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Abstract

According to the current consensus, murine neural stem cells
(NSCs) apically contacting the lateral ventricle generate differenti-
ated progenitors by rare asymmetric divisions or by relocating to
the basal side of the ventricular—subventricular zone (V-SVZ). Both
processes will ultimately lead to the generation of adult-born
olfactory bulb (OB) interneurons. In contrast to this view, we here
find that adult-born OB interneurons largely derive from an addi-
tional NSC-type resident in the basal V-SVZ. Despite being both
capable of self-renewal and long-term quiescence, apical and basal
NSCs differ in Nestin expression, primary cilia extension and
frequency of cell division. The expression of Notch-related genes
also differs between the two NSC groups, and Notch activation is
greatest in apical NSCs. Apical downregulation of Notch-effector
Hesl decreases Notch activation while increasing proliferation
across the niche and neurogenesis from apical NSCs. Underscoring
their different roles in neurogenesis, lactation-dependent increase
in neurogenesis is paralleled by extra activation of basal but
not apical NSCs. Thus, basal NSCs support OB neurogenesis,
whereas apical NSCs impart Notch-mediated lateral inhibition
across the V-SVZ.
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Introduction

The adult mammalian brain, despite being generally unable to
repair and regenerate, encompasses self-renewing and multipotent
neural stem cells (NSCs) (Gage, 2002; Obernier & Alvarez-

Buylla, 2019). In mice, NSCs were initially retrospectively identified
by means of clonal assays, demonstrating that epidermal growth
factor (EGF) elicits the proliferation of rare self-renewing and multi-
potent adult brain cells (Reynolds & Weiss, 1992). Thereafter, it was
shown that NSCs residing in the subgranular zone (SGZ) of the hip-
pocampus and the ventricular—subventricular zone (V-SVZ) lining
the lateral ventricles sustain neurogenesis throughout adulthood
(Ming & Song, 2011). The latter represents the largest neurogenic
niche in the adult murine brain, where adult-born neuroblasts
migrate along the rostral migratory stream to the olfactory bulb
(OB) where they differentiate into GABAergic and, to a lesser extent,
glutamatergic interneurons (Lois et al, 1996; Merkle et al, 2007;
Brill et al, 2009). Underscoring its functional relevance, adult OB
neurogenesis contributes to odour recognition (Feierstein, 2012)
and it is modulated by behaviour engaging the olfactory function
like during mating and parenting (Shingo et al, 2003; Furuta &
Bridges, 2005).

Most cells in the adult murine brain originate from radial glia
progenitors (Malatesta et al, 2003; Anthony et al, 2004). Radial glia
cells displaying apical-basal polarity are first generated at the onset
of neurogenesis between embryonic days (E) 10 and 12 (Kriegstein
& Gotz, 2003). They are characterized by an apically located centro-
some as well as Nestin (Hockfield & McKay, 1985) and Prominin-1
(Weigmann et al, 1997) expression. The astroglial marker glial fib-
rillary acidic protein (GFAP) is first expressed in this population
after birth when many radial glia cells transform into astrocytes
(Misson et al, 1991; Kalman & Pritz, 2001; Alves et al, 2002).

Radial glia cells also give rise to adult apical radial glia-like NSCs
(Merkle et al, 2007; Ortiz-Alvarez et al, 2019), which maintain api-
cal-basal polarity, cilia extension and can be labelled with Nestin
and Prominin-1. After birth, these NSCs additionally express
GFAP and are often referred to as type Bl astrocytes (Mirzadeh
et al, 2008; Shen et al, 2008; Tavazoie et al, 2008). In the adult
V-SVZ, proliferating NSCs and especially more differentiated inter-
mediate progenitors, including transit-amplifying progenitors
(TAPs) and pre-neuroblasts, display high EGF receptor (EGFR)
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levels which are downregulated during neuronal differentiation
(Doetsch et al, 1999; Cesetti et al, 2009; Carrillo-Garcia et al, 2010;
Codega et al, 2014; Khatri et al, 2014).

Genetic tagging has shown that cells displaying GFAP promoter
activity contribute to neurogenesis in the olfactory bulb (OB)
(Doetsch et al, 1999; Garcia et al, 2004; Beckervordersandforth
et al, 2010; Weber et al, 2011). However, it is unclear whether
these tagged cells represent apical radial glia-like NSCs (Joppe
et al, 2020). Notably, so-called type B2 astrocytes expressing GFAP
are also present at the basal side of the V-SVZ. Although they can
proliferate (Doetsch et al, 1997), and some undergo quiescence
(Obernier et al, 2018), it is unknown whether they are neurogenic
and have been generally included in the population of niche astro-
cytes (Beckervordersandforth et al, 2010).

Moreover, during embryonic development, apical radial glia can
give rise to basal radial glia that lack apical attachment, undergo
mitosis at the basal side of the niche and are critical for the numeric
expansion of neurons in gyrencephalic brains (Florio & Hut-
tner, 2014; Penisson et al, 2019). The generation of basal progeni-
tors from apical NSCs has also been observed in the V-SVZ of
neonatal (Alves et al, 2002; Tramontin et al, 2003) and in older
mice (Obernier et al, 2018). However, in both cases, rather than
with asymmetric self-renewing division of apical NSCs, the genera-
tion of these basal progenitors is associated with apical NSC con-
sumption.

In contrast to this model, we here show the presence of a NSC
lacking apical attachment which is capable of undergoing long-term
quiescence, activation and self-renewal at the basal side of the post-
natal V-SVZ. From birth onwards, these basal NSCs form the largest
NSC pool in the postnatal V-SVZ and the main source of adult-born
OB neuroblasts. Moreover, the temporary increase in proliferation,
which occurs in the V-SVZ following lactation (Shingo et al, 2003),
is sustained by the activation of basal NSCs. Our data show that api-
cal NSCs contribute to niche homeostasis by regulating levels of
Notch-mediated lateral inhibition across the V-SVZ.

Results

The majority of hGFAP-tagged progenitors display no apical
membrane and no Prominin-1 immunoreactivity

Adult NSCs were firstly examined in 8-weeks-old (8W) hGFAP;H2B-
GFP mice, in which the tetracycline-responsive transactivator (tTA)
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expressed from a human GFAP promoter controls the transcription
of histone 2B fused to the green fluorescent protein (H2B-GFP) in a
Tet-off fashion (Luque-Molina et al, 2017). Supporting the speci-
ficity of the reporter system, GFP-H2B expression was only observed
in cells with tTA nuclear immunoreactivity, and the latter was no
longer visible upon administration of doxycycline (Appendix
Fig S1A). To be able to identify cells contacting the lateral ventricle,
apical membranes were additionally labelled by applying Dil on the
apical side of the intact V-SVZ (Fig 1A-C) and, after tissue dissec-
tion and dissociation, by Prominin-1 immunostaining (Fig 1D-F), as
previously reported (Khatri et al, 2014). The H2B-GFP-expressing
(G") NSCs were a small minority of the total viable cells (Fig 1A).
Nevertheless, compared to the remaining G~ cells, they were signifi-
cantly enriched in Dil" apical cells (Fig 1B), representing
23.54% + 2.62 of the total Dil" cells (Fig 1C). Similarly, the inci-
dence of Prominin-1-immunopositive (P*) cells was higher in the G*
population than in the remaining G~ cells (Fig 1D and E), and the
majority of G'P* cells were Dil” (Fig 1F), which is consistent with
Prominin-1 being prominently expressed in apical V-SVZ cells. How-
ever, the majority of H2B-GFP-tagged cells neither expressed
Prominin-1 (Fig 1E) nor displayed Dil labelling (Fig 1B), indicating
that they are basal progenitors lacking an apical attachment. Our
observation that most tagged cells lack Prominin-1 immunostaining
is consistent with previous findings (Beckervordersandforth et al,
2010). However, this previous study concluded that, among the
hGFAP-GFP-tagged cells in the V-SVZ, only double-positive Pro-
minin*/GFP" cells were NSCs, whereas the Prominin~/GFP* coun-
terpart represented niche astrocytes. This conclusion was supported
by the differences in the gene expression profile between Pro-
minin"/GFP" NSCs and GFP* astrocytes isolated from the dien-
cephalon. However, no direct comparison was performed between
Prominin~/GFP" cells and GFP" diencephalic astrocytes. Therefore,
we mined the previously published data to perform this analysis. A
principal component analysis (PCA) showed that independent of
Prominin expression, GFP" cells in the V-SVZ are similarly divergent
from diencephalic astrocytes (Appendix Fig S1B). Moreover, analy-
sis of differentially regulated genes between the two GFP" popula-
tions in the V-SVZ highlighted a significant regulation of genes
associated with chromosome replication and mitosis in Prominin™/
GFP" (Appendix Table S1 and Dataset EV1). The signalling path-
ways activated in Prominin~/GFP" cells also included those involv-
ing the epidermal growth factor (EGF) and the antiangiogenic
pigment epithelium-derived factor (PEDF), previously shown to act
as a niche-derived growth factor promoting NSC self-renewal

Figure 1. Most hGFAP-tagged cells display neither an apical membrane nor Prominin-1 expression.

