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Summary

Somatic stem cells have been identified in multiple adult tissues. Whether self-renewal occurs 

symmetrically or asymmetrically is key to understanding long-term stem cell maintenance and 

generation of progeny for cell replacement. In the adult mouse brain, neural stem cells (NSCs; B1 

cells) are retained in the walls of the lateral ventricles (ventricular-subventricular zone; V-SVZ). 

The mechanism of B1 cell retention into adulthood for lifelong neurogenesis is unknown. Using 

multiple clonal labeling techniques we show that the vast majority of B1 cells divide 

symmetrically. While 20-30% symmetrically self-renew and can remain in the niche for several 

months before generating neurons, 70-80% undergo consuming divisions generating progeny, 

resulting in the depletion of B1 cells over time. This cellular mechanism decouples self-renewal 
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from the generation of progeny. Limited rounds of symmetric self-renewal and consuming 

symmetric differentiation divisions can explain the levels of neurogenesis observed throughout 

life.

eTOC Blurb

Obernier et al. show that juvenile/adult neural stem cells (NSCs) generate progeny or self-renew 

through symmetric divisions. The prevailing consuming symmetric divisions progressively deplete 

NSCs, yet this mechanism enables lifelong generation of large numbers of neurons for the 

olfactory bulb while decoupling proliferation from differentiation.

Introduction

Most adult organs retain a population of somatic stem cells for the replacement of 

differentiated tissue-specific cell types. The brain was considered an exception, until the 

discovery of adult neurogenesis (Altman, 1962; Goldman and Nottebohm, 1983; Paton et al., 

1985) and the isolation and in vitro propagation of cells with stem cell properties, i.e. self-

renewal and multilineage differentiation (Gage et al., 1995; Kilpatrick and Bartlett, 1993; 

Reynolds and Weiss, 1992). From this early work it was inferred that the adult brain retains 

a population of neural stem cells (NSCs) with long-term self-renewal properties. NSCs have 

been identified in two regions of the adult mammalian brain, the ventricular-subventricular 

zone (V-SVZ) in the walls of the lateral ventricles and in the subgranular zone (SGZ) next to 

the dentate gyrus in the hippocampus (for reviews see: (Gage, 2002; Kriegstein and Alvarez-

Buylla, 2009; Ming and Song, 2011)). Both regions, which significantly differ in their 

organization and types of neurons they produce, sustain the generation of young neurons 

throughout life in mice.

NSCs in the adult V-SVZ are derived from RG during mid-embryonic development 

(Fuentealba et al., 2015; Merkle et al., 2004). V-SVZ NSCs correspond to a subpopulation 
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of glial fibrillary acidic protein (GFAP)+ astroglial cells (B1 cells) (Doetsch et al., 1999), 

which contact the lateral ventricle (LV) and have a long basal process ending on blood 

vessels (BV) (Mirzadeh et al., 2008; Shen et al., 2008; Tavazoie et al., 2008). After their 

production in the embryo, V-SVZ NSCs remain mostly quiescent until reactivated during 

postnatal life (Fuentealba et al., 2015; Furutachi et al., 2015). V-SVZ NSCs generate 

transient amplifying cells (C cells) that divide three to four times (Ponti et al., 2013) before 

generating young migrating neurons (neuroblasts, A cells) (Doetsch et al., 1999). These 

neuroblasts travel from the V-SVZ through the rostral migratory stream (RMS) to the 

olfactory bulb (OB) (Lois and Alvarez-Buylla, 1994; Lois et al., 1996) where they 

differentiate into local interneurons (Imayoshi et al., 2008; Lois et al., 1996; Luskin, 1993; 

Petreanu and Alvarez-Buylla, 2002). The mechanism of NSC retention is key to 

understanding how neurogenesis is sustained for extended periods of time.

Somatic stem cells can be maintained and generate progeny through asymmetric divisions, 

or by symmetric self-renewal and symmetric differentiation (Morrison and Kimble, 2006; 

Shahriyari and Komarova, 2013). Recent data suggest that the majority of NSC in the adult 

SGZ (Bonaguidi et al., 2011; Encinas et al., 2011) and V-SVZ (Calzolari et al., 2015) 

undergoes asymmetric cell division - similar to embryonic radial glia (RG) (Noctor et al., 

2004), yet direct evidence for the division mode of adult NSCs is missing.

Here we used short-term and long-term lineage tracing methods and show that NSC 

retention in the adult mouse V-SVZ and sustained production of OB neurons are mainly 

achieved through symmetric divisions. The majority of NSCs becomes consumed by the 

symmetric generation of C cells; a smaller fraction of NSCs symmetrically divides to self-

renew, a mode of division directly shown by ex vivo live imaging. After their self-renewal, 

NSCs can remain in the V-SVZ for up to 16 weeks (and beyond) before they symmetrically 

generate C cells and become consumed. Thus, V-SVZ/OB neurogenesis is mainly sustained 

by population asymmetry of bona fide NSCs.

Results

The majority of B1 cells generate C cells

To investigate whether NSCs touching the LV (B1 cells) self-renew, we stereotaxically 

injected RCAS retrovirus expressing GFP (RCAS-GFP) into the LV of postnatal (P21-P30) 

hGFAP::Tva mice (Doetsch et al., 1999; Holland and Varmus, 1998) (Fig. 1A; note: one 

daughter cell will express GFP as RCAS integrates during M-phase). Two to seven days (d2-

d7) after injection, we analyzed the entire V-SVZ in whole-mount preparations. On average 

we found 6 +/− 2.7 clones/whole-mount (5.6 +/− 0.4 mm2), indicating sparse clonal labeling 

(Tab. S2 and Fig. S1A-C). We found clones consisting of single GFP+ cells or discrete and 

tightly packed cell clusters (Fig. 1; neuroblasts that had migrated away were not included in 

our analysis). The majority of clones contained only C cells (137/171 clones in n= 32 whole-

mounts, d2-d7; Fig.1D-F), suggesting that the majority of dividing NSCs had undergone 

lineage progression. As expected (Ponti et al., 2013), C cells divided about once a day, 

increasing the size of C cell clusters over the first four days (Fig. 1C). Consistent with the 

progression of C cells to neuroblasts we observed a rapid accumulation of GFP+ neuroblasts 

after four days, increasing the total number of GFP+ cells (Fig.1B, F and Fig. S1E).
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We also identified clones consisting only of NSCs, indicating self-renewal of B1 cells 

(33/171 clones; Fig. 2B-C). The majority were single NSCs (secondary NSCs) and five out 

of 33 NSC-clones consisted of pairs of (tertiary) NSCs (Fig. 2D). Interestingly, four of these 

pairs were found at later time-points (d4-d7: 4/15 NSC-clones in pairs) and one on d2-d3 

(1/18 NSC-clones in pairs). This suggests that within a week a subpopulation of secondary 

NSCs underwent symmetric self-renewal. We also found one mixed clone containing NSCs 

and C cells on d5 (1/171 clones; Fig. S1G).

