all cells became
postmitotic neurons (Tujl ™) (Fig. 2G), and BrdU-incorporating
dividing radial glial cells were greatly reduced in number (Fig.
2 H). Expression of radial glial cell markers such as Nestin and
GLAST was also severely downregulated (data not shown). As a
result, the VZ was totally missing in Rbpj-mutant brains (Fig.
2G). These results indicate that in the absence of Rbpj, the telen-
cephalic radial glial cells are not maintained; they prematurely
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differentiate into neurons. Acceleration of
neurogenesis and reduction of radial glial
cells were already observed at E12.5 (data
not shown). Thus, Notch signaling is re-
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quired for the maintenance of embryonic
neural stem cells in the early developing
telencephalon.

We next investigated the role of Rbpj
in the brain development at a later stage.
Tamoxifen was given to Nes-CreER'%
Rbpj"°**¥~ embryos at E14.5, and the
brains were examined at E18.5. In the
control brain, there were numerous BrdU-
incorporating neural stem/progenitor cells
inthe VZ and the SVZ of the lateral ventricle
(Fig. 3A-D). DCX™ postmitotic neurons
were present in the cortex but were rarely
observed in the VZ (Fig. 3E-G). In con-
trast, the number of BrdU-incorporating
neural stem/progenitor cells was greatly
reduced in many regions of the Rbpj-
mutant brain (Fig. 3H). This reduction
was evident in the dorsal and lateral walls
of the lateral ventricle (Fig. 31,]). How-
ever, in the ventral region, the number of
dividing cells increased (Fig. 3 H,K), sug-
gesting that other mitogenic signaling
pathways are dominant in the ventral re-
gion and that Notch signaling might neg-
atively regulate cell proliferation in this
region. In the Rbpj-mutant brain, DCX * neurons were located in
the inner region as well as in the cortex, and as a result the VZ was
not clear (Fig. 3L-N). These results indicate that in the absence of
Rbpj, neural stem/progenitor cells are not maintained; they pre-
maturely differentiate into neurons in many brain regions, except
for the ventral region at a later stage. Thus, Notch signaling is
required for maintenance of proliferating radial glial cells by in-
hibiting premature neuronal differentiation in the developing
telencephalon. However, in the ventral region at a later develop-
mental stage, Notch signaling inhibited cell proliferation, and the
proliferative activity of neural stem/progenitor cells changed.

Anterior

Figure 2.

Notch signaling regulates neurogenesis in the

postnatal period

It has been shown that radial glial cells persist for several days
after birth in the mouse brain, but mostly disappear by P15
(Tramontin et al., 2003), whereas GFAP * astrocytes are mostly
absent at PO but are formed in the SVZ later (Gates et al., 1995;
Tramontin etal., 2003), suggesting that radial glial cells present at
birth become GFAP * astrocytes during this postnatal period and
that some of the GFAP ™ cells function as adult-type neural stem
cells (Merkle et al., 2004). Thus, the features of neural stem cells
gradually change during this postnatal period: from the embry-
onic radial glial cells to adult astrocyte-like neural stem cells
(Kriegstein and Alvarez-Buylla, 2009).

We next determined the role of Notch signaling in this tran-
sition period. Tamoxifen was given to Nes-CreER "% Rbpj1oxd/~
neonatal mice, and the brains were examined at P7 and P14. In
the absence of Rbpj, dividing cells (Ki67 ©) were more abundant
at P7 (supplemental Fig. S3E-H, available at www.jneurosci.org
as supplemental material), compared with controls (supplemen-
tal Fig. S3A-D, available at www.jneurosci.org as supplemental
material). This abundance was in sharp contrast to the embry-

Posterior Anterior Posterior

Premature loss of neural stem cells in the telencephalon of Rbpj-conditional knock-out embryos. A-H, Histological
analysis was done with the control (4—D) and Rbpj-mutant (E—H ) mice at E15.5. Tamoxifen was orally administered to pregnant
mothers at E9.5. In control embryos, neurons (Tuj1 ) reside in the outer layers and BrdU-incorporated dividing stem/progenitor
cellsare located in the ventricular zone (A-D). In Rbpj-mutant embryos, neurons are located throughout the neuroepithelium, and
the number of BrdU-incorporated cells was dramatically reduced (E~H). Boxed regions in A and E are enlarged in € and G,
respectively. D and H are enlarged view of the dorsal telencephalon.

