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SUMMARY

Neurogenesis continues in the ventricular-subven-
tricular zone (V-SVZ) of the adult forebrain fromquies-
cent neural stem cells (NSCs). V-SVZ NSCs are a
reservoir for new olfactory bulb (OB) neurons that
migrate through the rostral migratory stream (RMS).
To generate neurons, V-SVZ NSCs need to activate
and enter the cell cycle. The mechanisms underlying
NSC transition from quiescence to activity are poorly
understood. We show that Notch2, but not Notch1,
signaling conveys quiescence to V-SVZ NSCs by
repressing cell-cycle-related genes and neurogene-
sis. Loss of Notch2 activates quiescent NSCs, which
proliferate and generate new neurons of the OB line-
age. Notch2 deficiency results in accelerated V-SVZ
NSC exhaustion and an aging-like phenotype. Simul-
taneous loss of Notch1 andNotch2 resembled the to-
tal loss of Rbpj-mediated canonical Notch signaling;
thus, Notch2 functions are not compensated in
NSCs, and Notch2 is indispensable for the mainte-
nance of NSC quiescence in the adult V-SVZ.

INTRODUCTION

Somatic stem cells contribute to regeneration and repair in many

adult tissues (Li andClevers,2010). Theyareembedded inspecial-

izedniches that control theirmaintenance, activation, andproduc-

tion of differentiated progeny (Cheung and Rando, 2013). Almost

all tissues contain resident stem cells that rarely divide and are

mitotically quiescent (Li and Clevers, 2010). Stem cell quiescence

preserves the longevity of theprogenitor pool, protects against the

acquisition and propagation of genetic mutations, and counter-

acts hyperplasia and tumor formation (Adams et al., 2015;

López-Otı́n et al., 2013). However, the mechanisms controlling

quiescence and activation remain poorly understood (Cheung

and Rando, 2013). Radial glia progenitors give rise to most neu-

rons and glia of the mammalian neocortex during embryogenesis

(Custo Greig et al., 2013; Fuentealba et al., 2015; Furutachi et al.,
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2015; Malatesta et al., 2003; Merkle et al., 2007; Noctor et al.,

2001; Rakic, 1972). Toward the end of embryonic development,

neurogenesis ceases at most locations in the brain. Prime excep-

tions are the ventricular-subventricular zone (V-SVZ) of the lateral

ventricle walls and the subgranular zone of the hippocampal den-

tate gyrus. In these distinct neurogenic niches, adult neural stem

cells (NSCs) remain active and drive neurogenesis in rodents,

non-human primates, and humans into adulthood (Doetsch,

2003; Doetsch et al., 1999; Ernst et al., 2014; Fuentealba et al.,

2015; Furutachi et al., 2015; Spalding et al., 2013). In the V-SVZ,

NSCs (also known as B1 cells) have a radial morphology, projec-

ting bidirectionally through the ependymal lining of the striatal

wall as well as to blood vessels underlying the V-SVZ (Fuentealba

et al., 2012; Mirzadeh et al., 2008). B1 cells are quiescent and only

sporadically enter the cell cycle to generate C cells, a mitotic pop-

ulation that amplifies the progenitor pool and gives rise to neuro-

blasts (A cells) (Fuentealba et al., 2012; Ihrie and Alvarez-Buylla,

2011). A cells migrate to the olfactory bulb (OB), where they differ-

entiate into multiple interneuron subtypes that integrate into local

circuits (Kirschenbaum et al., 1999; Lois et al., 1996).

Adult NSC maintenance and differentiation are tightly regu-

lated by many factors, including Notch signaling (Andreu-Agulló

et al., 2009; Basak et al., 2012; Ehm et al., 2010; Giachino et al.,

2014; Imayoshi et al., 2010; Lugert et al., 2010; Nyfeler et al.,

2005). Mammals have four Notch receptor paralogs, which

signal in the same manner into the nucleus by forming a tran-

scriptional activator complex that includes the canonical CSL

transcription factor (CBF1 in humans, Suppressor of Hairless in

Drosophila, Lag1 in C. elegans or Rbpj in mice). The Notch/

CSL complex activates the expression of target genes, including

Hes and Hey family members (Hatakeyama et al., 2004). Hes5 is

a functional readout of Notch signaling in NSCs, and Hes5::GFP

or Hes5::CreERT2 transgenic alleles label NSCs and their prog-

eny in the adult brain (Basak and Taylor, 2007; Giachino et al.,

2014; Giachino and Taylor, 2009; Lugert et al., 2010, 2012).

Deletion of Rbpj and inhibition of Notch signaling activate quies-

cent NSCs, block self-renewal, and result in a collapse of

neurogenesis (Ehm et al., 2010; Imayoshi et al., 2010; Lugert

et al., 2010). Interestingly, Notch1 regulates maintenance and

self-renewal of active NSCs but is dispensable during quies-

cence, implying functional compensation by other Notch family
s.
creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. Notch Paralogs Are Broadly Ex-

pressed in the SVZ

(A) Hierarchical organization of adult neurogenesis

in the V-SVZ. The V-SVZ is embedded between

the lateral ventricle (lv), the corpus callosum

(cc), and the striatum (str). Schematic view of the

V-SVZ composition with cell-type-specific marker

expression. �, not expressed; +, expressed; +/�,
weak expression or expressed by few cells.

(B) Expression of Rbpj in the V-SVZ.

(C) Co-expression of Rbpj with glial fibrillary acid

protein (GFAP), proliferating cell nuclear antigen

(PCNA), or doublecortin (Dcx).