We next estimated the proportion of self-renewing versus C cell generating divisions on d2-

d3 before the peak in neuroblast generation. We found 18 GFP+ NSC-clones and 56 GFP+ 

C cell clusters, accounting for ~25% and ~75% of all divisions, respectively (n=16 mice, 

Tabs. S1&2). We also injected RCAS at P60 and analyzed whole-mounts on d3 (n=3). We 

found one secondary GFP+ NSC and 20 clusters containing only GFP+ C cells.

To determine whether self-renewing cells are bona fide NSCs and can divide again to 

generate progeny or self-renew, we analyzed the V-SVZ two or four weeks after RCAS 

injection at P21. In addition to 27 secondary NSCs, we found six pairs of tertiary NSCs and 

one triplet (also see below; Fig. S5C, Tab. S1). This suggests that secondary NSCs, produced 

at the time of RCAS injection, continued to divide and self-renewed symmetrically for up to 

a month, generating pairs of tertiary NSCs. We also found 16 clusters of C cells. As C cells 

rapidly differentiate into neuroblasts that leave the V-SVZ within a few days, clusters found 

two or four weeks after RCAS injection originated from reactivated secondary or tertiary 

NSCs. Strikingly, the majority of C cell clusters were devoid of NSCs (~75%, 12/16 

clusters; Fig. 2E,F). Four clusters were mixed (Fig. S5B) and could either be derived from 

asymmetric cell division of secondary NSCs or asynchronous re-activation of pairs of 

tertiary NSCs.

These data suggest that the majority of dividing NSCs generates C cells and a smaller 

number self-renews. However, due to RCAS labeling only one daughter cell it is unclear 

whether clones observed at short survivals resulted from symmetric or asymmetric divisions.

The vast majority of C cells are generated at the expense of NSCs

To label both daughter cells we used sparse Cre/loxP labeling (Bonaguidi et al., 2011). First, 

to ensure that clusters of C cells were the result of lineage-traced NSCs (and not C cells), we 

labeled their embryonic predecessor, Nestin+ RG (Fuentealba et al., 2015; Furutachi et al., 

2015). Time-mated pregnant Nestin::CreERT2;Ai14 or Nestin::CreERT2;confetti (Lagace et 

al., 2007) females received a single dose of Tamoxifen (Tx) at E17.5 and the V-SVZ of the 

offspring was analyzed in whole-mounts at P21 or P60 (Figs. 3A-B, S2A-C). At both ages, 

we observed pairs of NSCs (not shown); however, their origin is unclear as they could be 

derived from symmetric divisions of RG (Fuentealba et al., 2015; Furutachi et al., 2015) or 

NSCs postnatally. The majority of clusters of tdTomato (tdT)+ C cells were devoid of NSCs 

(~60-70%; P21: 8/11; P60: 8/13) (Figs. 3B, S2B, C). Thus, long-term lineage tracing 

suggests that the vast majority of NSCs divides symmetrically. Asymmetric cell division is 

rare or does not occur: mixed clusters with longer survivals could be derived from 

asynchronous reactivation of sister NSCs around the time of analysis.
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We next induced sparse expression of the reporter tdT in GFAP+ cells at P21 in 

hGFAP::CreERT2;Ai14 mice (Casper et al., 2007). To further ensure clonal events were 

derived from dividing progenitors, mice received 5-Bromo-2′-deoxyuridine (BrdU) in the 

drinking water for three days prior analysis (Fig. 3C). Only samples with less than six tdT

+BrdU+ clusters per whole-mount were included in the analysis (Fig. 3D′ & Tab. S3). On 

d3, we found 15 tdT+BrdU+ clusters of C cells, and none contained NSCs (Tab. S3). 

Consistent with CreERT2-induced recombination labeling both daughter cells, tdT+BrdU+ C 

cell clusters contained on average ~2-fold more cells than those in our RCAS experiment 

(Fig. 3D). This suggests that C cells were produced by consuming divisions of NSCs. In a 

separate experiment we further lowered Tx concentration to obtain labeling of less than one 

clonal event per hemisphere (Tab. S4). In mice analyzed on d1, d3, or d7, we found 21 C cell 

clusters, all devoid of NSCs (Fig. S2G-J & Tab. S4; n= 35 hemispheres from 26 mice). The 

percentage of tdT+BrdU+ C cell clusters over the total number of (quiescent, BrdU-) tdT+ 

NSCs increased ~three fold from d1-d3 to d7 (Fig. S2K & Tab. S4). The number of C cell 

clusters/hemisphere does not significantly change during this period (Fig. S2K & Tab. S4), 

indicating that C cell clusters must arise from recombined NSCs, which continuously 

undergo activation and consumption.

C cell clusters were also devoid of NSCs when Tx and 3d BrdU were given at P21 to 

hGFAP::CreERT2;confetti mice (Snippert et al., 2010) (12 C cell clusters; Fig. 3H-J) or to 

hGFAP::CreERT2;Ai14 mice at P60 or P180 (15 C cell clusters and 8 C cell clusters, 

respectively; Fig. 3E-F). The level of cell death among NSCs was extremely low (~ one 

cleaved Caspase-3+GFP+ NSC per lateral wall in GFAP::GFP mice; Fig. S2L). It is 

therefore unlikely that elimination of cells would mask asymmetric cell divisions. 

Altogether, these data indicate that in the juvenile, adult, and aged V-SVZ, the majority -if 

not all - of C cells are generated at the expense of NSCs.

NSCs self-renew symmetrically

Whole-mounts of hGFAP::CreERT2;Ai14 mice three days after Tx and BrdU administration 

at P21, P60, or P180 also contained pairs of double-labeled NSCs (three NSC pairs at P21, 

two at P60, and one pair at P180; Fig. 3K, L, Tab. S3). This indicates that a subpopulation of 

NSCs (at P21: ~17%) divided symmetrically, possibly a mechanism of self-renewal, and is 

consistent with pairs of tertiary NSCs in our RCAS experiment above (Fig. 2D). Thus, our 

data indicate that the majority of GFAP+ NSCs -if not all - divide symmetrically: most are 

consumed by the generation of C cells and about 1/5 symmetrically self-renews.

Given their complex morphology, how can NSCs divide symmetrically to generate two 

NSCs? To directly observe the behavior of NSCs within their niche, we performed ex vivo 
time-lapse imaging on organotypic whole-mount cultures from hGFAP::CreERT2;Ai14 or 

hGFAP::CreERT2;Ai14;FucciS/G2/M mice (Sakaue-Sawano et al., 2008) for four days (Fig. 

4A and Fig. S3A, D). NSCs frequently extended and retracted lateral processes and 

occasionally shifted the position of their basal end foot along the vascular surface (Fig. 4D

′). Similar to in vivo (Fig. S3G, H), we observed that NSCs had cell-cell interactions with 

neighboring dividing (Fucci+) cells (green arrowheads in Fig. 4C, D″). We recorded 23 

dividing tdT+ NSCs, which maintained their basal processes and generated GFAP+Ascl1- 
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daughter cells that outgrew a new basal process (Fig. 4B,C,E and movies S1&S2). None of 

these cells divided any further within up to 65h after the initial division. We also recorded 

lineage progression of C cells (Fig. S3E and data not shown). C cells divided on average 

every 17.2 +/− 6.7 hours, three-four times before giving rise to A cells, which is consistent 

with the above in vivo data and previous findings (Ponti et al., 2013). Interestingly, initiation 

of lineages can occur after a lag phase of about two days (Fig. S3E) and the cells on top of 

the lineages lacked a basal process typical for NSCs. Surprisingly, we observed six NSCs 

retracting their basal processes; two of these cells divided ~two days later at the end of the 

imaging period, generating cells that lacked basal processes (Fig. S3F). NSCs primed to 

generate progeny may lose the basal process before symmetrically generating C cells, while 

NSCs undergoing symmetric self-renewal maintain the basal process as they divide.