onic brain, in which the number of dividing neural stem/progen-
itor cells was greatly reduced in the absence of Rbpj, but the
situation was similar to the ventral region of the later-stage em-
bryonic brain, in which the number of dividing cells increased in
the absence of Rbpj (Fig. 3K). These results indicate that at this
postnatal period, Notch signaling inhibits cell proliferation, sug-
gesting that the cell proliferation depends on a different mito-
genic factor. At P14, neurogenesis (DCX ™) was significantly
increased in the absence of Rbpj (supplemental Fig. S3J, available
at www.jneurosci.org as supplemental material), compared with
controls (supplemental Fig. S31, available at www.jneurosci.org
as supplemental material). However, this increase was transient,
and neurogenesis no longer occurred in the mutant 6 weeks later
(supplemental Fig. S3L, available at www.jneurosci.org as supple-
mental material), although neurogenesis continued in the con-
trol SVZ (supplemental Fig. S3K, available at www.jneurosci.org
as supplemental material). Thus, Notch signaling regulates cell
proliferation and long-term neurogenesis in the postnatal brain.
The phenotypes observed postnatally in Rbpj-mutant mice were
similar to the ones observed in the adult brain (see below), sug-
gesting that the transition from embryonic to adult neural stem
cells accounts for different features of Rbpj-dependent cell pro-
liferation between embryonic and postnatal periods.

Transient increase in cell proliferation and neurogenesis in
the absence of Rbpj

To determine the role of Rbpj in type B neural stem cells in the
adult brain, tamoxifen was given to Nes-CreER "% Rbpj ¥~ adult
mice. Ten days after tamoxifen administration, BrdU pulse-labeling
experiments, which preferentially labels transit-amplifying type C
cells (Doetsch et al., 2002), were performed. In the absence of
Rbpj, cells that incorporated BrdU significantly increased in
number (360.9 * 37.7 cells per 5 mm along the ventricle) (sup-
plemental Fig. S4 H-K,O, available at www.jneurosci.org as sup-
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plemental material) compared with the controls (189.9 * 29.5)
(supplemental Fig. S4A-D,0, available at www.jneurosci.org as
supplemental material). Furthermore, the number of cells ex-
pressing Mash1, a type C cell marker (Parras et al., 2004; Kim et
al., 2007), also significantly increased (487.1 = 44.4) (supple-
mental Fig. S4L, M,0, available at www.jneurosci.org as supple-
mental material) compared with the controls (211.8 * 54.1)
(supplemental Fig. S4F, F,0), but the number of DCX ™ neuro-
blasts was not changed (supplemental Fig. S4G,N, available at
www.jneurosci.org as supplemental material). Thus, 10 d after
inactivation of Rbpj, there was a specific increase in the number of
transit-amplifying type C cells. Analysis of Hes5-nlsLacZ mice
indicated that more cells coexpressed LacZ and Mash1 as early as
5 d after Rbpj inactivation (17.7 % 2.1%) than in the control mice
(7.5 £ 0.7%) (supplemental Fig. S5, available at www.jneurosci.
org as supplemental material), suggesting that neuronal differen-
tiation of Hes5-expressing type B cells is enhanced in the absence
of Rbpj.

Three weeks after tamoxifen administration, cells that incor-
porated BrdU in BrdU pulse-labeling experiments and Mash1 ™
cells significantly increased in number (BrdU™, 698.1 + 44.1;
Mash1 ¥, 699.6 + 48.3) (Fig. 4 H-M), compared with controls
(BrdU %, 201.8 * 34.4; Mash1 ™, 233.2 + 69.2) (Fig. 4A—F). This
increase in the number of type C cells also occurred in dorsal,