(D) Expression of tdTomato inNotch2-CreERT2-SAT

animals along the V-SVZ.

(E and F) Co-expression of tdTomato in Notch2-

CreERT2-SAT animals with GFAP (E) and with PCNA

and Dcx (F; left and right, respectively). Notch

signaling components are found ubiquitously

throughout the V-SVZ and neurogenic lineage.

Arrows point to Rbpj or tdTomato and marker

double-positive cells.

Scale bars, 25 mm in (B) and (C); 15 mm in (D), (E),

and (F) for GFAP and Dcx; and 10 mm in (D) and (F)

for PCNA.

See also Figure S1 and Table S1.
members (Basak et al., 2012). Here, we address how Notch

signaling regulates NSC quiescence by combinatorial condi-

tional knockout (cKO) of Notch1, Notch2, and Rbpj genes. We

deletedNotch1,Notch2, andRbpj fromHes5::CreERT2-express-

ing NSCs in the V-SVZ of adult mice and analyzed the effects,

comparing and contrasting the phenotypes. Our findings re-

vealed that Notch2 regulates adult NSC quiescence and that

combinatorial cKO of Notch1 and Notch2 phenocopies a total

loss of canonical Notch signaling induced by Rbpj cKO.

RESULTS

Notch Signaling Components Are Ubiquitously
Expressed in the Neurogenic Lineage
Quiescent and activated V-SVZ NSCs express the Notch

target gene Hes5, indicating canonical Notch signaling
Cell Re
(Giachino et al., 2014; Imayoshi et al.,

2010). Conditional deletion of Rbpj or

Notch1 from NSCs of the V-SVZ re-

sulted in overlapping yet partially distinct

phenotypes (Basak et al., 2012; Im-

ayoshi et al., 2010). Whereas Rbpj cKO

resulted in activation of NSCs, a tran-

sient increase in neurogenesis, and pre-

cocious exhaustion of the entire pool,

Notch1 cKO decreased neurogenesis

and the active NSC pool but did not acti-

vate quiescent NSCs (Basak et al., 2012;

Imayoshi et al., 2010).

We examined the expression of Rbpj

and Notch2 in the V-SVZ compared to

the expression reported for Notch1
(Basak et al., 2012; Nyfeler et al., 2005). As expected from the

genetic data, Rbpj is broadly expressed in the V-SVZ, including

GFAP+ putative NSCs, as well as 100% of the actively dividing

progenitors (transient amplifying progenitors [TAPs]; PCNA+)

and Dcx+ neuroblasts (Figures 1A–1C, S1A, and S1B; Table

S1). To identify Notch2-expressing cells in the adult mouse

V-SVZ, we performed tamoxifen-induced, short-term lineage

tracing in Notch2-CreERT2 animals using a Rosa26R::tdTomato

Cre-reporter allele (Figure S1C) (Fre et al., 2011). The majority

of the GFAP+ B1-like putative NSCs and mitotic TAPs (PCNA+)

were labeled with tdTomato (93.8% ± 5.9% and 93.8% ±

2.8%, respectively), as were Dcx+ neuroblasts (42.4% ±

12.7%). This indicates that Notch2 is expressed broadly by cells

of the neurogenic lineage in the V-SVZ, confirming our previous

observations (Figures 1D–1F, S1D, and S1E; Table S1) (Basak

et al., 2012). Some Dcx+ neuroblasts were genetically labeled
ports 22, 992–1002, January 23, 2018 993



Figure 2. Acute Loss of Notch Signaling Re-

sults in Activation of quiescent NSCs

(A) Schematic representation of the adult mouse

brain. Brains were analyzed on coronal sections at

the level of the red bar after 5 days of tamoxifen

administration and a short 2-day chase period.

(B) Quantification of recombination efficiency in

knockout animals. Protein levels of recombined

alleles were significantly reduced.

(C) Quantification of Hes5::CreERT2-derived

(GFP+) GFP+GFAP+, GFP+GFAP+PCNA+NSCs (B1

cells), GFP+PCNA+ proliferating progenitors, or

GFP+Dcx+ neuroblasts in the V-SVZ of control,

Notch1 cKO, Notch2 cKO, Notch1Notch2 cKO,

and Rbpj cKO mice 2 days post-tamoxifen induc-

tion. GFP+GFAP+PCNA+ mitotic radial NSCs (B1

cells) in the V-SVZ in Notch2 cKO mice (arrow-

head).

Values are means ± SD. *p < 0.05; **p < 0.01;

***p < 0.001. n.s., not significant. 2-day chase:

control n = 5; Notch1 cKO n = 6; Notch2 cKO n = 5;

Notch1Notch2 cKO n = 4; and Rbpj cKO n = 4.

Scale bars, 10 mm in (C).

See also Figure S2 and Tables S2 and S3.
(tdTomato+) after short-term tracing of tamoxifen-induced

Notch2-CreERT2 animals and likely represents the expression

of Notch2 by some newborn neuroblasts and nascent produc-

tion of neuroblasts from Notch2-expressing progenitors during

the labeling period and chase.