A Representative FACS plot illustrating the distribution of dissociated V-SVZ cells according to their H2B-GFP (GFP) and Dil fluorescence (middle panel) and a control
lacking Dil staining (left panel). Quantitative analysis in the right panel shows the total number of V-SVZ cells expressing (G") or not expressing H2B-GFP (G ™).
B, C Quantitative analysis of the percentage of Dil-labelled (Dil*) apical cells within G~ and G* populations (B) and of the percentage of G~ and G" among total apical

(Dil") and basal (Dil~) V-SVZ cells (C).

D Representative FACS plot of G~ cells (left panels) and G" cells (right panels) illustrating their distribution according to Prominin-1 and Dil fluorescence after Dil
staining of the apical membrane without (top) and with Prominin-1 staining (bottom).

E Quantification of the percentage of Prominin-1-immunopositive cells in G~ and G populations.

F Quantitative analysis of the percentage of Dil* apical cells in each G~ and G* population sorted additionally on the basis of Prominin-1 (P) expression.

Data information: Data are represented as mean == SEM. N = 29 biological replicates. *Indicates significance between apical (Dil") and basal (Dil") cells within the same
cell population and # indicates significance between G~ and G* in (B) and between G™P" and G™P~ or G'P" and G*P~ in (F). **P < 0.01, ***/*##p < 0,001, determined
by two-tailed unpaired Student’s t-test (A, E) or two-way ANOVA with Sidak’s multiple comparisons test (B, F).
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(Ramirez-Castillejo et al, 2006). Thus, basal Prominin /hGFAP-
tagged cells in the V-SVZ display a transcriptional profile compatible
with stemness.

Both apical and basal hGFAP-tagged progenitors display
hallmarks of NSCs

To directly investigate the possibility that basal progenitors include
NSCs, we next analysed the characteristics of G* cells in slices of the
V-SVZ obtained from mice that had been administered doxycycline
for the previous 30 days and from untreated animals. Labelled
nuclei were considered to belong to apical progenitors if they were
localized at a maximal distance from the ventricle of 10 um along
the apical-basal axis, as determined based on the analysis of the
position of the nuclei of apical cells tagged by intraventricular injec-
tion of adeno-associated virus (AAV) carrying a green fluorescent
protein (GFP) reporter gene (Appendix Fig SIC and D; Luque-
Molina et al (2019)). We firstly examined the expression of NSC
markers like GFAP, the sex-determining region Y (SRY)-box tran-
scription factor 9 (SOX9) (Scott et al, 2010) (Appendix Fig S2), and
Nestin (Fig 2A and B), which is observed especially in actively
cycling NSCs (Codega et al, 2014). Double-positive Nestin*/G" cells
were apical and were significantly reduced upon doxycycline admin-
istration (Fig 2A and B). A similar trend was observed for GFAP and
SOX9 expression, but it was not significant as basal cells expressed
more GFAP and SOX9 than Nestin (Appendix Fig S2A-C and Fig 2A
and B). Finally, both groups of G* cells expressed similar transcript
levels of the Leucine-rich repeats and immunoglobulin-like domains
1 (Lrigl) gene (Appendix Fig S2D), which is also a marker for the
prospective identification of NSCs in the V-SVZ (Nam & Capec-
chi, 2020). Instead, at either side of the niche, very few tagged cells
expressed the differentiation marker doublecortin (DCX) (apical:
0.8 £+ 0.4; basal 2.8 + 1.4; N=3) and administration of doxycy-
cline led to a trend increase which was not significant (apical:
3.1 £ 1.3; basal 5.5 + 0.9; N = 3).

A subset of quiescent NSCs in the adult V-SVZ also displays pri-
mary cilia (Khatri et al, 2014), and cilia signalling is upregulated in
NSCs of the V-SVZ closely linked to cell cycle progression and signal
transduction (Goto et al, 2013). Therefore, we next used adenylate
cyclase 3 (AC3) as a primary cilia marker (Bishop et al, 2007;
Monaco et al, 2019) in combination with Nestin and H2B-GFP to
investigate the presence of primary cilia in apical and basal progeni-
tors (Fig 2C-E). Ciliated progenitors represented a small subset of
G'-tagged progenitors in the V-SVZ and they were more abundant at
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the apical side of the niche (Fig 2D). A similar association between
apical NSCs and primary cilia was observed also in WT mice, where
ciliated cells were enriched within DiI" labelled apical cells
(Appendix Fig S2E and F). However, on either side of the niche, G"
and/or Nestin® progenitors still represented a consistent proportion
of the ciliated cells especially on the basal side (Fig 2E).

We next investigated whether basal G* progenitors undergo qui-
escence and self-renewal, which are defining functional properties of
NSCs. We first measured label retention and Ki67 expression in each
progenitor population. To examine label-retaining cells, we took
advantage of the fact that, upon transcriptional downregulation, the
fluorescent nuclear H2B-GFP signal disappears after five cell divi-
sions (Waghmare et al, 2008) and measured the number of total api-
cal or basal G" cells in mice that had been administered doxycycline
for 30 days and in untreated controls. The treatment led to a small
reduction in the number of total G* cells and a parallel increase in
the number of total G~ cells, which was significant only within the
subset of basal progenitors (Fig 3A and B) and to an overall decrease
in levels of H2B-GFP expression in both cell populations
(Appendix Fig S3A and B), suggesting that also apical cells G"
undergo fewer cell divisions during the treatment than basal G* cells.
Supporting the concept that cell division critically affects reporter
expression levels, apical- and basal-tagged progenitors contained a
similar percentage of mitotic cells, especially in the subset of cells
expressing high levels of reporter (Appendix Fig S3C-E). Apical and
basal G* progenitors also contained a similar percentage of Ki67"
cycling cells, and doxycycline treatment led again to a significant
reduction in the number of cycling cells only in basal G" progenitors
(Fig 3C), which is to be expected if basal Ki67" cycling cells undergo
more rounds of cell divisions, thereby losing the nuclear labelling.
Taken together, these data indicate that both populations, in addition
to label-retaining cells, also contain cells that within a month
undergo a few cell divisions, a process leading to a loss of nuclear
labelling in a subset of basal G* progenitors. It is known that quies-
cent adult NSCs include slow-cycling radial glia progenitors which
enter quiescence at mid-development (Fuentealba et al, 2015; Furu-
tachi et al, 2015; Hu et al, 2017; Yuzwa et al, 2017). We, therefore,
labelled proliferating cells with a single IdU injection at embryonic
day (E)14. Analysis of the V-SVZ of the injected hGFAP;H2B-GFP
mice performed 8 weeks after birth revealed label retention in the
nuclei of apical and basal G* progenitors, showing that both popula-
tions also include long-term quiescent cells (Fig 3D). Moreover, con-
sistent with previous observations, the number of double-labelled
cells was reduced if mice were injected at E18 (Fuentealba

Figure 2. Basal NSCs in the adult V-SVZ do not express Nestin and do not extend primary cilia.

A Representative confocal photomicrographs showing coronal slices from 8 W hGFAP-tTA;H2B-GFP mice with and without doxycycline treatment, upon immunofluores-
cent staining with the stem cell marker Nestin (red). DAPI was used for nuclear counterstain. Cross indicates slice directions: M = medial, D = dorsal, V = ventral,

L = lateral. Scale bar = 20 um.

B Quantification of Nestin expression in apical and basal cells in doxycycline-treated and untreated animals. N = 3 (— Doxy), N = 4 (+ Doxy).
C Same as (A), with the addition of the primary cilia marker AC3 (yellow). Arrows indicate Nestin-positive (white) and GFP-positive (green) cells with primary cilium.