Rbpj is required for maintenance of neural stem/progenitor cells in the late embryonic telencephalon. A-N, Histo-
logical analysis was done with control (A—G) and Rbpj-conditional knock-out (H—N) mice at E18.5. Tamoxifen was administered
to pregnant mothers at E14.5. In Rbpj-mutant embryos, the number of BrdU-incorporated dividing progenitors was significantly
reduced in the dorsal and lateral regions of the SVZ of the lateral ventricle (H-J) compared with controls (A-C). However, in the
ventral region, the number of BrdU-incorporated cells increased in Rbpj-mutant embryos (H, K), compared with controls (4, D).
Neurons were located outside of the ventricular zone in control mice (E-G), whereas numerous DCX-positive neurons were
observed in the ventricular zone of Rbpj-mutant mice (L—-N), indicating premature neurogenesis.
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lateral, and ventral regions (Fig. 4 H-K),
similar to the postnatal stage of the em-
bryonic telencephalon (supplemental Fig.
S3E-H, available at www.jneurosci.org as
supplemental material). At this stage, the
number of DCX * neuroblasts also signif-
icantly increased (Fig. 4N), compared
with controls (Fig. 4G). We also quanti-
fied newly born neurons by labeling divid-
ing cells with BrdU for 7 d and chasing
their progeny in the olfactory bulb 21 d
later (supplemental Fig. S6A, available at
www.jneurosci.org as supplemental ma-
terial). In this experiment, the number of
newly born neurons (NeuN ") in the ol-
factory bulb that had incorporated BrdU
significantly increased in Rbpj-mutant
mice compared with controls (supple-
mental Fig. S6B-D, available at www.
jneurosci.org as supplemental material).
Thus, inactivation of Rbpj leads to an in-
crease in the number of transit-amplifying
type C cells, leading to increased neurogen-
esis. These results suggest that Notch sig-
naling inhibits transition from slowly
dividing type B cells to transit-amplifying
type C cells.

Ventral

Ventral

Notch signaling is required for
long-term maintenance of adult

neural stem cells

We next examined the long-term out-
come of increased neurogenesis from type
B cells in the adult brain. Three months
after tamoxifen administration into Nes-
CreER "% Rbpj "V~ adult mice, cells that
incorporated BrdU in BrdU pulse-
labeling experiments and Mash1* cells
were significantly reduced in number
(BrdU™,17.3 = 5.7;Mash1 ™, 12.6 = 6.6) (Fig. 5I-N), compared
with the controls (BrdU ™, 169.9 = 39.2; Mash1 ¥, 218.0 * 39.9)
(Fig. 5A—F). This severe reduction in the number of type C cells
occurred similarly in dorsal, lateral, and ventral regions (Fig. 51—
L). Furthermore, in the absence of Rbpj, DCX * neuroblasts were
mostly missing at this stage (Fig. 50,P), whereas there were many
in the controls (Fig. 5G,H). These results indicate that increased
neurogenesis by inactivation of Rbpj is only transient (Fig. 4N),
and that Notch signaling is required for long-term neurogenesis
in the adult brain.

The above results suggest the possibility that by inactivation of
Notch signaling all slowly dividing neural stem cells become
transit-amplifying cells and neurons, leading to a transient in-
crease in neurogenesis, but that the depletion of neural stem cells
eventually causes loss of neurogenesis. To investigate this possi-
bility, we quantified the label-retaining cells, a feature observed
for slowly dividing neural stem cells, in Rbpj-conditional knock-
out mice that had been injected with tamoxifen 10 d before. BrdU
was given to both Rbpj-conditional knock-out mice and control
mice for 14 consecutive days to label not only transit-amplifying
type C cells but also slowly dividing type B cells (Fig. 6 A). At day
0 after BrdU administration (¢ = 0), all dividing cells, including
slowly dividing neural stem cells, were labeled by prolonged ex-
posure to BrdU, whereas slowly dividing neural stem cells selec-
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Figure 4. Increase in the number of transit-amplifying cells and neuroblasts in the Rbpj-mutant adult brain. A—N, Coronal sections of the SVZ of the lateral ventricles of control (4-G) and
Rbpj-conditional knock-out (H—N) mice that were treated with tamoxifen 3 weeks before. BrdU was administered for 2 h before mice were killed. The number of BrdU-incorporated cells in the SVZ
significantly increased in Rbpj-mutant mice (H—K) compared with controls (4—D). The number of Mash1 ™ transit-amplifying cells also increased in Rbpj-mutant mice (L, M) compared with controls
(E, F). Boxed regions in panels E and L are enlarged in F and M, respectively. Neurogenesis (DCX +) was enhanced in Rbpj-mutants (N') compared with controls (G).
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Figure 5.  Depletion of dividing progenitor cells and neurogenesis in the Rbpj-mutant adult brain. A—P, Coronal sections of the SVZ of the lateral ventricles from control (4—H) and Rbpj-
conditional knock-out (/—P) mice that had been treated with tamoxifen 3 months before. BrdU was administered for 2 h before death. The number of cells that incorporated BrdU in the SVZ was
markedly reduced in Rbpj-mutant mice (I~L) compared with controls (A—D). The number of Mash1 * transit-amplifying cells was also reduced in Rbpj-mutant mice (M, N') compared with controls
(E, F). Boxed regions in panels E and M are enlarged in F and N, respectively. Neurogenesis (DCX ) was greatly attenuated in Rbpj-mutant mice (0, P) compared with controls (G, H).
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Figure 6.  Depletion of slowly dividing neural stem cells in the Rbpj-mutant adult brain. 4, Experimental design. B—M, Dividing