To address whether the activation of quiescent NSCs

following loss of Rbpj, but not loss of Notch1, was the

result of Notch-independent functions of Rbpj or molecular

compensation of Notch1 and Notch2 in V-SVZ NSCs, we condi-

tionally deleted Rbpjflox/flox, Notch1flox/flox, Notch2flox/flox, or,

simultaneously, Notch1flox/flox and Notch2flox/flox alleles from

Hes5::CreERT2-expressing NSCs, and followed their fate and

progeny using a Rosa26R::GFP Cre-reporter (Figure S1F) (Bes-

seyrias et al., 2007; Han et al., 2002; Lugert et al., 2012; Radtke

et al., 1999; Schouwey et al., 2007; Tchorz et al., 2012). In order

to confirm the cellular specificity of Hes5::CreERT2 expression in

the V-SVZ, we performed a low-dose tamoxifen induction fol-

lowed by a short-term chase in Hes5::CreERT2 Rosa26R::GFP

animals (controls) and analyzed lineage-marker expression by
994 Cell Reports 22, 992–1002, January 23, 2018
the GFP+-labeled cells. Recombination

was restricted to GFAP+ NSCs, including

proliferating PCNA+Dcx� B1 cells. TAPs

and Dcx+ neuroblasts were not labeled,

confirming restriction of Hes5::CreERT2

expression to NSCs (Figure S1G) (Lugert

et al., 2012).

Shortly after the induction of gene dele-

tion (2-day chase), Rbpj, Notch1, and

Notch2 cKO mutants all displayed a

similar level of genetic labeling and a

75%–85% reduction in the proportion of

targeted V-SVZ cells that expressed the

respective proteins encoded by the tar-

geted genes (Figures 2A, 2B, S2A, and
S2B; Table S2A). Deletion of Rbpj, Notch1Notch2, or Notch2 re-

sulted in the rapid activation of normally quiescent GFP+GFAP+

NSCs and their entry into the cell cycle (GFP+GFAP+PCNA+; Fig-

ure 2C). In contrast,Notch1 cKO did not result in the activation of

quiescent NSCs, confirming previous observations (Basak et al.,

2012). At 2 days, the increased proliferation of NSCs did not

affect the total number of GFP+ cells in the V-SVZ of any of the

mutants, and the total number of GFP+GFAP+ stem cells, prolif-

erating TAPs (GFAP�GFP+PCNA+), or GFP+Dcx+ neuroblasts

was not changed (Figure 2C; Tables S2B and S2C). Therefore,

Notch2 cKO, but not Notch1 cKO, mirrored the activation of

quiescent NSCs observed following Rbpj or Notch1Notch2

cKO. This suggested that Notch2 signaling conveys quiescence

to V-SVZ NSCs.

To examine the effects of the loss of Notch2 and provide in-

sights into how it may regulate NSC activity, we isolated Notch2

cKO cells from the V-SVZ 1 day after ablation and performed

genome-wide gene expression analysis (Figures S2C–S2G;

Tables S2 and S3). Notch2 mRNA levels were significantly



Figure 3. Notch1 and Notch2 Have Distinct

Functions in Adult Neurogenesis

(A) Schematic representation of the mouse brain.

Brains were analyzed on coronal sections at the

level of the red bar after 5 days of tamoxifen

administration and 21-day or 100-day chase

period in control, Notch1 cKO, Notch2 cKO,

Notch1Notch2 cKO, or Rbpj cKO animals.

(B) Quantification and analysis of Hes5::CreERT2-

derived (GFP+) progeny in the V-SVZ of control,

Notch1 cKO, Notch2 cKO, Notch1Notch2 cKO,

and Rbpj cKO mice 21 days post-tamoxifen in-

duction. GFP+PCNA+ proliferating cells and

GFP+Dcx+ neuroblasts were increased in Notch2

cKO, Notch1Notch2 cKO, and Rbpj cKO animals.

Images are of GFP+Dcx+ neuroblasts in the V-SVZ

control versus mutant animals.

(C) Quantification of GFP+PCNA+ proliferating cells

showed no significant change at 100 days,

whereas GFP+Dcx+ neuroblasts in the V-SVZ were

decreased in Notch1 cKO, Notch1Notch2 cKO,

and Rbpj cKO mice 100 days post-tamoxifen in-

duction. Images are of GFP+Dcx+ neuroblasts in

the V-SVZ control versus mutant animals.

Values are means ± SD. *p < 0.05; **p < 0.01;

***p < 0.001. n.s., not significant. 21-day chase:

control n = 6;Notch1 cKO n = 4;Notch2 cKO n = 5;

Notch1Notch2 cKO n = 6; and Rbpj cKO n = 4.

100-day chase: control n = 5; Notch1 cKO n = 4;

Notch2 cKO n = 4; Notch1Notch2 cKO n = 4; and

Rbpj cKO n = 4. Scale bars, 25 mm.

See also Figure S3 and Table S4.
decreased, confirming gene ablation, and hierarchical gene

clustering revealed significant differences in gene expression

between Notch2 cKO and control cells (R2 = 0.8289; 2,126

mRNAs 2-fold, 469 mRNAs 4-fold, and 71 mRNAs 8-fold

changed; Figures S2D and S2E; Table S3). Within the top gene

ontology categories for differentially expressed genes, there

were neurogenesis (p = 3.92 10�28), neurological processes

(p = 2.64 10�18), Notch signaling pathway (p = 9.21 10�15), and

cell cycle (p = 1.47 10�8) (Figure S2F). In agreement with the

phenotype observed in the V-SVZ of the Notch2 cKO mice,

genes associated with stem cell maintenance (p = 1.46 10�6)

were also affected by the Notch2 cKO. Loss of Notch2 led to

rapid changes in the transcriptome, particularly in genes

involved in neuron differentiation (p = 2.21 10�13) and OB inter-

neuron differentiation (p = 4.2 10�11). Furthermore, genes linked

to gliogenesis (p = 1.2 10�5), glia cell differentiation (p = 7.8 10�3),

and oligodendrocytes (p = 0.023) were also significantly

changed after Notch2 cKO (Figure S2G). Thus, the gene expres-

sion analysis confirmed that Notch2 cKO affected genes associ-

ated with NSC proliferation and differentiation.