Taken together, ex vivo imaging demonstrates that a subpopulation of NSCs divides 

symmetrically, generating daughter cells that can inherit/grow a basal process. This is 

consistent with our in vivo findings of pairs of NSCs, indicating that a subpopulation of 

NSCs undergoes symmetric self-renewal.

B1 cells decline in number over time

We hypothesize that the preponderance of consuming divisions reduces the numbers of 

NSCs over time. We counted the numbers of apical contacts of B1 cells in whole-mounts at 

different ages (P21, P60, P180 and P360; Fig. 5A, B). The overall density of B1 cells was ~ 

4-fold higher at P21 compared to P60 (Fig. 5A, B, D). Similar results were obtained when 

comparing P60 to P360, consistent with previous reports (Shook et al., 2012). We used the 

B1 cell numbers obtained experimentally (Fig. 5D) and mathematically modeled their 

decline from P21 to P60 with symmetric divisions using coupled ordinary differentiation 

equations (see Methods). The model predicts that in order to attain the decline in B1 cell 

numbers seen in vivo, the probability of consumption (pc) must exceed the probability of 

symmetric self-renewal (ps) with pc -ps = 0.4. With ps =0.3 and pc =0.7, the level of 

consuming divisions (~70%) is similar to our short-term lineage tracings (Tab. S1), 

indicating that dynamics within the B1 cell population can be explained by symmetric 

divisions.

Interestingly, while B1 cells drastically decline over time, the generation of newborn 

neurons was less affected by the age of the mouse. Mice received BrdU in their drinking 

water for one week at different ages (P21, P49, P77, P105, P116, P180, P360) and the 

densities of newborn neurons in the OB granule cell layer were quantified four weeks later. 

The number of newborn neurons decreased dramatically over time (Fig. 5C, D). However, 

this decline did not follow the same dynamics than the decline in B1 cells (Fig. 5D; also see 

Fig. S4A and Discussion). For example, compared to P21, the density of B1 cells at P180 

declined by 95.6 +/− 2.8% whereas the density of BrdU+ granule neurons generated around 

this age declined by 65.5 +/− 4.7% (Fig. 5D).

We conclude that the preponderance of consuming divisions in the V-SVZ leads to a drastic 

decline in B1 cells as the organism ages. Neurogenesis also declines with age, but at a 

slower rate compared to the decline in B1 cells.
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Apical B1 cells give rise to non-apical B2 cells

Our data indicate that NSCs can self-renew symmetrically. To investigate whether the 

daughter cells correspond to B1 cells, we studied the apical surface of GFP+ NSCs three 

days, two weeks, or four weeks after RCAS injection at P21 (Fig. 6A). On d3, we found 10 

GFP+ secondary NSCs with a small apical ending in the center of a pinwheel, indicating 

self-renewal of B1 cells (Fig. 6B). However, we also found two GFP+ NSCs that had a long 

basal process contacting blood vessels but lacked contact with the LV. Surprisingly, two and 

four weeks after virus injection, only half of the GFP+ NSCs with long basal processes 

contacted the LV (5/8 cells at two weeks and 17/32 cells at four weeks; Fig. 6C-D). Non-

apical GFP+ NSCs were sometimes located in the SVZ below the layer of neuroblasts (Fig. 

6C′). These cells had astrocytic properties with basal processes and about half were GFAP

+ (5/11; Fig. S5E). Interestingly, besides pairs of B1 cells, we found pairs of non-apical 

NSCs (Fig. S5D) and a triplet consisting of one B1 cell and a pair of non-apical NSCs in 

close proximity (Fig. S5C). Our data suggest that GFP+ B1 cells give rise to non-apical 

NSCs.

The apical process of B1 cells can be very thin, which could challenge their detection using 

confocal microscopy. We therefore used electron microscopy (EM) and serial 3D 

reconstruction to study label-retaining cells (LRCs) four weeks after 3H-thymidine 

injections at P21 or P60 (Figs. 6E, F & S5F). Ultrastructural analysis confirmed the presence 

of apical B1 cells (Fig. S5G) and astrocytic non-apical LRCs (Fig. 6I″&I‴) expressing 

GFAP (Fig. 6N). Non-apical LRCs had lateral and basal processes (Fig. 6G-I) and 

occasionally contacted BVs (Fig. 6I) and fractones (Kerever et al., 2007) (Fig. 6H). Non-

apical LRCs had ultrastructural characteristics similar to previously described B2 cells 

(Doetsch et al., 1997; Mirzadeh et al., 2008) and importantly, their 9+0 primary cilia were 

located on the basal side of the cell (away from the LV; Fig. 6G′, M). B2 cells have been 

shown to proliferate in the adult and aged brain (Capilla-Gonzalez et al., 2014; Doetsch et 

al., 1997) but their function is unknown (see Discussion). Our data shows that B2 cells are 

lineage-related to B1 cells.

Self-renewing NSCs can generate progeny after extended periods

We next investigated whether self-renewing NSCs are bona fide stem cells and contribute 

interneurons to the OB later in life. We administered BrdU in the drinking water to 

hGFAP::Tva mice four weeks after RCAS injection at P21. The OBs were analyzed after an 

additional four weeks to allow neurons to migrate into the OB and differentiate (Fig.7A). We 

found GFP+BrdU+ neurons (NeuN+) in the OB (Fig. 7C), indicating that a subpopulation of 

NSCs self-renewed at P21 (GFP-label) and generated neurons four weeks later (BrdU-label) 

(Fig. 7B and Tabs. S5 & S6). In addition, GFP+ neuroblasts were present in the RMS and V-

SVZ (Fig. 7D, E and not shown), indicating that some GFP+ NSCs generated progeny after 

BrdU administration. Furthermore, when we extended the interval between RCAS injection 

and BrdU administration to eight or twelve weeks, at both time-points GFP+BrdU+ 

interneurons were found in the granule cell layer and periglomerular layer, and GFP+ 

migrating neuroblasts in the RMS (Fig. 7F, G). These data indicate that NSCs that had self-

renewed at P21 generated neurons three to four months later.
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The reactivation to produce progeny was not unique to NSCs that had self-renewed at 

juvenile stages (P21) but also occurred later in life. We injected RCAS into hGFAP::Tva 
mice at P60 and administered BrdU four weeks later (Fig. 7A). After an additional four 

weeks, we found GFP+BrdU+ neurons in the OB (Fig. 7C). Thus, self-renewing adult NSCs 

also became re-activated and generated neurons (although at lower rates than self-renewing 

NSCs in the juvenile V-SVZ; Fig. 7C).