Scale bar = 10 pm.

D Quantification of ciliated GFP* NSCs in apical and basal cell layer as percentage of total apical/basal GFP" cells. N = 7.
E Quantification of primary cilia on cells in the apical or basal cell layer according to stem cell marker; N = 7.

Data information: N refers to number of biological replicates; for each biological replicate, at least three technical replicates were performed. Data are represented as
mean + SEM. * and * indicate significance: between apical and basal (*) and between doxycycline treatments (#); */*P < 0.05, **P < 0.01, by one-way ANOVA with

Tukey’s multiple comparisons test (B) or two-tailed unpaired Student’s t-test (D).
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et al, 2015; Furutachi et al, 2015) (Fig 3D). Thus, apical and basal
G" progenitors both contain progenitors undergoing long- and short-
term quiescence.

To analyse the self-renewal in vivo, we reasoned that in control
untreated mice, self-renewing divisions would maintain high levels
of reporter expression in G* cells, whereas non-renewing cell divi-
sion, comparable to doxycycline administration, would cause a
gradual dilution in fluorescence levels at each cell division.

© 2022 The Authors.

EMBO reports

B *%

?60- -

[0) o

g jl.

2 40-

o

S) o

2

~ o

+

£ 20

e

N

]

Z

+ o

© 9

Doxy - + |- +
Apical | Basal

Immunopositive ciliated NSCs

3 Nestin*G"
=3 NestinG*
3 Nestin'G*

Therefore, to measure the self-renewal rate, we firstly compared the
percentage of G cells expressing high (G or intermediate (GY) fluo-
rescence levels by flow cytometry as described before (Luque-
Molina et al, 2017), see also “Methods” section, in sorted apical
P*G™ and basal P~G" progenitors (Fig 3E), and by immunohistofluo-
rescence in apical and basal G* progenitors in brain slices (Fig 3F).
Both approaches showed that compared to doxycycline-treated ani-
mals, control untreated mice displayed a consistent increase in the
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Figure 3. Apical and basal NSCs display stemness.
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A Representative confocal photomicrographs of coronal sections of the V-SVZ of 8 W hGFAP-H2BGFP mice, which had been administered doxycycline (Doxy) as indi-
cated. Nuclear GFP expression and Ki67 immunoreactivity are shown in green and red respectively. DAPI counterstaining of the nuclei is blue. Scale bar indicates

20 pm.

B, C Quantitative analyses of the number of apical and basal cells expressing GFP (G") or not (G™); N = 8 (B), and Ki67 immunoreactivity in these populations; N > 4 (C).
Quantitative analysis of the number of label-retaining apical and basal G* cells in mice injected with IdU at embryonic day E14 or E18 and analysed 8 W after

birth. N = 4.

E,F Quantification of the percentage of apical and basal G" cells expressing intermediate (G') or high (G") GFP levels with or without doxycycline (Doxy) treatment

upon FACS analysis; N > 21 (E) and in brain slices; N = 7 (— Doxy), 9 (+ Doxy; F).

Data information: N refers to number of biological replicates; for each biological replicate (except E), at least three technical replicates were performed. Bars represent
mean =+ SEM. *Indicates significance between doxycycline-treated and nontreated specimens with apical or basal cell populations. *P < 0.05, ***P < 0.001, determined

by two-way ANOVA with Sidak’s multiple comparisons test.

percentage of G cells within both apical and basal progenitors, indi-
cating that both cell groups undergo self-renewal in vivo. Indeed, in
the presence of doxycycline, the percentage of G! cells expressing
the NSC markers GFAP and SOX9 remained the same in apical and
basal G* progenitors, as expected if these cells underwent self-
renewing cell divisions (Appendix Fig S3F).

Neurosphere formation is a hallmark property of proliferating
adult NSCs (Codega et al, 2014; Khatri et al, 2014). Therefore, we
next tested the ability of apical and basal G* precursors to form
clonal neurospheres (Appendix Fig S3G and H). For this analysis,
cells were additionally sorted between those expressing high (E")
and low (E!) EGFR levels, as the first are enriched in clone-forming
cells compared to the latter (Ciccolini et al, 2005). When isolated
from control mice, both basal G'PE" and G'P~E' progenitors gener-
ated clones, albeit with different frequencies. Instead, consistent
with previous observations in WT progenitors (Khatri et al, 2014),
apical G'P*E® but not G'P*E! progenitors underwent clone forma-
tion, indicating that the latter maintain a slow rate of cell division
also in vitro. Notably, when G" cells were isolated from doxycycline-
treated mice, clone formation was drastically reduced and almost
exclusively observed in the group of G'P7E® cells, supporting the
notion that quiescent NSCs are not capable of forming clones and
that most activated NSCs display high levels of EGFR. Clones grew
extensively in vitro and could be frozen and thawed for further prop-
agation, in line with the fact that NSCs are endowed with extensive
proliferation. Independent of niche location, G'E" cells displayed
higher Mash-1 expression levels than the G'E' counterpart
(Appendix Fig S3I), confirming that they represent activated NSCs.
Taken together, these data show that basal G* precursors display
characteristics of adult NSCs, including the ability to undergo quies-
cence, self-renewal and clone formation when they are in an active
state. Therefore, they will be hereafter referred to as basal NSCs.

Basal NSCs represent the predominant NSC population
throughout postnatal life

It has been recently shown that in the adult V-SVZ, apical NSCs
increasingly give rise to basal progenitors which are label-retaining
cells and display levels of GFAP expression similar to basal NSCs
(Obernier et al, 2018). Therefore, we next investigated if basal NSCs
are generated from apical NSCs during adulthood or if they are
already present early on in the neonatal brain. We first analysed the
presence of apical and basal NSCs in slices of the V-SVZ of 1-W-old
hGFAP;H2B-GFP mice (Appendix Fig S4). Quantitative analysis
showed not only that apical and basal G* NSCs are already present

© 2022 The Authors.

at this early age but also that the two groups show differences with
respect to Nestin expression (Appendix Fig S4A and B), ciliation
(Appendix Fig S4A-C) and prevalence of G cells within ciliated
progenitors (Appendix Fig S4D). Although these differences were
similar in trend to those observed in their adult counterparts, they
varied in absolute values. Independent of the niche location, neona-
tal cells displayed a greater proportion of G* cells co-expressing
Nestin and extending a primary cilium than the relative group in
adult mice. Taken together, these data show that cells with defining
characteristics of basal and apical NSCs are already present in the
V-SVZ of neonatal mice.

We next investigated age-related changes in the number of apical
and basal NSCs and their propensity to undergo activation. To this
end, we quantified the number of apical G'P™ and basal G'P~ pro-
genitors (Fig 4A left panel) and the proportion of each population
expressing high EGFR levels at the cell surface (E%; Fig 4A right
panel) at various postnatal ages. Consistent with previous observa-
tions in WT mice (Carrillo-Garcia et al, 2010), the number of basal
and apical NSCs decreased with age (Fig 4A left panel). However,
for both apical and basal NSCs, the sharpest and only significant
drop in NSC numbers occurred between 1 and 2 weeks after birth,
similar to what was recently reported for hippocampal NSCs (Harris
et al, 2021). In contrast, a significant decrease in the proportion of
activated NSCs was observed first in 8W animals, affecting basal
NSCs only, and thereafter in 25W mice for both apical and basal
NSCs (Fig 4A). We next determined the effect of age on the poten-
tial of proliferation and self-renewal of apical and basal NSCs with
clonal assays (Fig 4B-D). For this analysis, apical and basal NSCs
were sorted from the V-SVZ of 8W and 25W to 30W animals by
flow cytometry based also on Dil labelling of the apical membrane
as well as EGFR and Prominin-1 expression. Consistent with our
previous analysis, age led to a decrease in the number of activated
G'P E" cells within the basal (D™) but not apical (D*) pool of NSCs
(Fig 4B). At both ages, all types of NSCs generated clones and, in
line with our findings in vivo, they were also able to undergo self-
renewal in vitro, determined by the number of green cells per clone
(Fig 4C and D). However, unlike the remaining populations, apical
G'P'E" NSCs underwent very limited self-renewal (Fig 4C) and gen-
erated only small clones when isolated from older mice (Fig 4D left
panel). A similar trend towards a decrease in the ability to generate
large clones was also observed for basal G'P*E" NSCs. Moreover, in
basal G'P"E" NSCs, age led to a significant increase in the propor-
tion of cells capable of generating large clones (Fig 4D right panel).
Taken together, these data show that basal NSCs represent the
major NSC population in the postnatal V-SVZ throughout
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adulthood. Independent of their location in the V-SVZ, between 2 Basal NSCs derive from apical NSCs and are the main

and 25 weeks after birth, the number of NSCs remains essentially contributors to neurogenesis

constant. However, age affects the ability of both NSC groups to

express high levels of EGFR and the proliferation potential of apical Several studies have previously shown that the GFAP-expressing

NSCs. NSCs in the V-SVZ give rise to OB interneurons. For example, we
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Figure 4. Basal NSCs represent the predominant stem cell population in the adult V-SVZ.