progenitors (t = 0; B—D, H-J) and slowly dividing cells, ones that retained labeling even after 12 d (t = 12; E-G, K-M), were

labeled with BrdU in control (B—G) and Rbpj-mutant (H—M) mice.

tively retained BrdU 12 d after BrdU administration (r = 12),
because fast-cycling transit-amplifying cells diluted out the BrdU
(Capela and Temple, 2002). In agreement with the above results
(Fig. 4 and supplemental Fig. S4, available at www.jneurosci.org
as supplemental material), dividing cells significantly increased
in number in Rbpj-mutant mice (1533.0 = 24.5) (Fig. 6 H-)),
compared with the controls (491.1 = 58.5) (Fig. 6 B-D) att = 0.
Att = 12, there were numerous label-retaining cells in the control
mice (77.3 * 13.8) (Fig. 6 E-G), whereas the number of BrdU ©
cells was severely reduced in Rbpj-mutant mice (24.5 = 5.3) (Fig.
6 K—M). These results indicate that slowly dividing type B cells are
severely reduced in number as early as 10 d after inactivation of
Rbpj. At this stage, transit-amplifying type C cells proliferate ex-
tensively (supplemental Fig. S4, available at www.jneurosci.org as
supplemental material). These results suggest that by inactivation
of Notch signaling, slowly dividing type B cells are not properly
maintained and mostly become transit-amplifying type C cells.
It was recently shown that in the absence of Rbpj, ependymal
cells enter the cell cycle and differentiate into neurons, leading to
collapse of the lateral ventricles (Carlén et al., 2009). Although
our Nes-CreER™ mice efficiently induce recombination in
ependymal cells after tamoxifen treatment (Imayoshi et al.,
2008b), almost all ependymal cells (S1008 %) were negative for
Ki67, a marker for proliferating cells, in Rbpj-conditional knock-
out mice, indicating that very few ependymal cells entered the cell
cycle (supplemental Fig. S7, available at www.jneurosci.org as
supplemental material). Furthermore, even 3 months after ta-
moxifen treatment, ependymal cells and the lateral ventricles were
properly maintained in Rbpj-conditional knock-out mice (supple-
mental Fig. S7], ], available at www.jneurosci.org as supplemen-
tal material). These results suggest that Notch signaling is not
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important for maintenance of ependymal
cells. In agreement with this notion, LacZ
expression was not observed in ependy-
mal cells (51008 *) of Hes5-nlsLacZ mice,
suggesting that Notch signaling is not ac-
tive in these cells (Fig. 1 H,I).

Notch signaling is required for
neuronal regeneration in

AraC-treated brains

It has been shown that treatment with
the antimitotic drug AraC kills transit-
amplifying cells but does not affect slowly
dividing cells (Morshead et al., 1994;
Doetsch et al., 1999). Thus, although neu-
rogenesis is transiently impaired by AraC
treatment, the damaged brains are later
reconstituted by slowly dividing type B
cells (Doetsch et al., 1999). We next exam-
ined this regeneration process of control
mice and Rbpj-conditional knock-out
mice that had been injected with tamox-
ifen 10 d before (Fig. 7A). At day 0 after
AraC treatment (¢t = 0), cells that incor-
porated BrdU in BrdU pulse-labeling ex-
periments (transit-amplifying cells) and
DCX " neuroblasts were mostly missing
in both Rbpj-conditional knock-out mice
(Fig. 7F-I) and control mice (Fig. 7B-E).
At day 10 after AraC treatment (t = 10),
however, the BrdU " transit-amplifying
cell population returned to normal num-
bers (Fig. 7], K,R) and resumed neurogenesis in the control brain
(Fig. 7L,M). In contrast, in the Rbpj-mutant brain, BrdU ™"
transit-amplifying cells did not reappear (Fig. 7N, O,R), and thus
neurogenesis did not resume by day 10 after AraC treatment (Fig.
7P, Q). The lack of reconstitution was probably because without
Rbpj, slowly dividing type B cells were mostly missing at this
stage. These results indicate that Notch signaling regulates neu-
ronal regeneration in AraC-treated brains by maintaining slowly
dividing neural stem cells.