To confirm the above observations, RCAS was injected at P21 into 

hGFAP::Tva;hGFAP::CreERT2;Ai14 mice followed by Tx administration four weeks later 

(Fig. S6A). After four additional weeks, we found GFP+tdT+ labeled neurons in the OB 

(Fig. S6B, C). To label larger cohorts of dividing cells, we administered BrdU for one week 

to hGFAP::CreERT2;Ai14 mice at P21 and then induced recombination (Tx) in GFAP+ cells 

at different times: simultaneously with BrdU administration, immediately after the end of 

BrdU administration, or two, four, eight, 12 or 16 weeks after BrdU. Four weeks after Tx 

administration, the OB was analyzed for BrdU+tdT+ neurons (Fig. 7H-J). As expected, the 

density of BrdU+tdT+ neurons was highest in the group that received BrdU and Tx 

simultaneously, but then decreased (Fig. 7I, Fig. S6E). This observation is in line with our 

findings above, suggesting that the majority of NSCs undergoes consuming divisions; only a 

relatively small fraction self-renews and generates neurons later (at or after the time of Tx 

administration). The density of double-labeled neurons then remained constant, suggesting 

similar reactivation of BrdU label-retaining NSCs, before it declined.

Taken together, these data indicate that GFAP+ NSCs can generate young neurons up to 

four-five months after their self-renewing division. This indicates that V-SVZ NSCs, through 

a preponderance of symmetric cell division, sustain a pool of primary progenitors for the 

generation of OB interneurons well into adult life.

Discussion

Control over the pool of somatic stem cells and production of progeny can be achieved by 1) 

population asymmetry, where symmetric divisions of separate primary progenitors achieve 

self-renewal and differentiation, or 2) asymmetric cell division, where individual stem cells 

produce both, a new primary progenitor and differentiated progeny (Hormoz 2013). The 

mode(s) of division of somatic stem cells is key to understanding how tissues can regenerate 

throughout life. The largest pool of adult stem cells in the central nervous system is retained 

in the V-SVZ in the walls of the lateral ventricle. Here we show that most - if not all - GFAP

+ NSCs in the juvenile (P21) and adult (P60, P180) mouse V-SVZ divide symmetrically. 

Whereas the majority becomes consumed by the generation of progeny, a fraction maintains 

the NSC pool by symmetric self-renewal. This is in contrast to the behavior of RG in the 

embryo, which have been shown to predominantly undergo asymmetric self-renewal (Miyata 

et al., 2001; Noctor et al., 2004). Our data suggest that in the adult V-SVZ asymmetric cell 

divisions are rare or do not occur. Instead, symmetrically self-renewing NSCs can remain in 

the V-SVZ for several months before they generate progeny.

Obernier et al. Page 8

Cell Stem Cell. Author manuscript; available in PMC 2019 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



The majority of V-SVZ NSCs becomes consumed generating progeny

Our short-term lineage tracing (d2-d7) shows that the majority of NSCs, independent of the 

age of the mouse, divide symmetrically to generate progeny. It is unlikely that asymmetric 

cell divisions are masked by cell death, as the numbers of cleaved Caspase-3+ NSCs was 

very low. It could be possible that the TVA receptor (RCAS) or Cre may be transmitted to 

early C cells, resulting in labeling of secondary progenitors. However, the majority of C cell 

clusters were devoid of NSCs upon long-term lineage tracing of RG during embryonic 

development or of postnatal NSCs. The small number of mixed clusters observed (Tab. S1) 

could be due to a rare population of NSCs undergoing asymmetric cell division. However, as 

mixed clusters were mostly observed at longer survivals, it is more likely that they resulted 

from asynchronous re-activation of secondary NSCs; the symmetric consumption of one 

NSC within a pair would result in a C cell cluster next to the sister NSC, which did not 

divide. Consistently, embryonic retroviral barcoding for lineage tracing has previously 

shown that the majority of clones of OB interneurons born at or after P28 are not clonally 

related to interneurons born before P28 (Fuentealba et al., 2015). It is also unlikely that 

asymmetric cell divisions were masked by retroviral inactivation as the RCAS data were 

confirmed using CreERT2 lineage tracing. Moreover, dual hits (of neighboring cells or the 

same cell) during RCAS transduction must be rare; the majority of GFP+ cells at early time-

points after RCAS injection were single cells. Moreover, as clusters of C cells form, they did 

not contain NSCs and were about half the size of clusters labeled in our CreERT2/BrdU 

experiment; a strong indication that both labeling methods were clonal.

V-SVZ NSCs self-renew symmetrically

Our in vivo data show that ~20% of NSCs undergo symmetric self-renewal and generate two 

secondary NSCs, which either enter quiescence or become sporadically reactivated. Previous 

studies have revealed the presence of LRCs in the V-SVZ (Doetsch et al., 1999), which are 

generally assumed to correspond to NSCs (Furutachi et al., 2015). We show that LRCs are 

bona fide stem cells that self-renew before generating progeny, which can occur immediately 

or with a lag of up to four to five months, and possibly beyond. Until they generate neurons, 

secondary NSCs self-renew symmetrically or remain quiescent. Extended periods of 

quiescence have also been shown for the precursors of NSCs, which are generated from RG 

during mid-fetal development and become reactivated in postnatal life (Fuentealba et al., 

2015; Furutachi et al., 2015). In the postnatal and adult V-SVZ, the majority of reactivated 

cells become consumed generating progeny. Interestingly, a subpopulation can 

symmetrically self-renew for at least one to two additional rounds. A recent report in the 

hematopoietic system revealed that throughout life, adult label-retaining hematopoietic stem 

cells asynchronously undergo four rounds of symmetric amplification (Bernitz et al., 2016). 

It will be interesting to determine whether there is a limit to the number of times V-SVZ 

NSCs can self-renew symmetrically. We also do not know whether newly generated NSCs 

after symmetric divisions, although competent to generate neurons weeks or months after 

their generation, are exactly equivalent to the mother NSC.

In contrast to our data, it has recently been proposed that V-SVZ NSCs undergo rapid rounds 

of asymmetric cell divisions within three to five weeks before becoming consumed 

(Calzolari et al., 2015). This study used Glast::CreERT mice crossed with the confetti 
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reporter and over time observed a progressive increase in the sizes of OB clones. However, it 

is unknown whether multiple generation of OB neurons are due to asymmetric NSC 

divisions or symmetric NSC self-renewal and sporadic reactivation of the sister cells. It is 

also possible that detection of three confetti colors is not sufficient for clonal analysis in the 

OB. Putative clones containing both, deep and superficial granule neurons (Calzolari et al., 

2015) are in sharp contrast to the regional specification that exists in the V-SVZ (Merkle et 

al., 2007). Retroviral barcode lineage tracing has shown that deep and superficial granule 

neurons are derived from distinct progenitors specified very early in embryonic development 

(Fuentealba et al., 2015). Nevertheless, it is possible that multiple adult NSC populations co-

exist. Although GLAST and GFAP (current study) are largely co-expressed by NSCs 

(Beckervordersandforth et al., 2010; Codega et al., 2014; Platel et al., 2009), we cannot 

exclude that the different Cre-drivers label different NSC populations or that V-SVZ NSCs 

may modify their mode of division under certain conditions, as it has been suggested for 

hippocampal NSCs (Bonaguidi et al., 2012; DeCarolis et al., 2013). However, while 

hippocampal NSCs share astrocytic properties with V-SVZ NSCs, they are not found next to 

the LV but form a displaced germinal matrix next to the dentate gyrus where they generate 

excitatory granule neurons. In contrast to what we describe here for the V-SVZ, long-term 

lineage tracings suggest that the majority of hippocampal NSCs divide asymmetrically 

(Bonaguidi et al., 2011; Encinas et al., 2011). Interestingly, a small fraction of hippocampal 

NSCs were found in pairs, suggesting some level of symmetric self-renewal (Bonaguidi et 

al., 2011) although it remains unknown whether these cells can function as long-term 

progenitors of new neurons. In contrast, by following the clones derived from V-SVZ NSCs 

within the first few days of labeling we find little evidence for asymmetric self-renewal, 

while a small number of mixed clusters appeared with longer survivals.