Notch1 cKO and Notch2 cKO Reveal Non-redundant
Functions in the V-SVZ
In order to address the role of Notch2 in NSC activation and

differentiation of their progeny within the lineage, we examined

the consequences of loss of Notch signaling components in
the V-SVZ at distinct time points and along the rostral migra-

tory stream (RMS) to the OB. To compare the long-term ef-

fects of Notch paralog and Rbpj deletion, we analyzed cKO

mice 21 days and 100 days after gene deletion (Figure 3A).

21 days after deletion, the overall number of GFP+ cells in

the V-SVZ was significantly increased in Notch2 cKO,

Notch1Notch2 cKO, and Rbpj cKO animals, compared with

controls (Figure S3A; Table S4A). The increase in the

number of proliferating TAPs (GFP+PCNA+) and neuroblasts

(GFP+Dcx+) in these animals contributed to the increase in

GFP+ cells (Figure 3B; Table S4B). Conversely, the number

of GFP+GFAP+ NSCs was not changed in any of the mutants

(Figures S3B and S3C; Table S4B). While both the total num-

ber and the fraction of proliferating GFP+GFAP+PCNA+ NSCs

were reduced in the Rbpj and Notch2 cKO animals, prolifera-

tive TAPs (GFP+PCNA+) and neuroblasts (GFP+Dcx+PCNA+)

were increased (Figures S3B–S3D; Table S4B). It is tempting

to speculate that a negative-feedback loop from the NSC

progeny inhibits the proliferation of the remaining NSCs

(GFP+GFAP+) and that this is enhanced in the Rbpj and

Notch2 cKO animals due to the increase in TAPs and neuro-

blasts (Aguirre et al., 2010; Rolando et al., 2012). A similar

repressive feedback from the progeny to the NSCs may also

explain the observed increase in proliferation of GFP+GFAP+

cells in Notch1 cKO animals (Figures S3B and S3C; Table

S4B). These results support the hypothesis that Notch2
Cell Reports 22, 992–1002, January 23, 2018 995



regulates maintenance of quiescent NSCs, whereas Notch1 is

critical for the maintenance of neurogenic NSCs.

In order to address the long-term effects ofNotch2 deletion, we

examined animals 100 days after tamoxifen administration.

100 days after gene deletion, the number of GFP+ cells in the

V-SVZ ofNotch2 cKO animals had returned to the levels observed

in control animals but were significantly reduced inNotch1Notch2

cKO and Rbpj cKO animals (Figure S3E; Table S4A). This was in

line with the observation that none of the mutants showed

increased levels of proliferation at this stage. Additionally, all mu-

tants,with theexceptionof theNotch2cKOanimals, showedasig-

nificant reduction in GFP+Dcx+ neuroblasts. TheNotch1 cKOwith

the Hes5::CreERT2 reported here is consistent with previous data

showing loss of neuroblasts in the V-SVZ following cKO with a

Nestin::CreERT2 allele (Basak et al., 2012). The levels ofGFP+Dcx+

in the Notch2 cKO mutants also reduced between the 21-day

(3,284.5 ± 342.3) and 100-day (1,897.7 ± 327.9) chases, albeit to

a lesser extent than in Notch1Notch2 cKO (21-day chase:

3,008.5 ± 328.9 versus 100-day chase: 550.5 ± 73.4) and Rbpj

cKO mutants (21-day chase: 2,426.3 ± 147.4 versus 100-day

chase: 461.7 ± 8.5). Thus, Notch2 cKO animals showed a unique

phenotype after a 100-day chase thatwas not observed inNotch1

cKO, Notch1Notch2 cKO, or Rbpj cKO animals (Figure 3C; Table

S4C). The persistence of neuroblasts in theNotch2cKOanimals is

in line with the observation that the overall GFP+ cell number in

Notch2 cKO mutants was not different from that in controls at

this stage, despite the initial increase observed at 21 days.

The numbers of GFP+GFAP+ and GFP+GFAP+PCNA+ NSCs

were reduced in Notch2 cKO, Notch1Notch2 cKO, and Rbpj

cKO animals, again implicating a crucial role of Notch2 in quies-

cent NSC maintenance. This hypothesis is underlined by

the observation that only Notch2 cKO animals, 100 days after

deletion, retain an increased number of newly produced

GFP+Dcx+PCNA+ neuroblasts. These changes were observed

both at the number of cells per square millimeter (Figure S3F;

Table S4C) and at the population level (Figure S3G; Table S4C).