Discussion

Requirement of Notch signaling for maintenance of neural
stem cells in the embryonic and adult brain

The role of Notch signaling in neural development has been in-
tensively analyzed by conditional inactivation of Rbpj, and it has
been shown that Notch signaling is required for both mainte-
nance of neural stem/progenitor cells and specification of glial
cells (Taylor etal., 2007; Gao et al., 2009). However, the functions
of Notch signaling in the embryonic and adult forebrain remains
to be determined. We previously generated Hes1;Hes3;Hes5 triple
knock-out mice and found that virtually all neural stem/progen-
itor cells prematurely differentiated into neurons and were de-
pleted in most regions of the developing CNS, indicating an
absolute requirement for Notch signaling for maintenance of
embryonic neural stem/progenitor cells (Hatakeyama et al,
2004; Kageyama et al., 2007). However, in the developing telen-
cephalon, many radial glial cells were maintained and prolifer-
ated almost normally even in the absence of HesI, Hes3, and Hes5
(Imayoshi etal., 2008a), suggesting that the mechanism for main-
tenance of neural stem cells is different between the telencepha-
lon and other regions. Here, to examine the role of Notch
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signaling in the telencephalic development, we generated Rbpj-
conditional knock-out mice, and found that in the absence of
Notch signaling, neural stem cells are completely lost in the em-
bryonic telencephalon. These results indicate an absolute re-
quirement of Notch signaling for the maintenance of neural stem
cells of the developing telencephalon. In this region, it is likely
that another HesI-related gene could compensate for the lack of
Hesl, Hes3, and Hes5. In agreement with this idea, we previously
found that the Hesl-related repressor gene Hey! is highly ex-
pressed in the developing telencephalon, and that this expression
is upregulated in the absence of Hes1, Hes3, and Hes5 (Imayoshi
et al., 2008a). Thus, Hes!I, Hes3, Hes5, and HeyI could compen-
sate for each other to regulate telencephalic development. Our
preliminary analysis of Hesl;Hes3;Hes5;Heyl-mutant mice sug-
gest that this is indeed the case (our unpublished data).

In the present study, we also examined the role of Notch
signaling in the adult brain. It was previously shown that inac-
tivation of Notchl promotes neuronal differentiation in the hip-
pocampal dentate gyrus of the adult brain (Breunig et al., 2007).
However, it was not clear whether only subsets or all neural stem
cells are regulated by Notch signaling. It was also reported that
when Rbpj is deleted in type C cells by using CaMKII-Cre driver,
some oligodendrocyte precursors are formed at the expense of
neurons, suggesting that Notch signaling is required for matura-
tion of neurons (Fujimoto et al., 2009). However, the role for
Notch signaling in adult neural stem cells remained to be ana-
lyzed. Our data suggest that without Notch signaling, virtually all

neural stem cells differentiated into transit-amplifying cells and
then into neurons in the SVZ of the lateral ventricles of the adult
brain. As a result, although neurogenesis was increased tran-
siently, neural stem cells were depleted, and eventually neurogen-
esis was completely lost. We also found similar results in the
subgranular zone of the hippocampal dentate gyrus, although
loss of neural stem cells was not complete in this region probably
because of lower Cre recombinase activity (our unpublished
data). These results suggest an absolute requirement for Notch
signaling for maintenance of neural stem cells in both embryonic
and adult brains. Because, based on the Hes5 reporter expression,
Notch signaling is inactive in the majority of transit-amplifying
cells, it seems that inactivation of Notch signaling is required for
a transition from neural stem cells to transit-amplifying cells. It
remains to be determined how such activation and inactivation
of Notch signaling are controlled.