That V-SVZ NSCs, despite their complex morphology, self-renew symmetrically was also 

confirmed by time-lapse imaging of V-SVZ explants. The majority of self-renewing NSCs 

maintained their basal process as they underwent cytokinesis, similar to RG (Noctor et al., 

2004). The period of time we were able to keep the V-SVZ ex vivo (four days) did not allow 

us to observe the initiation of C cell lineages from NSCs. The C cell lineages we observed 

ex vivo were possibly initiated from NSCs at an earlier time-point in vivo, prior to 

dissection. Our time-lapse recordings were performed on V-SVZ explants from P21-P35 

mice as tissue from older mice (P60) showed decreased cell viability after about one day in 

culture. We cannot exclude that the mode(s) of division would change depending on age. 

However, in vivo lineage tracings using CreERT2 combined with BrdU at different ages (P21, 

P60, and P180) revealed similar findings. Activated NSCs in vivo up-regulate Nestin and 

Ascl1 (Codega et al., 2014; Pastrana et al., 2009) (Fig. S2A). However, none of the recorded 

NSCs expressed Ascl1::GFP (in hGFAP::CreERT2;Ai14;Ascl1::GFP mice; not shown) or 

were Ascl1+ in post-imaging immunostaining (Fig. 4E). It is possible that factors in the CSF 

(Lehtinen et al., 2011; Zappaterra et al., 2007) and/or factors from the vasculature (Kokovay 

et al., 2010; Ramírez-Castillejo et al., 2006; Shen et al., 2004) as well as the CSF flow 

(Sawamoto et al., 2006) are not present in our ex vivo preparations but essential for lineage 

initiation. Single cell sequencing recently suggested that activated NSCs could be subdivided 

into self-renewing NSCs and NSCs primed for differentiation. These distinct molecular 

states are associated with the loss of astrocytic genes and mediators of self-renewal and 

Obernier et al. Page 10

Cell Stem Cell. Author manuscript; available in PMC 2019 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



acquisition of pro-neural genes (Dulken et al., 2017). Interestingly, a small subpopulation of 

NSCs retracted their basal process during imaging, which may indicate early conversion into 

C cells. We also found evidences of retraction of the basal process in vivo (Fig. S5C′). NSCs 

that lose their basal process may be primed to generate progeny later. This process retraction 

may be part of the activation process and together with the formation of lineages of C cells 

may take more than four days, requiring longer imaging periods. In vivo live imaging may 

help clarify the cellular dynamics associated with lineage progression and reveal whether 

rare asymmetric divisions occur.

Symmetric stem cell divisions have been observed in other tissues, e.g. during early 

development in C. elegans germ cells (Kimble and White, 1981), the adult mouse epidermis 

(Rompolas et al., 2016), mammalian embryonic and adult hematopoietic stem cells (Bernitz 

et al., 2016; Kimble and White, 1981; Morrison et al., 1995), the intestinal 

epithelium(Snippert et al., 2010), and as a mechanism for the amplification and tangential 

expansion of early chicken neuroepithelial cells (Gray and Sanes, 1992). In contrast to 

symmetric divisions, were self-renewal and differentiation are decoupled, asymmetric 

divisions result in fixed ratios of differentiation and self-renewal, incapable of replenishing 

the stem cell pool upon injury. The number of divisions required to maintain the stem cell 

pool for extended periods is lower using population asymmetry compared to asymmetric cell 

division, possibly lowering replicative aging and somatic mutations (Hormoz, 2013; 

Shahriyari and Komarova, 2013). Symmetrically self-renewing divisions in the V-SVZ may 

offer dynamic control over the numbers of NSCs, as it has been suggested for other tissues 

(Morrison and Kimble, 2006).

B1 cells generate B2 cells

While the above show that V-SVZ NSCs self-renew symmetrically, we do not know whether 

secondary NSCs are exactly equivalent to the mother NSC. Interestingly, our study revealed 

that a subpopulation of self-renewing B1 cells loses the apical contact and generates non-

apical B2 cells. The lack of specific markers to label and lineage trace B2 cells currently 

hampers experimental approaches to determine B2 cell function. A subpopulation of B2 

LRCs cells had dark cytoplasm under EM (not shown), indicating high densities of free 

ribosomes recently associated with the transition from quiescent to activated NSCs (Dulken 

et al., 2017; Llorens-Bobadilla et al., 2015). Our data indicate that while the number of B1 

cells sharply declines with age, the decline in neurogenesis is less pronounced. This could be 

explained by age-related changes in proliferation of C or A cells resulting in larger clones, or 

decrease in cell death. However, while the discrepancy in levels of neurogenesis and B1 cell 

number is already pronounced by P60, cell death of OB neurons in the GCL is similar from 

P10 to P60 (Fiske and Brunjes, 2001). We also found no difference in clone size three days 

after RCAS injection at P21 or P60 (3.1 +/− 1.6 versus 3.4 +/− 0.2 GFP+ cells/C cell cluster, 

respectively; and data not shown), suggesting that cell cycle length of C cells may not be 

affected by the age of the mouse. Another possible explanation is that B2 cells serve as a 

reserve population of NSCs as B1 cells are depleted.

If we assume that B2 cells are a reservoir of adult NSCs and use differential equations to 

predict how these cells would behave to maintain the levels of neurogenesis observed in vivo 
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(assuming constant cell death and clonal size), we can derive the following predictions: 1) 

B2 would peak in size at approximately P50 (Fig. S4B upper graph); 2) B2 cells would need 

to have approximately equal probabilities of symmetric self-renewal and consumption; and 

3) B2 cells undergo one to two rounds of self-renewing divisions before becoming 

consumed (also see Methods). This is consistent with the pairs of B2 cells observed in our 

long-term RCAS experiments. Similar to non-apical label-retaining B2 cells, the recently 

identified outer RG also lose apical contact with the ventricle (Florio and Huttner, 2014; 

Hansen et al., 2010). Outer RG have been mainly described in the development of large 

brains, likely as a mechanism to expand populations of neurons. Our quantification and 

modeling estimates that over the life of a mouse, the V-SVZ produces approximately ten 

million neurons. This is more than twice the total number of neurons in the mouse cerebral 

cortex. B2 cells could be key to explain the very large numbers of new OB neurons produced 

in the V-SVZ throughout life. Testing this hypothesis will require methods to specifically 

lineage-trace B2 cells.