NSC Activation Increases Neuroblast Generation down
the RMS and into the OB
Notch2 cKO animals are phenotypically distinct from theNotch1,

Notch1Notch2, or Rbpj cKO animals within the V-SVZ. We ad-

dressed the effects of Notch receptor signaling onOB neurogen-

esis. The effects of Rbpj cKO on OB neurogenesis have been

described previously, and as Notch1Notch2 cKO phenocopied

these effects, we focused on the Notch1 cKO, Notch2 cKO,

and Notch1Notch2 cKO animals in the further analysis (Imayoshi

et al., 2010). We traced neuroblasts migrating in the RMS toward

the OB in control animals and Notch1 cKO, Notch2 cKO, and

Notch1Notch2 cKO mutants 21 and 100 days after tamoxifen

treatment (Figure 4A; Table S5A). After a 21-day chase,

GFP+Dcx+ neuroblasts in the RMS were significantly increased

in the Notch2 and Notch1Notch2 cKO mutants, compared with

controls and Notch1 cKO animals. This also resulted in an in-

crease in the cross-sectional area of the RMS (Figures 4B and

S4A; Table S5A). Thus, the increase in neurogenesis in the

V-SVZ projects into the RMS of Notch2 and Notch1Notch2

cKO animals 21 days after gene deletion. After a 100-day chase,

GFP+ cells and GFP+Dcx+ neuroblasts were reduced in the RMS
996 Cell Reports 22, 992–1002, January 23, 2018
of Notch1 cKO, Notch2 cKO, and Notch1Notch2 cKO animals,

compared with controls. The cross-sectional area of the RMS

in Notch1 cKO and Notch2 cKO animals was indistinguishable

from that in controls but significantly reduced in Notch1Notch2

cKO animals (Figure 4C; Table S5B).

Neuroblasts from the RMSmigrated to the OB and distributed

to the granule cell layer (GCL) and the glomeruli. 21 days after

tamoxifen induction, the first Hes5::CreERT2 NSC-derived neu-

roblasts had migrated through the RMS and started to radiate

to the OB layers (Figures 5A and 5B). Notch2 and Notch1Notch2

cKO mutants showed an increase in neuroblasts (GFP+Dcx+) in

theGCL (Figure 5C; Table S6A). This increase in newly generated

granule cells was due to the global increase in neuroblasts and

not improper fate commitment in Notch2 and Notch1Notch2

cKO animals (Figure S5A). Notch1Notch2 cKO animals showed

an increase in GFP+NeuN+ neurons, indicating a more rapid

onset of terminal differentiation compared with control, Notch1

cKO, or Notch2 cKO animals (Figure S5B; Table S6A). At this

time point, newly formed neurons had not reached the glomeruli

(Figure S5C; Table S6A).

After 100 days, the number of neuroblasts (GFP+Dcx+) in the

GCL remained increased in the Notch2 cKO and Notch1Notch2

cKOanimals, indicating a prolonged enhancement of neurogene-

sis, but we did not find evidence of a cell-fate switch (Figures 5D,

5E, and S5D; Table S6B). However, Notch1Notch2 cKO animals

still displayed an increase in newly generatedGFP+NeuN+mature

neurons in the GCL (Figures 5E and S5E; Table S6B). The overall

number of GFP+ cells per square millimeter of the GCL in the

Notch2 cKO andNotch1Notch2 cKO animals was almost double

that in controls, supporting the hypothesis that neurogenesis was

increased,whereasNotch1cKOanimals showeda reducednum-

ber ofGFP+ cells in theOB (FigureS5F; TableS6B). 100days after

gene deletion, new neurons had also reached the glomeruli,

and the number of GFP+NeuN+ neurons and the total number of

GFP+ cells were increased in theNotch2 cKO andNotch1Notch2

cKO animals, but notNotch1 cKO animals, compared to those in

controls (Figure S5G; Table S6C). These results indicate that loss

of Notch2 signaling causes precocious differentiation and neuro-

genesis in the V-SVZ, resulting in more neurons in the OB.

Loss of Notch Signaling Results in NSC Depletion and
Loss of Neurogenesis
The age-related decline in adult neurogenesis has been linked, at

least in part, to NSC exhaustion. AsNotch2 cKO animals showed

an increase in neurogenesis following a 100-day chase, we

asked whether Notch2 cKO animals were able to maintain this

increased neuron production for a long period of time or whether

they exhibited precocious progenitor exhaustion. We analyzed

the Notch mutant animals after 300 days. The overall number

of GFP+ cells in the V-SVZ was reduced in Notch1 cKO, Notch2

cKO, and Notch1Notch2 cKO mutants (Figure 6A; Table S7A).

Similarly, the numbers of GFP+GFAP+ NSCs, newborn prolifer-

ating GFP+PCNA+ cells (TAPs), and GFP+Dcx+ neuroblasts

were also reduced in the Notch mutant animals, compared to

those of controls (Figures 6A, 6B, and S6A; Tables S7A andS7B).

The reduction in NSCs, TAPs, and neuroblasts in the V-SVZ

resulted in a significant reduction in GFP+Dcx+ neuroblasts in

the OB GCL of the mutant animals after a 300-day chase



Figure 4. NSC Activation Projects down

the RMS

(A) Schematic representation of the mouse brain.

Brains were analyzed on coronal sections at the

level of the red bar after 5 days of tamoxifen

administration and 21-day or 100-day chase

period in control, Notch1 cKO, Notch2 cKO, or

Notch1Notch2 cKO animals.

(B) Quantification and analysis of Hes5::CreERT2-

derived (GFP+) progeny in the RMS 21 days post-

tamoxifen induction. Images are of GFP+Dcx+

neuroblasts in the RMS of control, Notch2 cKO,

and Notch1Notch2 cKO animals.

(C) Quantification and analysis of NSC progeny in

the RMS 100 days post-tamoxifen induction.

Values are means ± SD. *p < 0.05; **p < 0.01;

***p < 0.001. n.s., not significant. 21-day chase:

control n = 6; Notch2 cKO n = 5; and

Notch1Notch2 cKO n = 6. 100-day chase: control

n = 5; Notch2 cKO n = 4; and Notch1Notch2 cKO

n = 4. Scale bars, 25 mm.