A Quantification of the flow cytometry analysis illustrating the number of apical Prominin-1-immunopositive (G'P") and basal Prominin-1-immunonegative (G'P~)
H2B-GFP-expressing cells (left panel) and of the percentage of activated cells expressing high levels of EGFR (E") in each population (right panel) at the various ages

as indicated.

B Quantitative analysis of the percentage of Dil-labelled apical (D") and unlabelled basal (D7) G* E" cells expressing Prominin-1 (P*) or not (P7) in the V-SVZ of 8- and

25-W-old animals.

C Representative micrographs of clonal neurospheres generated from G'E" cells isolated at the indicated ages and displaying H2B-GFP (GFP), Dil-labelling and

Prominin-1 immunoreactivity. Scale bar = 100 pum.

D Quantification of the percentage of the indicated subsets of G'E" cells generating small (left panel) and large (right panel) clones after sorting from 8W or 25W

animals.

Data information: Bars represent mean £ SEM. N.D,, none detected. N > 6 biological replicates. *Indicates in (A) a significant difference from the corresponding 1 W
population (on top of bars) or between ages (lines), in (B) from the respective population at 8 W. *P < 0.05, **P < 0.01, ***P < 0.001, determined by two-way ANOVA

with Sidak’s multiple comparisons test.

have previously shown that most OB adult-born neurons are derived
from NSCs in the V-SVZ, which we tagged with a minimal GFAP
promoter (Weber et al, 2011). However, since the promoter is
active in both apical and basal cells, it is not clear whether both
pools of NSCs contribute to neurogenesis. To address these points,
we selectively tagged apical V-SVZ cells by intraventricular injection
of recombinant adeno-associated viral (AAV) particles, driving the
constitutive expression of GFP in adult WT mice (Luque-Molina
et al, 2019). We first used this approach to investigate the lineage
relationship between apical and basal NSCs. Analysis of coronal
brain slices 14 days and 6 weeks after injection showed that at
both timepoints the overwhelming majority of GFP" cells were rep-
resented by apical cells (Appendix Fig S5A). The rare basal GFP*
cells 14 days after the injection were virtually all non-cycling
(Appendix Fig S5B), showing that they were not rapidly proliferat-
ing progenitors. Even 6 weeks after injection, GFP* cells displaying
NSC markers like SOX9 and/or GFAP were consistently observed at
the apical but not the basal side of the V-SVZ (Fig 5A). At the apical
side, GFP~/SOX9"/GFAP" double-positive and GFP'/SOX9'/GFAP"
triple-positive cells represented 5.0 + 0.7 and 6.9 + 1.1 of the total
apical cell population (see also Appendix Fig S5C and D), confirm-
ing that our approach targets a consistent proportion of apical NSCs.
Instead, although GFP~/SOX9'/GFAP" represented 13.9 + 1.4 of
the total basal cells, triple-positive GFP"/SOX9"/GFAP" constituted
only 0.7 + 0.1 of the total basal cell population (see also below
Appendix Fig S5D). Most apical GFP" cells also expressed SOX9,
consistent with previous observations showing the expression of
this transcription factor in most ependymal cells (Scott et al, 2010;
Sun et al, 2017).

Figure 5. Basal NSCs contribute to neurogenesis in the OB.

To investigate whether GFP" cells are involved in neurogenesis,
we next quantified doublecortin (DCX) expression and GFP labelling
in the OB of injected mice (Fig 5B and C). At both 14 days and
6 weeks after AAV-GFP injection, we could find three types of
labelled cells in the OB: a minority of cells with neuronal morphol-
ogy expressed GFP only or both DCX and GFP, whereas the vast
majority of immature neurons were labelled only with DCX (Fig 5B
and C). Independent of the time of analysis, both types of GFP" cells
represented a very small percentage of total cells, especially in the
core of the OB where newly generated neurons switch migration
mode (Appendix Fig SSE). Instead, single- and double-labelled cells
could be readily observed even 8 weeks in the core of the OB after
injection of AAV-GFP into the dorsal corner of the V-SVZ
(Appendix Fig S5F). To further investigate whether basal NSCs con-
tribute to neurogenesis, we injected AAV-hGFAP-mycCRE viral par-
ticles into RiboTag mice (Sanz et al, 2009) to drive the expression
of mycCRE under the control of a minimal hGFAP promoter. This
removes a floxed stop codon, thereby inducing the expression of an
HA-tagged ribosomal marker in hGFAP-expressing cells. To selec-
tively tag basal NSCs, we injected mice with either 1 x 10° or
0.5 x 10° particles in the basal corner of the V-SVZ and sacrificed
the two groups of animals after 5 days and 8 weeks respectively.
Irrespective of time and number of injected viral particles, we found
similarly low numbers of tagged cells in the V-SVZ (Appendix
Fig S5G). Moreover, the majority of these tagged cells were local-
ized at the dorsal/medial side of the lateral V-SVZ, with a position
of the nuclei compatible with them being basal NSCs. Consistent
with this, most of these cells exhibited both haemagglutinin (HA)

tagging of the ribosomes and mycCRE staining, showing

A Representative micrographs of coronal sections of WT mice intraventricularly injected with AAV-GFP, and stained for GFAP and SOX9 14 days after injection. Scale
bar indicates 30 um. Arrows indicate apical GFP* (white) and basal GFP™ (green) NSCs labelled by SOX9 and GFAP.

B Representative micrographs of the OB of AAV-GFP-injected animals, at 14 days (14D) and 6 weeks (6 W) after virus injection. Scale bar indicates 20 pm.

C Quantification of GFP* and/or DCX" cells in the OB, as a percentage of total DAPI cells N > 5.

D, E Representative confocal images of coronal slices of the core of the olfactory bulb (OB) obtained from RiboTag mice injected with AVWW-hGFAP-mycCRE particles. In
(D), mice were analysed 8 weeks after injection in the lateral corner of the V-SVZ. Arrow in point at Doublecortin (DCX)-immunopositive neuroblasts displaying
haemagglutinin-tagged ribosome (RiboTag-HA). In (E), mice were analysed 16 weeks after injection in the lateral ventricle or in the lateral corner as indicated. Scale

bars = 20 pm.
F Quantification of RiboTag-HA (HA)" and/or DCX" cells in the OB in N > 2.

Number of apical and basal E" cells counted by flow cytometry and given as a percentage of total G* cells in Virgin (Virg) and littermates dams that had been

lactating for 7 days (Lact). N > 5.

Data information: N number refers to biological replicates; for each biological replicate (except G), at least three technical replicates were performed. Bars represent
mean =+ SEM. *Indicates significance: *P < 0.05, determined by two-way ANOVA with Sidak’s multiple comparisons test.