The progenitor dynamics shown here - with the vast majority of NSCs undergoing 

symmetric cell divisions - could support neurogenesis with a minimum number of self-

renewing divisions, which may protect the primary progenitor population from accumulating 

genetic defects. Unlike asymmetric stem cell self-renewal, the mechanism we propose here 

results in a gradual depletion of NSCs. This process seems to be carefully choreographed to 

propel neurogenesis, albeit at progressively lower levels, for the life span of a mouse. It is 

possible that similar mechanisms may limit neurogenesis to infancy in animals that, like 

humans, have very long life spans (Paredes et al., 2016; Sanai et al., 2011; Wang et al., 

2011).

STAR Methods

Contact for Reagent and Resource Sharing

Further information and requests for resources and reagents should be directed to and will be 

fulfilled by the Lead Contact, Arturo Alvarez-Buylla (alvarezbuyllaa@ucsf.edu)

Experimental Model and Subject Details

Mice—Mice were housed on a 12h day-night cycle with free access to water and food in a 

specific pathogen-free facility in social cages (up to 5 mice/cage) and treated according to 

the guidelines from the University of California, San Francisco, Institutional Animal Care 

and Use Committee (IACUC) and NIH. All mice used in this study were healthy and 

immuno-competent, and did not undergo previous procedures unrelated to the experiment. 

Approximately equal numbers of male and female mice were used per experiment.

The following mouse lines of the indicated genotypes were used: hGFAP::Tva+ mice 

(Tg(GFAP-TVA)5Hev/J) (Holland and Varmus, 1998); hGFAP::CreERT2+ mice (B6(C3)- 
Tg(GFAP-cre/ERT2)13Kdmc/Mmmh), MMRC (016992-MU) (Casper et al., 2007); 

FucciS/G2/M+ mice (B6.Cg-Tg(FucciS/G2/M)#504Bsi) RIKEN BRC (RBC02706) 

(Sakaue-Sawano et al., 2008); Ascl1::GFP+ mice (Tg(Ascl1-EGFP)AU176Gsat) (Gong et 

al., 2003); Nestin::CreERT2+ mice were obtained by crossing B6.Cg-Tg(Nes-cre/
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ERT2)Keisc(Lagace et al., 2007) with CD-1 WT mice; Ai14+/+ or Ai14+/− mice (B6.Cg-
Gt(ROSA)26Sortm14(CAG-tdTomato)Hze/J), The Jackson Laboratory (007914) (Madisen 

et al., 2010); hGFAP::GFP (FVB/N-Tg(GFAPGFP)14Mes/J, The Jackson Laboratory 

(003257) (Zhuo et al., 1997); Confetti+/WT mice (Gt(ROSA)26Sortm1(CAG-

Brainbow2.1)Cle/J, The Jackson Laboratory (013731) (Snippert et al., 2010).

Method Details

Tissue Handling

V-SVZ Whole-mount Dissections: For whole-mount dissections mice were anesthetized 

with 2.5% Avertin (i.p.) and sacrificed by cervical dislocation. Brains were extracted and the 

walls of the LV dissected out from the caudal aspect of the telencephalon, hippocampus, and 

septum (Mirzadeh et al., 2008). After overnight fixation in 4% PFA, whole-mounts were 

processed for immunohistochemistry.

Perfusion and sectioning: Mice were anesthetized with 2.5% Avertin (i.p.) and 

transcardially perfused first with saline and then 4% PFA. Brains were removed and fixed 

overnight in 4% PFA at 4°C. After cryoprotection in 30% sucrose, fixed tissue was cut on a 

sliding microtome (Leica SM 2010R) into 50 μm coronal sections and processed as floating 

sections for immunohistochemistry.

Immunohistochemistry: Whole-mounts were incubated in primary and secondary 

antibodies in PBS with 2% TX-100 and 10% normal goat serum for 48h at 4°C. For s 

amples processed for BrdU unmasking, incubations with primary and secondary antibodies 

were performed first, followed by fixation in 4% PFA at room temperature for 10 minutes. 

Tissue was then incubated in 2N HCl at 37°C for 40 minutes, followe d by treatment with 

0.1M boric acid for 20 minutes at RT prior incubation with anti-BrdU antibodies and 

corresponding secondary antibodies for 48h at 4°C each (Ponti et al., 2013). Coronal 

sections were processed according the same protocols but with shorter antibody incubation 

times (primary antibodies: overnight at 4°C; secondary an tibodies: 90 minutes at room 

temperature). Primary antibodies used were rabbit anti-dsRed (Clontech), chicken anti-

GFAP (Abcam), rabbit anti-GFAP (DAKO), mouse anti-GFAP (Millipore), mouse anti-

Ascl1 (BD Biosciences), chicken anti-GFP (Aves Lab), guinea pig anti-Doublecortin 

(Millipore), rabbit anti-BrdU (Abcam), mouse anti-NeuN (Millipore), rabbit anti-gamma-

Tubulin (Sigma-Aldrich), mouse anti-beta-Catenin (BD Biosciences), rabbit anti-Ki67 

(Novocastra), rat anti-VCAM-1 (BD Pharmingen), rabbit anti-cleaved Caspase-3 (Cell 

Signaling). Secondary antibodies were conjugated to AlexaFluor dyes (Invitrogen/Molecular 

Probes). Confocal z-stack images were taken on a Leica SP5 or SP8 white light laser 

scanning confocal microscope.

Identification of labeled V-SVZ cells—The identity of GFP or tdT labeled cells was 

determined based on marker expression (NSCs: GFAP+; C cells: Ascl1+; neuroblasts: DCX

+) and/or morphology. NSCs were identified by their long basal process. C cells were 

morphologically identified by their bigger, more globular cell body compared to NSCs, and 

absence of a basal process. Cells with a small cell body and a leading edge were classified as 

neuroblasts. We refer to C cell clones as isolated events of labeled cells that contain one 
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(RCAS) or more C cells. Neuroblasts are highly migratory (Wichterle et al., 1997) and we 

only included those that were tightly associated with labeled clusters in our clonal analysis; 

neuroblasts that had moved away from clusters were not included as their clonal relationship 

to cells in clusters is unknown. We define a symmetric division as a division that gives rise 

to daughter cells of the same cell fate analyzed by morphology and/or marker expression 

(Noctor et al., 2004). As retroviral labeling only results in labeling of one of the two 

daughter cells, in our RCAS experiments we refer to single GFP+ NSCs as secondary NSCs 

(daughter cells), indicating self-renewal. A summary of labeled events can be found in Tabs. 

S2-S4.

Tamoxifen and BrdU Administration—Tamoxifen (Tx) was prepared at 20 mg/ml in 

corn oil and administered via oral gavage. BrdU was dissolved in water at 1 mg/ml and 

administered in the drinking water.

Recombination in Embryonic Radial Glia: Three month-old, timed-pregnant 

Nestin::CreERT2;Ai14 or Nestin::CreERT2;confetti females received a single dose of Tx 

(1.67-16.7 mg/Kg BW) via oral gavage at embryonic day 17.5 (E17.5). The morning of the 

plug was considered E0.5.