See also Figure S4 and Table S5.
(Figure 6C; Table S7C). Furthermore, the number of GFP+NeuN+

neurons in theNotch2 cKO andNotch1Notch2 cKO animals was

similar to that of controls, whereas Notch1 cKO animals con-

tained slightly reduced numbers of GFP+NeuN+ neurons (Fig-

ure 6C; Table S7C). In line with this, the total number of GFP+

cells in theGCL and the glomeruli was comparable to that of con-

trols in theNotch2 cKO andNotch1Notch2 cKO animals (Figures

S6B and S6C; Table S7D). These results indicate that NSCs in

the Notch2 cKO and Notch1Notch2 cKO animals are depleted

and that the neurogenic capacity of the V-SVZ is reduced.

Hence, the initial increase in neuron production in the Notch2

cKO and Notch1Notch2 cKO animals is followed over time by

a loss of NSCs and a decline in progenitors in the V-SVZ.

GFAP+ NSCs, which were initially not changed in Notch1 cKO
Cell Re
animals at 100 days (Figure S3G), were

slightly reduced at 300 days (Figure S6A),

suggesting a more gradual NSC depletion

during aging after Notch1 loss, similar to

our previous observations (Basak et al.,

2012).

In summary, we show that Notch2 reg-

ulates the activation of otherwise quies-

cent NSCs and that loss of Notch2

culminates in precocious neurogenesis

in the V-SVZ and a wave of increased

neuron formation in the OB (Figures 7

and S7). In contrast, loss of Notch1 results

in the differentiation and exhaustion of

activated NSCs. Our comparative anal-

ysis of mutant mice indicates that Notch

signaling in the V-SVZOB system controls

the early steps of neurogenesis but does

not affect the differentiation fate and

neuronal subtype generated in the adult

OB. Our results indicate that Notch1 and

Notch2 play distinct roles in V-SVZ neuro-
genesis and that Notch2 is a key regulator of NSC quiescence

and maintenance. The fact that loss of Notch2 and activation

of the quiescent NSC pool result in a rapid decline in neurogen-

esis and a premature aging phenotype in the V-SVZ implies that

the quiescent pool is, indeed, a reservoir for new neurons in the

adult brain (Figure 7). The parallels between loss of Notch2 and

Rbpj in the decline in NSC number indicate that Notch2 regula-

tion of NSC quiescence through Rbpj is critical for V-SVZ

homeostasis.

DISCUSSION

The control of stem cell activity and their entry into the cell cycle

is critical for tissue homeostasis, regeneration, and protection
ports 22, 992–1002, January 23, 2018 997



Figure 5. Notch Signal Manipulation Affects

the Lineage into the OB

(A) Schematic representation of the mouse brain.

Brains were analyzed on coronal sections at the

level of the red bar after 5 days of tamoxifen

administration and a 21-day or 100-day chase

period in control, Notch1 cKO, Notch2 cKO, or

Notch1Notch2 cKO animals.

(B) Schematic representation of the OB with the

granule cell layer (GCL) and the glomeruli each

marked by a dashed box.

(C) Imaging and quantification of GFP+Dcx+ neu-

roblasts in the GCL of the OB 21 days after

tamoxifen administration in control, Notch2

cKO, or Notch1Notch2 cKO animals.

(D and E) Imaging and quantification of GFP+Dcx+

neuroblasts (D) and GFP+NeuN+ neurons (E; ar-

rowheads) 100 days after tamoxifen administration

in the GCL of the OB in control, Notch1 cKO,

Notch2 cKO, or Notch1Notch2 cKO animals.

Values are means ± SD. *p < 0.05; **p < 0.01;

***p < 0.001. n.s., not significant. 21-day chase:

control n = 6;Notch1 cKO n = 4;Notch2 cKO n = 5;

and Notch1Notch2 cKO n = 6. 100-day chase:

control n = 5;Notch1 cKO n = 4;Notch2 cKO n = 4;

and Notch1Notch2 cKO n = 4. Scale bars, 25 mm.

See also Figure S5 and Table S6.
against tumor formation by guarding against propagation of ge-

netic mutations (Doetsch, 2003). In the adult V-SVZ, most NSCs

are mitotically inactive. Quiescent NSCs enter the cell cycle

infrequently to generate active NSCs that produce newborn neu-

rons that migrate to the OB (Lois et al., 1996). Genetic loss-of-

function experiments in mice indicated that Rbpj and Notch1

are important regulators of V-SVZ neurogenesis; however, their

phenotypes exhibit clear differences, particularly in the activa-
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tion of the quiescent NSC pool. Whereas

loss of Rbpj induces quiescent NSCs to

enter the cell cycle, Notch1 deletion

does not (Basak et al., 2012; Imayoshi

et al., 2010). These differences could

reflect molecular compensation of

Notch1 by other Notch family members,

the different experimental paradigms

used, different Rbpj and Notch1 protein

stabilities, or Notch-independent roles of

Rbpj. To distinguish between these possi-

bilities, we generated mice with condi-

tional deletions of Rbpj, Notch1, Notch2,

or Notch1 and Notch2 using the same

Hes5::CreERT2 driver and undertook a

detailed analysis of neurogenesis in the

V-SVZ of these Notch signaling cKO adult

animals.

First, and importantly, we demon-

strated that simultaneous deletion of

Notch1 and Notch2 phenocopied the

deletion of Rbpj (Imayoshi et al., 2010).