It was recently reported that in the absence of Rbpj or in re-
sponse to stroke, ependymal cells the enter cell cycle and differ-
entiate into neurons, leading to collapse of the lateral ventricles
(Carlén et al., 2009). However, in our Rbpj-conditional knock-
out mice, very few ependymal cells entered the cell cycle, and
these cells and the lateral ventricles were properly maintained
even 3 months after inactivation of Rbpj. Thus, Rbpj-dependent
Notch signaling is not important for maintenance of ependymal
cells, and contribution of these cells to neurogenesis, if any, seems
to be minimal.
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Similarity and difference in phenotypes of Notch signaling
inactivation between embryonic and adult brains

In both Rbpj-mutant embryonic and adult brains, neuronal dif-
ferentiation is accelerated, resulting in depletion of neural stem
cells. Thus, the final outcome of Rbpj-conditional knock-out
mice is the same between embryonic and adult brains. However,
the immediate outcome is different. In the embryonic brain, in-
activation of Rbpj leads to a decrease in cell proliferation because
actively dividing neural stem cells prematurely differentiate into
postmitotic neurons. In contrast, in the adult brain, inactivation
of Rbpjleads to an increase in cell proliferation because all slowly
dividing neural stem cells become transit-amplifying cells. The
difference in the immediate outcome is thus due to the different
features of embryonic and adult neurogenesis. An increase in cell
proliferation after inactivation of Rbpj was initially observed in
the ventral region of the telencephalon of late-stage embryos,
but this phenotype expands to the lateral and dorsal regions dur-
ing the postnatal period. Thus, it is likely that the transition from
embryonic to adult neural stem cells occurs from the ventral to
the lateral and dorsal regions during the perinatal period; but the
mechanism showing how this transition is controlled remains to
be determined.

This transition could be partly attributable to changes in Shh
dependency. Shh signaling has been shown to be important for
the proliferation and maintenance of adult neural stem cells (Lai
etal.,2003; Machold et al., 2003; Palma et al., 2005). Slowly diving
adult neural stem cells and transit-amplifying cells respond to
Shh, but these Shh-sensitive cells seem to appear after late embry-
onic periods (Ahn and Joyner, 2005). In the absence of Shh sig-
naling, SVZ neural stem cells are not affected before birth.
However, at early postnatal periods, neural stem cells are de-
pleted after the transient expansion of neuroblasts in the absence
of Smoothened, an essential effector of Shh, although expansion
of Mash1™ type C cells was not observed, suggesting that Shh
signaling regulates both maintenance of type B cells and prolifer-
ation of type C cells (Machold et al., 2003; Balordi and Fishell,
2007a,b). Thus, a requirement for Shh signaling for maintenance
of neural stem cells might be a fundamental event in the transi-
tion from embryonic to adult neural stem cells when the active
proliferation loses the dependency on Rbpj.

In the adult brain, all neural stem cells differentiated into
transit-amplifying cells in the absence of Rbpj, which increased
cell proliferation. However, transit-amplifying cells proliferated
only transiently, and soon differentiated into postmitotic neu-
rons. It remains to be determined why these cells soon lost mi-
totic activity.

Regulation of proliferation of neural stem cells

Adult neural stem cells are often said to be “slowly dividing” or
“quiescent,” although it is not clear whether they are mostly dor-
mant and only transiently enter the cell cycle or whether they
continuously divide but have a long G, phase. Our study indi-
cates that Notch signaling is required not only for actively divid-
ing embryonic neural stem cells but also for slowly dividing or
quiescent adult neural stem cells. The precise mechanism for
regulation of such different cell division modes is not known.
One possibility is that the expression mode of Notch effectors
such as Hesl could be different between embryonic and adult
neural stem cells. Hes1 expression is oscillating in actively divid-
ing embryonic neural stem cells (Shimojo et al., 2008). Although
Hesl is required for maintenance and proliferation of embryonic
neural stem cells, cells with sustained Hes1 expression divide very
slowly or do not divide, indicating that sustained Hes1 expression
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inhibits cell cycle progression (Baek et al., 2006). In agreement
with this notion, sustained Hesl expression downregulates G,
cyclin expression (Strom et al., 2000; Baek et al., 2006; Shimojo et
al., 2008). Thus, one interesting possibility is that Hesl expres-
sion is sustained in adult neural stem cells. Further studies will be
required to clarify whether Hesl expression mode is different
between embryonic and adult neural stem cells, and if this is the
case, how different expression mode of Hes1 is controlled.
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