Recombination and BrdU-labeling of V-SVZ NSCs: Juvenile P21-P30, adult P60, or aged 

P180 hGFAP::CreERT2;Ai14 mice received a single dose of Tx (6.66 mg/Kg BW) and BrdU 

was administered in the drinking water (1 mg/ml) for three days; whole-mounts of the V-

SVZ were prepared at the end of the BrdU treatment. In a separate experiment we further 

lowered Tx concentration (1.67- 3.33 mg/Kg BW) administered at P21 and mice were 

sacrificed after one, three, or seven days of BrdU treatment. One day after labeling, most tdT

+ cells were ependymal cells and NSCs, and we never observed tdT+BrdU+ ependymal cells 

(Spassky et al., 2005). On average, one whole-mount contained less than one tdT+BrdU+ C 

cell cluster (Fig. S2K & Tab. S4). We also found single isolated tdT+BrdU+ NSCs at all 

time-points (~7% of all tdT+ NSCs; Tabs. S3+S4 and data not shown). These cells likely 

correspond to the growth fraction of NSCs (Ponti et al., 2013).

Lineage Tracing of OB interneurons: P21 hGFAP::CreERT2;Ai14 mice received BrdU (1 

mg/ml) in the drinking water for one week followed by one dose of Tx (166.7 mg/Kg BW) 

per day for five consecutive days at different time-points (0-16 weeks after BrdU; see 

experimental outline Fig. 7H). Mice were sacrificed four weeks after the last Tx 

administration, perfused, and sections of the OBs were analyzed of BrdU+tdT+ labeled 

NeuN+ neurons. As a control, brains of mice that did not receive Tx administration were 

analyzed. The levels of recombination in the absence of Tx was ~180-fold lower than upon 

Tx injection: while the OB of mice that had received Tx four weeks prior analysis contained 

1452 +/− 204 tdT+ cells/mm2, the age-matched control group without Tx only contained 8 

+/− 3 tdT+ cells/mm2. Moreover, the density of double-labeled cells with a 16 weeks 

interval was still 4.4-fold higher than in control mice without Tx.

BrdU Birth-dating of OB Interneurons: hGFAP::GFP mice or hGFAP::CreERT2;Ai14 
mice received BrdU in their drinking water for one week at various ages (P21, P49, P77, 

P105, P116, P180, P360) and the granule cell layer (GCL) of the OB was analyzed in 
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coronal sections for BrdU+ neurons after four weeks. The densities we described here for 

newborn neurons generated over time are likely not affected by changes in the volume of the 

GCL as this has been shown to remain relatively constant over the period of one year 

(Petreanu and Alvarez-Buylla, 2002).

RCAS Retrovirus—Replication-incompetent avian RCAS-GFP retrovirus was prepared 

using chicken embryonic fibroblasts DF-1 cells (ATCC) as packaging cells. Cells were 

grown in DMEM with 10% FBS, 1% Penicillin/Streptomycin at 37°C an d 5% CO2. 6-well 

culture dishes with 80% confluency of DF-1 cells were transfected with 1 μg of RCAS-GFP 

plasmid DNA (Chen et al., 1999) using FuGene (Roche). Supernatant was harvested after at 

least three passages with increasing culture volume, centrifuged for 15 minutes at 13Krpm, 

and filtered through a 0.45 um filter. Viral solution was then centrifuged in a Beckman 

ultracentrifuge at 50,000 g at 4°C for 90 m inutes. Viral pellets were resuspended in PBS, 

aliquoted, and stored at −80°C. Viral titer was determined using serial 2-fold dilutions of the 

viral stock with quantification of GFP+ labeled DF-1 cells by FACS.

Retroviral Labeling of V-SVZ NSCs: Postnatal (P21-P30) or adult (P60-P120) 

hGFAP::Tva mice were stereotaxically injected with 1 μl RCAS-GFP retrovirus (1.7 × 108 

viral particles/ml) unilaterally into the LV using the following coordinates relative to 

bregma: 0.2 anterior, 0.8 lateral, 2.25 ventral. For clonal analysis, animals were sacrificed at 

the time-points indicated in the text and whole-mounts were prepared for 

immunohistochemical analysis.

Retroviral Lineage Tracing of OB Interneurons: Four, eight, or 12 weeks after 

intraventricular RCAS delivery hGFAP::Tva mice received BrdU in their drinking water for 

one week (1 mg/ml). Alternatively, hGFAP::Tva;hGFAP::CreERT2;Ai14 mice received one 

dose of Tx (166.7 mg/Kg BW) per day for five consecutive days four weeks after viral 

labeling. Mice were perfused four weeks after the last labeling and forebrains were cut into 

coronal sections and processed for immunohistochemistry.

Organotypic whole-mount-sliver preparation—For thin sliver preparations of whole-

mounts from P21-P35 old hGFAP::CreERT2;Ai14, or hGFAP::CreERT2;Ai14;Fucci-S/G2/M, 

or hGFAP::CreERT2;Ai14;Ascl1::GFP mice (not shown), brains were dissected in 37°C 

Leibovitz med ium. After revealing the en-face view of the lateral wall, thin slivers 

containing the V-SVZ were dissected with a micro stab knife away from the underlying 

striatum and transferred onto hydrophilic PTFE cell culture inserts (Millipore) with the 

apical surface of the V-SVZ facing down. Inserts were either placed into 6-well plates 

(culture experiments) or 6-well plates with custom-made glass imaging windows (MatTek 

Corporation) (time-lapse imaging). Plates contained custom-made phenol-red free medium 

with 25% Hanks BSS, 5% FBS, 1% N-2 supplement, 1% Pen/Strep, 1% L-Glutamine, and 

2% Glucose (Hansen et al., 2010). To assess ex vivo effects on proliferation, explants were 

kept in 37°C incubators under hypoxic conditions (8% O2) or normoxic conditions and were 

fixed and stained for Ki67. Whereas both conditions resulted in a decrease of proliferating 

cells at DIV4, culturing under hypoxic conditions maintained higher levels of Ki67+ cells 

than normoxic conditions (Fig. S3A′). Explants from adult (P60) mice showed reduced 
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tissue viability within one day of culturing, therefore ex vivo cultures were performed with 

explants from postnatal (P21-P35) mice.