Therefore, the observed effects of delet-
ing Rbpj from NSCs in the adult V-SVZ are mainly due to loss

of signaling downstream of Notch1 and Notch2 and not due to

Rbpj functions unrelated to Notch receptor signaling. Our

results also indicate that Notch1 and Notch2 are critical

for the canonical Notch signaling via Rbpj during regulation

of V-SVZ NSC activity. However, Notch1 and Notch2

play definitive roles in the V-SVZ lineage, with Notch2 medi-

ating quiescence in the NSCs and Notch1 controlling NSC



Figure 6. Long-Term Ablation of Notch

Signaling Results in NSC Loss and Depletion

of Neurogenesis

(A and B) Shown here: (A) quantification and im-

aging of proliferating GFP+PCNA+ cells and (B)

quantification of GFP+Dcx+ cells in the V-SVZ

in control, Notch1 cKO, Notch2 cKO, and

Notch1Notch2 cKO mice 300 days post-tamoxifen

administration.

(C) Quantification of GFP+Dcx+ neuroblasts and

GFP+NeuN+ neurons in in the GCL 300 days after

tamoxifen administration in control, Notch1 cKO,

Notch2 cKO, and Notch1Notch2 cKO animals.

Values are means ± SD. *p < 0.05; **p < 0.01;

***p < 0.001. 300-day chase: control n = 4; Notch2

cKO n = 3; and Notch1Notch2 cKO n = 3, Scale

bars, 25 mm.

See also Figure S6 and Table S7.
maintenance during self-renewing neurogenic divisions. We

previously reported that Notch2 and Notch3 are expressed in

overlapping patterns with Notch1 by V-SVZ NSCs in the

mouse (Basak et al., 2012). In the adult zebrafish, Notch3 reg-

ulates NSC activation in a mechanism seemingly independent

of Notch1 and Notch2 (Chapouton et al., 2010). Although

Notch1 and Notch2 are major players in the neurogenic pro-

cess in the V-SVZ, Notch3 also plays a role in the formation

of V-SVZ NSCs (Kawai et al., 2017).

One potential difference between the Notch1 and Notch2

deletion phenotypes could have been differential stability of

the two proteins after gene ablation. We show that the efficiency

of gene deletion and rate of Notch1 and Notch2 protein loss in

the V-SVZ thereafter are comparable, therebymaking differential

Notch protein stability and turnover an unlikely explanation

for the lack of effect ofNotch1 deletion on quiescent NSC activa-

tion. Our results suggest that although Notch1 and Notch2

receptors both signal through Rbpj and that this pathway is crit-

ical for neurogenesis in the V-SVZ, they likley activate different

target genes in active and quiescent NSCs, respectively. Gene

expression analysis of the Notch2 cKO cells in the V-SVZ re-

vealed that cell-cycle regulators are among the genes that are

significantly regulated after Notch2 deletion. Further analysis

will be required to determine how this putative-gene-specific

regulation of Notch paralogs can be achieved when they use

the same DNA-binding factor, Rbpj.
Cell Re
How Notch signaling can play different

roles in different cells or in the same cell

in different states has remained a major

question. Our finding that Notch2 can

repress V-SVZ NSC activation while

Notch1 maintains active neurogenic

NSCs, presumably during asymmetric

cell division, is intriguing, as it implies

that the coexpression of Notch1 and

Notch2 is not merely a pre-emptive,

compensatory mechanism but that both

receptors play necessary roles in V-SVZ

neurogenesis. The interplay between
NSCs and their niche is highlighted after Notch1 deletion.

Initially, and in contrast to mice in which Notch2 or Rbpj had

been deleted, Notch1 cKO did not result in an immediate activa-

tion of quiescent NSCs. However, 21 days later, and once neuro-

genesis had declined in the Notch1 cKO, the quiescent radial

NSCs activated and entered the cell cycle, presumably to

compensate for the loss of neuroblasts and active neurogenic

population. These findings support the hypothesis that the

quiescent NSC pool is a reserve that can feed into the lineage

once the active neurogenic cells become exhausted or are lost

(Aguirre et al., 2010).

Deletion of Rbpj from astrocytes within the mouse striatum

has been reported to initiate neuronal production, lending

support for our finding that Notch2 prevents both entry

into the cell cycle and the generation of neurons from V-SVZ

NSCs (Magnusson et al., 2014). However, the loss of

Notch receptors using the Hes5::CreERT2 allele, which also

targets some astrocytes in the brain parenchyma including

the striatum, did not induce ectopic neurogenesis or prolifer-

ation, even 300 days after cKO. These differences could be

due to the targeting of different astrocyte subpopulations in

the two experiments but indicates that deletion of Rbpj and

Notch receptors does not automatically lead to neuron pro-

duction by astrocytes in the brain, supporting the notion that

the local niche and cell potential play critical roles in

neurogenesis.
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Figure 7. Notch Ablation Affects the Neuro-

genic Lineage

Summary of the changes within the lineage of the

neurogenic adult V-SVZ of Notch1 cKO, Notch2

cKO, Notch1Notch2 cKO, and Rbpj cKO animals

at day 100 post-gene ablation compared to control

animals, showing increases and decreases in the

specific cell types. The proposed actions of

blocking the lineage progression of Notch1 and

Notch2 are shown. For theNotch1Notch2 cKO and

Rbpj cKO animals, the effects of gene ablation are

shown for time periods up to day 100 and at day

300 after gene ablation.