© 2022 The Authors.
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recombination in progenitors still displaying hGFAP promoter activ-
ity (Appendix Fig S5G). Despite the very low number of cells tagged
in the V-SVZ, we consistently observed RiboTag-HA-labelled neu-
roblasts in the core of the OB after 8 weeks (Fig 5D). Although we
were able to permanently tag progenitors, we could not exclude the
possibility that some hGFAP-tagged cells represent apical NSCs, as
hGFAP is expressed in both apical and basal NSCs. Therefore, we
next compared the effect of injecting AAV-hGFAP-mycCRE viral
particles either in the dorsal corner of the V-SVZ or in the lateral
ventricle and analysed the OB after 14 weeks (Fig SE and F;
Appendix Fig S5H). Even at this late time after injection, the OB of
mice injected in the V-SVZ displayed a greater number of HA-
labelled DCX"* young neurons than the OB of mice injected in the lat-
eral ventricle (Fig SE and F). Moreover, cells labelled with HA only
and with mature neuronal morphology were readily observed in the
OB of the first but of not the latter group of injected mice. Thus,
although we could not take advantage of markers to selectively tag
basal NSCs, both approaches of viral-mediated tagging of basal
NSCs indicate that the latter are the main contributors to OB neuro-
genesis. However, in normal conditions, the generation of basal
NSCs from apical NSCs may be difficult to detect due to the fact that
slow-cycling apical NSCs rarely divide. Therefore, we next investi-
gated the contribution of apical and basal NSCs to the physiological
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increase in proliferation in the V-SVZ and OB neurogenesis that is
elicited in female mice after 7 days of lactation (Shingo et al, 2003).
For this analysis, we compared the proportion of apical and basal
NSCs activated NSCs in the V-SVZ in control virgin female hGFAP;
H2B-GFP mice and littermate dams, which had been lactating
for 7 days (Fig 5G). Lactation led to a significant increase in the
activation of basal and a parallel decrease cell cycle entry of apical
NSCs (Fig 5G). This indicates that basal NSCs sustain the increased
generation of neuronal progenitors and it supports our previous
evidence that basal NSCs are the main contributors to adult neuro-
genesis in the OB.

Regulators of NSC activation and Notch signalling are
differentially expressed in apical and basal NSCs

Upon our reanalysis of the data in Beckervordersandforth et al
(2010), we could identify upregulation of the PEDF signalling path-
way in activated Prominin~/GFP* cells (Appendix Table S1 and
Dataset EV1) and differential regulation of genes associated with the
Notch signalling pathway between the latter and Prominin"/GFP"
cells (Fig 6A and Appendix Fig S6A). Previous studies have
revealed that PEDF acts as a niche-derived growth factor promoting
NSC self-renewal by upregulating the expression of Notch-signalling
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A Heatmap illustrating differentially regulated Notch genes hGFAP-eGFP (GFP) cells expressing Prominin-1 (Prom) as indicated.
B Representative FACS plots of G~ and G cells sorted for fluorescently labelled EGF and Prominin-1.

C-G Relative mRNA expression levels for the indicated genes.

Data information: Bars represent mean + SEM, N > 6 biological replicates; at least two technical replicates were performed. * and ¥ indicate significance to G'P'E'
population or as indicated (lines), calculated by one-way ANOVA with Tukey’s multiple comparisons test (*) or by Student’s t-test (#). */*P < 0.05, **P < 0.01,

***p < 0.001.
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effector genes Hesl and Hes5 (Ramirez-Castillejo et al, 2006). We
have recently found that the TLX/NR2E1-Notch axis coordinates
activation and proliferation between apical and basal progenitors in
the V-SVZ-regulating Notch signalling across the V-SVZ (Luque-
Molina et al, 2019). However, the underlying molecular basis and
the involvement of NSCs in this regulation are still poorly under-
stood. To investigate this issue, we used quantitative RT-PCR to
compare the expression of TIx and various Notch signalling-related
gene transcripts in apical G'P*E' and basal G'P~E' quiescent NSCs,
in apical G'P'E" and basal G*P~E"-activated NSCs, and in G P E®
transit-amplifying progenitors (TAPs; Fig 6B-G). Consistent with
previous studies (Obernier et al, 2011; Li et al, 2012), we found
that the expression of Tlx was significantly greater in apical acti-
vated G'P'E" NSCs as well as in G P~E" TAPs compared to other
cell types. In contrast, quiescent G'P"E' and activated G'P~E" basal
NSCs did not show a significant regulation of Tlx expression
(Fig 6C), indicating that the elevated expression of the orphan
nuclear receptor is associated prominently with the activation of
apical but not basal NSCs. Analysis of the transcript levels of the
Notch ligands, i.e. Deltal (DIlI; Fig 6D) and Jagged 1 (Jagl; Fig 6E),
and of the most prominent Notch effector genes in the V-SVZ, i.e.
Hes1 (Fig 6F) and Hes5 (Fig 6G), also revealed different expression
profiles between the various apical and basal cell populations. For
all genes analysed, including both Notch ligands, the lowest levels
of gene expression were observed in apical quiescent G'P*E! NSCs.
Basal quiescent G'PE' cells also displayed low levels of DI
expression but higher expression of Jagl than the apical counter-
part. Consistent with previous findings (Kawaguchi et al, 2013), in
both apical and basal NSCs, the expression levels of Notch ligands
were positively correlated with NSC activation (Fig 6D and E). How-
ever, while apical NSCs activation was accompanied by an increase
in the expression of both Notch ligands, in activated basal NSCs
only Jagl transcript levels were significantly increased. Additional
differences between apical and basal progenitors were observed
with respect to the expression of effector genes. The levels of HeslI
transcripts were upregulated in a comparable manner across the
four remaining cell populations, whereas Hes5 expression was
increased only in basal cells, including TAPs (Fig 6E and F). Taken
together, these data show a distinct distribution of genes associated
with Notch signalling in NSCs and progenitors along the apical/
basal axis of the V-SVZ. They also show that at both sides of the
niche, NSC activation leads to the acquisition of a transcriptional
profile which is characteristic of Notch signal-sending NSCs,
whereas quiescent NSCs, especially at the apical side, essentially
display a signature of Notch signal-receiving NSCs. Supporting this
last conclusion, we also found that Notch signalling activation was
stronger in ciliated NSCs and ependymal, which are most apical
(Appendix Fig S6B and C).

Since the Tlx—Hes1 axis plays a role in the activation of apical
NSCs, we next aimed to downregulate HesI expression specifically
in apical NSCs via intraventricularly injected AAV constructs, as
described before (Luque-Molina et al, 2019), to determine the effect
on Notch activation and proliferation dynamics in apical and basal
NSCs. This approach, in addition to apical NSCs, also targets Hes-1-
expressing ependymal cells (Stratton et al, 2019). Thus, we first
used meta-analysis of the RNA-sequencing data collected, made
available by the lab of Sten Linnarsson at Karolinska Institute, Swe-
den (Zeisel et al, 2018), on mousebrain.org, to investigate Hes-1
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expression in ependymal cells (Appendix Fig S7) and to validate
our approach. We found that within the ependymal population, the
expression of Hesl was limited to a group of cells half of which
were characterized by the expression of Nestin and/or GFAP
(Appendix Fig S7A and B). Moreover, among ependymal cells,
Hes1-positive cells population expressed the highest levels of radial
glia markers, such as solute carrier family 1 member 3 (Slcla3) and
fatty acid binding protein 7 (Fabp7; Appendix Fig S7C). Taken
together, these data indicate that at the apical side of the niche,
Hes1 is expressed mostly in NSCs and less in mature ependymal
cells. We therefore proceeded with intraventricular injections of
AAVs that drive the constitutive expression of GFP and either a
Hes1-specific short hairpin (AAV-Hesl-sh) or a scramble control
(AAV-sc-sh) (Luque-Molina et al, 2019) to investigate the effect of
apical loss of Hes1 function (Fig 7).

Independent of the constructs employed, 14 days after intraven-
tricular AAV injection, GFP was expressed mainly by cells lining the
lateral ventricle (Fig 7A and B). We next measured fluorescence
levels of the Notch intracellular domain (NICD; Fig 7C), to quantify
activation of Notch signalling, and Ki67 expression (Fig 7D), in
order to measure the number of cycling cells in infected (GFP") and
non-infected (GFP™) at the apical and basal side of the V-SVZ. This
analysis showed that, compared to the scramble control, injection of
AAV-Hesl-sh affected NICD immunoreactivity across all groups
examined including basal cells, showing that Notch signalling con-
nects progenitors between the apical and basal sides of the niche.
Downregulation of Notch signalling was accompanied by an
increase in the number of cycling cells (Ki67") across all the popula-
tions examined, although this effect was stronger in apical than in
basal cells (Fig 7D). Moreover, the increase in proliferation, even at
the apical side, was also observed in GFP~ non-transduced cells,
further underscoring the importance of cell-cell interactions for the
regulation of proliferation in the V-SVZ.

Analysis of DCX expression 14 days after AAV injection revealed
no effect of HeslI knockdown on the number of neuroblasts
(Appendix Fig S8A). However, AAV-Hes1-sh infection resulted in a
significant increase in the number of GFP*/DCX" neuroblasts in the
apical V-SVZ 6 weeks after injection (Appendix Fig S8A). At this
time, downregulation of HesI expression also led to an increase in
the number of GFP" neurons in the OB (Fig 7E). Strikingly, at both
14 days and 6 weeks after injection of either viral construct, the vast
majority of DCX" neuroblasts were represented by GFP™ cells. Inde-
pendent of GFP expression, downregulation of Hesl did not affect
SOX9 and/or GFAP expression at the apical V-SVZ 6 weeks after
injection (Appendix Fig S8B). Expression of these markers was also
not affected in GFP~ basal cells (Appendix Fig S8C right panel),
showing that downregulation of HesI does not affect astrocyte and
NSC generation. However, the number of basal GFP"/SOX9" cells
was significantly increased after HesI knockdown (Appendix Fig S8C
left panel), suggesting that decreasing Notch signalling may promote
the generation of apical GFAP~/SOX9" basal progenitors. Taken
together, these data show that in the V-SVZ, Notch signalling
connects apical and basal progenitors, thereby repressing differenti-
ating cell division across the V-SVZ and promoting neurogenesis and
basal relocation in apical NSCs. However, this type of manipulation
did not allow us to observe the immediate consequences of downreg-
ulation of Notch signalling in apical and basal NSCs. Therefore,
we next exposed the whole V-SVZ to the y-secretase inhibitor

© 2022 The Authors.
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Figure 7. Interference with the Notch signalling pathway leads to increased proliferation.

A, B Representative micrographs of the V-SVZ of mice injected with an AAV overexpressing GFP and a shRNA against Hes1 (AAV Hes1-sh) or a scrambled sequence (AAV
sc-sh). Coronal sections were stained with either Notch intracellular domain (NICD, A) or Ki67 to visualize cycling cells (B). DAPI was used for nuclear counterstain,
scale bars indicate 20 pm. Arrows indicate apical GFP* (white) and basal GFP™ (yellow) cells displaying NICD staining.

C-E Quantification of fold change in NICD levels; N = 3 (C), Ki67" cells; N = 5 (D) and GFP*DCX " cells in the olfactory bulb (OB) 14 days (14D) and 6 weeks (6 W) after
virus injection (E).

F-H Quantitative analysis illustrating NICD levels in apical and basal cells in virgin (Virg) and littermate dams that have been lactating for 7 days (Lact); N = 11 (F), the
total percentage of apical G* and G~ cells (G) and the percentage of activated cells in each population after 17 days of lactation. N = 5 (H).

Data information: N refers number of to biological replicates; for each biological replicate (except G + H), at least three technical replicates were performed. Bars
represent mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001, determined by two-way ANOVA with Sidak’s multiple comparisons test (C—F) or two-tailed unpaired
Student’s t-test (G + H).
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DAPT (N-[N-(3,5-difluorophenacetyl)-L-alanyl]-S-phenylglycine t-butyl
ester) or the solvent dimethyl sulfoxide (DMSO) as a control, for 24 h
before fixation and immunostaining with antibodies against Nestin
and Ki67 (Appendix Fig S9). The treatment with DAPT resulted in an
overall increase in the proportion of Ki67" cells displaying high-
intensity Ki67 staining (Appendix Fig S9A and C) and nuclear mor-
phology of cells in meta- or anaphase, (Appendix Fig S9D). Blockade
of Notch signalling also led to a significant increase in the percentage
of G*'Nestin" and G'Ki67 Nestin" triple-positive cells in the G popu-
lation (Appendix Fig S9E and F). Notably, these effects were only
significant at the apical and not at the basal side of the niche, support-
ing the view that inhibition of Notch signalling primarily affects
apical NSCs.

We next investigated whether Notch signalling also changes dur-
ing the physiological increase in basal NSC activation observed in
lactating dams. Comparative analysis of NICD immunoreactivity
between virgin female hGFAP;H2B-GFP mice and littermate lactat-
ing dams revealed a decrease in NICD immunoreactivity in the latter
compared to the first (Fig 7F), consistent with our observations that
lower Notch signalling leads to more proliferation in the V-SVZ. It is
also consistent with previous findings showing that increased EGFR
expression and proliferation in basal progenitors decrease Notch
signalling in NSCs by a non-autonomous mechanism (Aguirre
et al, 2010). In this study, it also showed a parallel decrease in NSC
self-renewal, as a consequence of lower Notch signalling. We there-
fore next investigated whether this regulation affects both apical
and basal NSCs. For this, we determined the number of total apical
and basal NSCs and the percentage of activated NSCs 14 and
17 days after lactation. The only significant change detected was a
decrease in the number of apical NSCs after 17 days of lactation
(Fig 7G). Moreover, at this time, the number of activated apical
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NSCs was also increased, suggesting that apical NSCs undergo
increased cell cycle entry to restore their cell number (Fig 7H).
Taken together, although the full extent of Notch signalling involve-
ment will require further investigation, our data indicate a scenario
in which apical but not basal NSCs respond to increased progeni-
tor proliferation in the V-SVZ by decreasing Notch signalling and
proliferation.

Discussion

In this study, we show the presence of basal NSCs in the adult
V-SVZ of the mouse brain for the first time. The diagram illustrated
in Fig 8 summarizes the main phenotypic and functional differences
observed between apical and basal NSCs. Notably, our data show
that basal NSCs are responsible for the generation of most adult-
born neurons arriving in the OB. Apical NSCs, in contrast, regulate
the pace of differentiating cell division across the V-SVZ by instruct-
ing the strength of Notch activation across the niche, thereby acting
as gate keepers for neurogenesis. It is well established that Notch
signalling is essential to maintain stemness during quiescence of
NSCs and ependymal cell differentiation (Carlen et al, 2009;
Imayoshi et al, 2010; Kawaguchi et al, 2013; Kawai et al, 2017;
Engler et al, 2018; Than-Trong et al, 2018). It is also known that
interaction between Notch and EGFR signalling controls niche
homeostasis by coordinating the proliferation of adult NSCs and
more differentiated progenitors (Wang et al, 2009; Aguirre et al,
2010). However, the mechanisms underlying this regulation are still
not clear as they were investigated in a situation of permanent
upregulation of EGFR signalling. We show that these functions of
Notch signalling are based on a directional distribution of Notch
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Figure 8. Schematic diagram summarizing main characteristics of apical and basal NSCs.

Both apical and basal NSCS are present in the adult V-SVZ. hGFAP promoter is active in both NSC groups. Apical and basal NSCs display similar levels of GFAP, Lrgl and
SOX9, but not of Nestin and Prominin-1 expression, which are prevalently observed in apical NSCs. Apical NSCs, like previously described radial glia-like/type B1 astro-
cytes, contact the lateral ventricle and often extend primary cilia. However, basal NSCs, similar to type B2 astrocytes in the V-SVZ, do not contact the lateral ventricle
and rarely display primary cilia. Both NSC types undergo activation and quiescence and self-renewal in vivo. However, basal NSCs self-renew and proliferate more than
apical NSCs in vitro and divide more frequently, and are the main contributors to OB neurogenesis than the apical counterpart in vivo. Apical and basal NSCs differ in
the expression of genes associated with Notch signalling and the highest levels of activation are observed in apical NSCs.
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ligands which increase not only according to lineage progression, as
reported before (Kawaguchi et al, 2013), but also along the apical/
basal axis of the V-SVZ, thereby providing apical NSCs with essen-
tial characteristics of Notch-receiving cells. Analysis of transcrip-
tional signatures also indicates that different modulators of Notch
signalling play a role in apical and basal NSCs. Whereas PEDF
seems to regulate Notch signalling in basal NSCs, apical NSCs, pos-
sibly in light of their characteristics of Notch-receiving cells, are
more responsive to the change in the number of progenitors. The
crosstalk between EGFR and Notch signalling in the regulation of
niche homeostasis was investigated before (Aguirre et al, 2010). We
provide here evidence that similar crosstalk may occur in the con-
text of a transitory increase in the number of proliferating progeni-
tors the following lactation.