See also Figure S7.
In summary, we show that Notch2 regulates adult neurogene-

sis in the V-SVZ by preserving NSC quiescence. By direct and

comparable genetic ablation experiments, we found that,

although coexpressed by the same cells in the V-SVZ, different

Notch receptors play distinct roles in regulating NSC activity

and fate. How Notch1 and Notch2 specifically control different

aspects of adult neurogenesis remains to be shown.

EXPERIMENTAL PROCEDURES

Animals and Husbandry

Hes5::GFP, Hes5::CreERT2, Notch2::CreERT2-SAT, Rosa26R::GFP,

Rosa26R::tdTomato, floxed Notch1, floxed Notch2, and floxed Rbpj mice

have been described elsewhere (Basak et al., 2012; Basak and Taylor,

2007; Besseyrias et al., 2007; Fre et al., 2011; Lugert et al., 2012; Schou-

wey et al., 2007). Experiments were conducted as gender unbiased, with

a minimum of three animals per experimental group. Mice were kept ac-

cording to Swiss Federal and Swiss Veterinary office regulations under li-

cense numbers 2537 and 2538 (Ethics commission Basel-Stadt, Basel

Switzerland). For further information see the Supplemental Experimental

Procedures.

Administration of Tamoxifen and Tissue Preparation

Adult mice 8–10 weeks of age were injected daily intraperitoneally with

2 mg tamoxifen in corn oil for 5 consecutive days and killed 2, 21,

100, or 300 days after the end of the treatment. Animals were given a
1000 Cell Reports 22, 992–1002, January 23, 2018
lethal dose of ketamine-xylazine and perfused

transcardially. Tissue was cut into sections

30 mm thick (Supplemental Experimental Proced-

ures) (Giachino and Taylor, 2009; Lugert et al.,

2010).

Microarray Analysis and qRT-PCR

Animals were sacrificed 24 hr after tamoxifen

treatment. Tissue was prepared for fluore-

sence-activated cell sorting (FACS), as

described previously (Lugert et al., 2010), and

GFP+ cells were sorted directly in TRIzol reagent

(Thermo Fisher Scientific). RNA was extracted

according to manufacturer’s recommendations.

RNA quality was tested by Fragment Analyzer

(Advanced Analytical). cDNA was prepared us-

ing BioScript (Bioline). qRT-PCR was performed

using the SensiMix SYBR kit (Bioline). Affymetrix

expression profiling was performed on Affyme-

trix GeneChip Mouse Gene 1.0 ST arrays

(ATLAS Biolabs). Gene ontology (GO) analysis

was performed using Lasergene ArrayStar
(DNASTAR). The microarray data are available at GEO: GSE99916. For

detailed information, see the Supplemental Experimental Procedures and

Table S3.

Quantification and Statistical Analysis

Stained sections were analyzed with a Zeiss Observer with Apotome

(Zeiss). Images were processed with Photoshop or ImageJ. Data are

presented as averages of a minimum of three sections per region and mul-

tiple animals (n in the figure legends). Statistical significance was deter-

mined by two-tailed Student’s t test on mean values per animal, and

percentages were transformed into their arcsin values. Significance was

determined as *p < 0.05, **p < 0.01, and ***p < 0.001; or p values are given

in the graphs. Deviance from the mean is displayed as SD, if not otherwise

indicated. Complete data tables are provided in the Supplemental

Information.

DATA AND SOFTWARE AVAILABILITY

The accession number for the microarray datasets reported in this paper is

GEO: GSE99916.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,

seven figures, and seven tables and can be found with this article online at

https://doi.org/10.1016/j.celrep.2017.12.094.
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(2009). Vascular niche factor PEDF modulates Notch-dependent stemness

in the adult subependymal zone. Nat. Neurosci. 12, 1514–1523.

Basak, O., and Taylor, V. (2007). Identification of self-replicating multipotent

progenitors in the embryonic nervous system by high Notch activity and

Hes5 expression. Eur. J. Neurosci. 25, 1006–1022.

Basak, O., Giachino, C., Fiorini, E., Macdonald, H.R., and Taylor, V. (2012).

Neurogenic subventricular zone stem/progenitor cells are Notch1-dependent

in their active but not quiescent state. J. Neurosci. 32, 5654–5666.

Besseyrias, V., Fiorini, E., Strobl, L.J., Zimber-Strobl, U., Dumortier, A., Koch,

U., Arcangeli, M.L., Ezine, S., Macdonald, H.R., and Radtke, F. (2007). Hierar-

chy of Notch-Delta interactions promoting T cell lineage commitment and

maturation. J. Exp. Med. 204, 331–343.

Chapouton, P., Skupien, P., Hesl, B., Coolen, M., Moore, J.C., Madelaine, R.,

Kremmer, E., Faus-Kessler, T., Blader, P., Lawson, N.D., and Bally-Cuif, L.

(2010). Notch activity levels control the balance between quiescence and

recruitment of adult neural stem cells. J. Neurosci. 30, 7961–7974.

Cheung, T.H., and Rando, T.A. (2013). Molecular regulation of stem cell quies-

cence. Nat. Rev. Mol. Cell Biol. 14, 329–340.

Custo Greig, L.F., Woodworth, M.B., Galazo, M.J., Padmanabhan, H., and

Macklis, J.D. (2013). Molecular logic of neocortical projection neuron specifi-

cation, development and diversity. Nat. Rev. Neurosci. 14, 755–769.

Doetsch, F. (2003). The glial identity of neural stem cells. Nat. Neurosci. 6,

1127–1134.
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