The identity of NSCs in the V-SVZ has been the object of
numerous studies. Despite past disagreements on the nature of
NSCs, according to the general consensus, radial glia-like apical
cells are the main source of OB neurogenesis (Doetsch et al, 1999;
Johansson et al, 1999; Beckervordersandforth et al, 2010; Codega
et al, 2014; Nam & Capecchi, 2020). In contrast with this view,
we here discovered the presence of basal NSCs in the adult
V-SVZ. Previous work on transcriptional characterization of cells
in the adult V-SVZ has also provided evidence for the presence
of different pools of NSCs (Mich et al, 2014; Luo et al, 2015;
Dulken et al, 2017; Morizur et al, 2018). Some of these previous
work have also included the -characterization of Prominin-
immunopositive cells, which like the apical NSCs described here,
displayed radial glia-like characteristics and included both acti-
vated and quiescent cells (Llorens-Bobadilla et al, 2015). It was
also shown that these NSCs could give rise to new neurons in the
OB upon isolation and transplantation in the V-SVZ, unlike the
apical NSCs described here. This is consistent with our hypothesis
that niche interactions and, in particular, Notch-mediated interac-
tions regulate the ability of apical NSCs to contribute to neurogen-
esis. However, this work did not investigate the localization of the
various NSC pools in the niche, pointing essentially at the corre-
spondence of different NSC pools with different degrees of quies-
cence and activation to highlight stem cell heterogeneity. Previous
analyses focusing on the position of neural progenitors in the
V-SVZ have also underscored the complexity and the heterogeneity
of niche progenitors. For example, it was recently shown that
hGFAP-tagged apical progenitors include the majority ependymal-
like and a minority with morphological characteristics of radial
glia like NSCs (Joppe et al, 2020). Notably, hGFAP-tagged progeni-
tors in this previous study displayed a slow division mode in vivo
and in vitro and scarce and delayed contribution to neurogenesis.
However, they were also shown incapable of undergoing activa-
tion and niche regeneration, raising the possibility that hGFAP is
active in cells with morphological but not functional characteristics
of NSCs. Whereas we have also observed that apical hGFAP scar-
cely contributes to neurogenesis, the apical NSCs studied here
were still capable of undergoing activation and neurosphere gener-
ation, albeit to a lesser extent than the basal counterpart. A likely
cause for the discrepancy between ours and the previous study is
the different genetic models used. Unlike previous studies in
which hGFAP was used to drive GFP expression, we here take
advantage of hGFAP to induce the expression of a reporter whose
levels are also controlled by cell division, which appears to result
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in a more selective tagging of NSCs. Consistent with this, we
found a direct relationship between levels of reporter expression
and nuclear localization of tTA and very few neuroblasts within
the tagged population. Notably, it was previously shown that the
promoter is especially active in self-renewing, slow-cycling pri-
mary NSCs and that the activity of the promoter is downregulated
in rapidly proliferating progeny, even if they maintain astroglial
characteristics, which is consistent with the lack of more differen-
tiated progeny in our hGFAP-tagged progenitors (Costa et al,
2011). Finally, our observation that tagged progenitors are neuro-
genic NSCs is in line with several published lineage tracing analy-
ses. However, unlike the previous study, our data strongly
indicate that basal and not apical hGFAP-tagged NSCs are the
main contributors to OB neurogenesis.

Our study also provides a more unified view of the spatial orga-
nization of different pools of adult NSCs in the two main neuro-
genic niches. The presence of morphologically distinct types of
NSCs, i.e. type 1 and type 2 (Steiner et al, 2006), has been long
studied in the SGZ. Although both pools of hippocampal NSCs
express radial glial markers in addition to SOX2 and SOX9 tran-
scription factors (Suh et al, 2007; Sun et al, 2017), they are mor-
phologically distinct, as only type 1 cells display a typical radial
glia morphology with apical-basal polarity (Seri et al, 2001). In
striking similarity with the differences between apical and basal
NSCs in the V-SVZ reported here, it was observed that in the
SGZ, type 1 radial NSCs consistently display Nestin and GFAP
immunoreactivity although they are largely quiescent (Sun et al,
2017). In fact, in the adult SGZ, the expression of proliferation
markers was mainly observed in non-radial NSCs, which like basal
NSCs in the V-SVZ are the main contributors to steady-state neuro-
genesis and can actively proliferate in response to physiological
stimuli (Lugert et al, 2010).

Although generally considered an NSC marker,
immunoreactivity is not always observed in NSCs, especially if they
are undergoing quiescence (Codega et al, 2014). Indeed, we here
found that Nestin expression is significantly downregulated with
increasing age and in quiescent apical NSCs. However, in adult
basal NSCs, Nestin expression is virtually absent independent of the
state of activation, suggesting that the expression of the intermedi-
ate filament is not only a function of the cell cycle state. Indeed, in
the SGZ, Nestin is also expressed in radial NSCs, which are largely
quiescent (Kempermann et al, 2004; Encinas et al, 2006). Notably,
unlike in the V-SVZ, NSCs and progenitors in the SGZ all display pri-
mary cilia (Breunig et al, 2008; Amador-Arjona et al, 2011). Since
we here found that the majority of ciliated apical NSCs extend pri-
mary cilia, it is possible that cilia-dependent signals promote Nestin
expression. In the V-SVZ, primary cilia do not only regulate quies-
cence in radial glia and adult NSCs (Beckervordersandforth
et al, 2010; Khatri et al, 2014) but they are also key to sensing sig-
nals present in the cerebrospinal fluid filling the ventricular cavity
(Silva-Vargas et al, 2016; Monaco et al, 2019). Consistent with this
view, recent observations have highlighted the possibility that in the
V-SVZ, acquisition of quiescence occurs over a prolonged time
period (Borrett et al, 2020) and involves different stages as well as
the integration of multiple regulatory signals.

Thus, the postnatal V-SVZ contains two pools of NSCs that are
exposed to different microenvironments and are differentially
equipped to sense and transduce niche signals.

Nestin
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Material and Methods

Animals and V-SVZ dissection

All animal experiments were approved by the Regierungsprasidium
Karlsruhe and the local authorities of Heidelberg University. The
animal group size was calculated using G*Power3 and in compli-
ance with the 3Rs guidelines. Mice were kept in a facility under a
12-h light/dark cycle and temperature- and humidity-controlled con-
ditions, fed on a chow diet with ad libitum access to food and
water. Males were mated to female mice aged between 8 and
16 weeks with a weight between 23 and 25 g. For FACS, C57BL/6
(Wildtype, WT) and hGFAP-tTA;H2B-GFP (hGFAP;H2B-GFP) mice
were sacrificed by CO, inhalation followed by cervical dislocation
(adult), or by decapitation (neonatal). Doxycycline was adminis-
tered for 4 weeks by adding it to the drinking water at a concentra-
tion of 50 mg/ml. A single intraperitoneal injection of IdU (Sigma-
Aldrich; 100 mg/kg body weight) was administered to pregnant
dams as indicated in the text. For Dil (1,1’-Dioctadecyl-3,3,3’,3'-
Tetramethylindocarbocyanine Perchlorate; Thermo Fisher Scientific)
analyses, brains were placed on a Petri dish. After incision of the
hemispheres, the exposed apical surface of the V-SVZ was labelled
by applying Dil, dissolved in ethanol, for 1 min followed by wash-
ing in sort medium. Thereafter, the V-SVZ was dissected and further
analysed as described below. To analyse the effect of lactation,
hGFAP;H2B-GFP pregnant dams were sacrificed between 7 and
17 days after having given birth. Littermate virgin controls were
sacrificed at the same time. For immunofluorescence WT, hGFAP;
H2B-GFP and RiboTag mice (Sanz et al, 2009) were sacrificed by
intracardial perfusion as described below.

Fluorescence-activated cell sorting

V-SVZ cells were dissociated and incubated at 4°C in a sort
medium containing anti-Prominin1-APC, anti-Prominin-1-PE, or
anti-Prominin-1-BV421 for 30 min. For experiments requiring EGFR
labelling, cells were incubated for a further 30 min with recombi-
nant human EGF conjugated to Alexa Fluor 488 or Alexa Fluor 647.
Thereafter, cells were rinsed twice in a sort medium before being
stained with propidium iodide (PI, 1:100) to stain dead cells and
sorted with a FACSAria III flow cytometer (BD Biosciences, Heidel-
berg, Germany) as previously described (Ciccolini et al, 2005;
Cesetti et al, 2009; Khatri et al, 2014). Unstained cells from the
V-SVZ of WT and hGFAP;H2B-GFP mice were used to set gates for
G~ and G cells and their respective autofluorescence levels. Disso-
ciated V-SVZ cells from hGFAP;H2B-GFP mice stained with Dil, con-
jugated prominin antibodies, or fluorescently tagged EGF were used
to set negative gates and compensations. For clonal analysis, FACS-
sorted neural stem cells were plated for neurosphere formation as
previously explained (Ciccolini et al, 2005).

For the analysis of self-renewal in vivo, we calculated the per-
centage of H2B-GFP-expressing (G*) cells displaying high or inter-
mediate levels of fluorescence as described before (Luque-Molina
et al, 2017). Briefly, H2B-GFP fluorescence levels were plotted on a
logarithmic scale between the values of 10? and 10°. Based on nega-
tive controls, fluorescence levels around 10%, 10* and 10*-10° were
considered negative, intermediate and high respectively.

For a detailed list of antibodies, please see Appendix Table S2.
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RNA expression analysis and qPCR

RNA was isolated with Arcturus® PicoPure™ RNA Isolation Kit
(Thermo Fisher Scientific) according to the manufacturer’s protocol
including DNase digestion. Cells were directly sorted into 100 pl
lysis buffer, vortexed and stored at —80°C until RNA isolation. For
reverse transcription, 9 ul purified RNA was incubated with 1 pl
Oligo(dT)15 primers (Promega) at 80°C for 3 min. M-MLV buffer,
M-MLV reverse transcriptase enzyme (200 U/ul, Promega), dNTPs
(10 mM) and RNase-free water were added to RNA and Oligo(dT)15
mix to reach a final volume of 20 pl. cDNA synthesis was per-
formed at 42°C for 60 min followed by 10 min at 80°C. cDNA was
then preserved at —20°C until gPCR. mRNA levels for the genes of
interest were measured using a StepOnePlus Real-time PCR system
and TagMan gene expression assays (Applied Biosystems): Ascll/
Mashl (ID: Mm04207567_gl1), B-actin (ID: Mm01205647_g1), Tlx
(ID: MmO00455855_m1), Hesl (ID: MmO01342805_m), Hes5 (ID:
MmO00439311_g1), DI1 (ID: Mm01279269_m1), Jagl (ID:
MmO01270195_gh) and Lrigl (ID: Mm00456116_m1). Cycle thresh-
old (Ct) values were each normalized to the respective B-actin value
(= ACt). AACt was calculated by subtracting the ACt value of each
population from the ACt of the G'P*E™ population (normalizing
population).

Intraventricular injections

WT mice were injected in the lateral ventricle with 1 pl of adeno-
associated virus (AAV) with a plasmid-encoding short hairpin RNA-
targeting Hes1 under the control of a U6 promoter (AAV-Hesl-sh),
or a scramble control sequence (AAV-sc-sh). Characteristics of the
plasmid and procedures of injection were described previously
(Luque-Molina et al, 2019). RiboTag mice were injected in the lat-
eral corner of the V-SVZ with 1 x 10° or 0.5 x 10° of AVV-hGFAP;
myc-CRE viral particles to drive the expression of a myc-tagged con-
stitutively active CRE recombinase under the control of a human
GFAP promoter (Tang et al, 2015). Mice were sacrificed and pro-
cessed for immunostaining 5 days and 8 weeks after injections as
described below.

Immunofluorescence

Whole-mount dissection and immunostaining were performed as
described previously (Mirzadeh et al, 2008; Monaco et al, 2019).
For DAPT treatment, freshly dissected E18 whole mounts were incu-
bated in a well of a 24-well-plate containing 1 ml Euromed-N (Euro-
clone) with 1x B27 supplement (Invitrogen) and with either a
solvent control (dimethyl sulfoxide, DMSO) or 20 uM DAPT (N-[N-
(3,5-Difluorophenacetyl)-L-alanyl]-S-phenylglycine  t-butyl ester;
Sigma-Aldrich, D5942) in DMSO, for 24 h at 37°C, 5% CO,.

For coronal sections, mice sedated with pentobarbital (400 mg/
kg) were perfused with ice-cold phosphate-buffered saline (PBS) fol-
lowed by 4% paraformaldehyde (PFA) in PBS, after which the
brains were removed and postfixed in 3% PFA / 4% sucrose in PBS
for 48 h at 4°C. Brains were then cryoprotected by submersion in
30% sucrose in PBS at 4°C for 24 h and sliced into 20-30 um coro-
nal sections using a Leica CM1950 cryostat (Leica Microsystems,
Wetzlar, Germany). The sections were stored in PBS containing
0.01% sodium azide at 4°C until immunostaining. Slices were
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permeabilized with 0.5% NP-40 in PBS for 5 min, then incubated in
10 mM glycine for 30 min for reduction of background fluorescence.
Slices were blocked with 5% foetal calf serum (FCS) in PBS for 1 h,
and incubated with primary antibodies in PBS at 4°C overnight.
After washing, secondary antibodies were applied in 5% FCS in PBS
containing 4’,6-diamidino-2-phenylindole (DAPI) for nuclear coun-
terstain for 2 h. Slices were then washed and mounted in Mowiol.
All steps were performed at room temperature if not otherwise indi-
cated. Slices and whole mounts that were to be directly compared in
terms of protein expression and fluorescence level were stained in
parallel using the same antibodies and dilutions. Immunofluores-
cence on sorted cells was performed as previously described (Khatri
et al, 2014). A detailed list of primary antibodies used is provided in
Appendix Table S3.

Imaging

Coronal sections and whole mounts were imaged using a Leica
SP8 laser scanning confocal microscope. Images were acquired as z-
stacks with 1 pm steps or 0.5-0.7 um steps for cilia imaging. The
imaging settings (laser intensity, gain and offset) were kept consis-
tent for each experiment to ensure comparability.

Transcriptome analysis by microarray

Transcriptome analysis was performed on the RNA microarray
dataset from Beckervordersandforth et al (2010), available on the
Gene Expression Omnibus (GEO) database (http://www.ncbi.nlm.
nih.gov/gds), accession number GSE18765. Briefly, ependymal and
GFP-expressing cells, coexpressing Prominin-1 or not, were isolated
by FACS from the V-SVZ and the diencephalon of hGFAP-eGFP
mice. Expression was analysed after hybridization of total RNA from
each cell group on Affymetrix MOE430 2.0 arrays. GFP*Prom™ and
GFP" samples were normalized with the Transcriptome Analysis
Console (TAC; version 4.0.1.36; Thermo Fisher Scientific) using
standard RMA settings. TAC was also used for the PCA of all sam-
ples. Statistical analysis was done as described in Beckervordersand-
forth et al (2010) and genes with a raw P-value < 0.05 were used to
define the set of 4,713 regulated genes. Additional filters for fold-
change > 1.3x and linear average expression > 100 in at least one
group were applied. Heatmaps were generated in R. Pathway analy-
ses were done through the use of QIAGEN’s Ingenuity Pathway
Analysis (IPA®, QIAGEN Redwood City, qiagen.com) using Fisher’s
exact test P-values. Genes involved in Notch signalling were
obtained from Gene Ontology (G0:0007219).

Statistical analysis

Immunopositive cells were counted and normalized to the total
number of cells (identified by DAPI-stained nuclei) or as stated
otherwise. For quantification of cells in the V-SVZ, we defined cells
as apical if their nuclei were located within the first two rows of
nuclei bordering the lateral ventricle. Three regions of each slice
were analysed in a 30,000 um? -sized picture aligned with the
longest axis of the apical side of the V-SVZ: dorsal, medial and
ventral. Fiji/ImageJ software (Schindelin et al, 2012) was used for
fluorescence intensity measurement and normalization to back-
ground levels.

© 2022 The Authors.
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During analysis, the pictures were labelled by treatment (i.e.
doxycycline, DAPT, scramble/Hesl shRNA and pregnancy) at all
times and were not randomized or blinded.

Statistical ~ significance was determined by two-tailed
homoscedastic (or paired, when appropriate) Student’s t-test for
comparing two datasets, and one-way or two-way ANOVA with
Tukey’s or Sidak’s multiple comparisons test for comparing more
than two datasets. The analyses were performed using GraphPad
Prism software. Significance was reached for *P < 0.05, **P < 0.01
and ***P < 0.001. Graphs represent mean values + SEM.

Data availability

In this study, no primary datasets have been generated or deposited
in external repositories.

Expanded View for this article is available online.
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