Time-lapse microscopy—Postnatal (P21-P35) hGFAP::CreERT2;Ai14, or 

hGFAP::CreERT2;Ai14;Fucci-S/G2/M or hGFAP::CreERT2;Ai14;Ascl1::GFP mice (not 

shown) received one injection of Tx (6.66-16.66 mg/KG BW) to induce recombination of 

the Ai14 locus in GFAP expressing cells (note: in contrast to our sparse clonal labeling 

paradigm, the direct observation of cells allowed a much higher density of tdT+ cells to 

increase the probability to observe dividing NSCs). Fucci-S/G2/M allowed visualization of 

nuclei of cells in S, G2, or M phase as azami-green+. Two days after Tx administration, 

explants were prepared as thin slivers of whole-mount preparations and cultured under 

hypoxic conditions in imaging plates for at least 2 hours to allow tissue to equilibrate. Plates 

were transferred into a Ludin chamber (37°C, hypoxic O2 concentrations 5%) mounted onto 

an inverted Leica SP5 or SP8 white-light laser confocal scanning microscope. To minimize 

phototoxicity and photobleaching minimal laser power, optimum excitations and detection 

with high sensitivity HyD detectors, and high-speed scanning (700Hz for SP5; 8000Hz for 

SP8 equipped with resonant scanner) were used. Z-stack Images were taken every 20-35 

minutes over a time period of 3-4 days. Every 8-12h z positions were readjusted to 

compensate for tissue movements and allow data storage. Under these conditions, we 

observed very rare events of tdT+ cells undergoing cell death. Consistent with our 

assessment of proliferation (Ki67+) under culture conditions, live-imaging of postnatal 

explants from Fucci-S/G1/M mice showed constant levels of proliferation (density of Fucci+ 

cells/field/time-point) for four days (see Fig. S3D). During imaging, tdT+ NSCs were 

identified by the presence of their characteristic basal processes. In some experiments, mice 

received i.v. injections of fluorophore (DyLight 488)-conjugated tomato Lectin (from 

Lycopersicon esculentum) prior whole-mount dissection to label blood vessels, allowing us 

to study the interaction of NSCs basal process with the vasculature. C cells were identified 

by morphology (absence of the basal process, larger globular cell body, non-migratory 

behavior). For some experiment, the identity of C cells was confirmed using Ascl1::GFP 
mice (data not shown). At the end of the recording period, explants were processed for 

immunohistochemistry. Imaging files from individual acquisitions we compiled and 

analyzed using Imaris Image Analysis software (v7.6-8.2, Bitplane).

Electron microscopy and Autoradiography—Postnatal P21 or adult P60 

hGFAP::GFP mice received two i.p. injections of 3H-thymidine (1.67 μl/g body weight, 

specific activity 5Ci/mmol; Perkin Elmer, USA) 12h apart for seven days (n= 4 and 3 mice, 

respectively). Mice were perfused with 2% PFA-2.5% glutaraldehyde four weeks after the 

last injection. Brains were removed, postfixed in the same fixative overnight, rinsed in 0.1 M 

PB, and cut into 200 μm sections using the vibratome. Sections were postfixed in 2% 

osmium, dehydrated, and embedded in Araldite (Durcupan, Fluka). Semithin sections (1.5 

μm) were cut with a diamond knife. Subsequently, V-SVZ semithin sections were dipped in 

autoradiography emulsion (Carestream Autoradiography Emulsion, Type NTB), dried in the 

dark, and stored at 4°C for four weeks (Doetsch et al., 1997). Autoradiography was 

developed using standard methods and counterstained with 1% toluidine blue. 3H-

Thymidine labeled nuclei in the V-SVZ were identified in semithin sections. In order to 
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consider a cell labeled, five or more autoradiography grains needed to be present over the 

nucleus. The nucleus also had to be labeled in at least three consecutive serial sections. 

Consecutive sections showing labeled cells were selected under a light microscope (Nikon, 

Eclipse), re-embedded, and ultrathin-sectioned (70nm) for TEM analysis (Tecnai Spirit G2, 

FEI, Oregon).

Immunogold staining: For GFAP pre-embedding immunogold staining, mice were 

perfused with 4% PFA-0.5% glutaraldehyde, in PB 0.1M. Brains were removed and post-

fixed with 4% PFA overnight. 50 μm floating sections were incubated with antibodies 

against GFAP (1:250, Dako, Z0334) for 72h at 4°C. 0.8 nm colloidal gold ultrasmall 

secondary antibodies were used and the size of gold particles were increased with the Silver 

Enhancement kit (Aurion, EMS). Sections were contrasted with 1% osmium and embedded 

in Durcupan. Semithin sections were prepared, selected at the light microscope level and cut 

into 70 nm ultrathin sections.

Mathematical modeling—We incorporated data and inferred lineage relationships to 

develop a simple mathematical model of the population dynamics of the B1, B2, C, and A 

cells. The model consists of a set of coupled ordinary differentiation equations. Model 

parameters (including cell division frequency for B1 and C cells) were determined through 

experimental measurements when possible (see below and (Ponti et al., 2013)). Equations 

were solved analytically and simulated using NDsolve in mathematica (Wolfram 

Mathematica). Differentiation and self-renewal propensities of the B1 and B2 cell 

populations were determined by numerical minimization of model error calculated as 

normalized discrepancy between model simulation and experimental data at indicated time-

points.

B1 model: We constructed a model to study the impact of measured differentiation/self-

renewal rates on the B1 population size and rates of neurogenesis. Our model accounts for 

the modes of division observed experimentally (symmetric self-renewal and consumption). 

We take n to be the probability of a B1 cell entering a division cycle in a 24 h period, and we 

assign each class of division modes observed experimentally a probability (ps symmetric 

self-renewal; pc consumption). By modeling the stoichiometry of each division mode, we 

can generate population level rates for each class of event where k1 and k2 are the rates of 

symmetric self-renewal and symmetric consumption of B1 cells, respectively, and

so that the rates have a unit of time−1. tau in the duration of a cell division is in units of 

hours (here 17 h based on (Ponti et al., 2013)).

In this first order model, B1 cells are converted directly into C0 cells (first generation of C 

cells) through consuming divisions. These C0 cells then undergo a series of additional 

divisions before generating neuroblasts, that in turn divide once or twice; each lineage 

branch generates ~16-32 neuroblasts (Ponti et al., 2013). We also fix the rate of C cell 

divisions, k4.
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dB1/dt = − (k1 + k2) B1 + 2 k1 B1,

dC0/dt = 2 k2 B1 − k4 C0,

dC1/dt = 2 k4 C0 − k4 C1,

dC2/dt = 2 k4 C1 − k4 C2,

dC3/dt = 2 k4 C2 − k4 C3,

dA/dt = 2 k4 C3

Parameter values:

n = 0.06;

tau = 17.5/24;

pc = 0.7

ps = 1 − pc;

k2 = n*(pc)/tau;

k1 = n*(ps)/tau;

k4 = 0.95; (Rate of C cell divisions)

In this model, B1 cell population dynamics have a simple analytical solution. We have:

This linear differential equation can be solved for B1(t):

(Equation 1)

Quantitatively, based on measurements, we fix tau= 17.5 hours and n = 0.06. In the model, 

the decay rate of the B1 cell population depends only upon ps-pc (see Equation 1), the 

difference between the probability of B1 self-renewal and the probability of consuming 

division. By fitting the experimental data to an exponential decay we can therefore bound 

this difference. Note that the asymmetric division probability drops out of this expression, as 

asymmetric events do not change the net size of the cell population.

The fit to experimental data bounds pc-ps = 0.4. We now use the additional experimental 

measurements that the asymmetric division probability is 0. With this data, we can also set 

pc+ps = 1. Thus, we find ps = 0.3 (symmetric self-renewal) and pc = 0.7 (consumption). 

These values are in close agreement with measured probabilities of consumption and self-

renewal in vivo.
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The model predicts a high rate of B1 cell consumption, and similarly the experimental data 

indicates a rapid decay in B1 population size. Using the above expressions, we can estimate 

the time scale for B1 population exhaustion as the day when the population size falls below 

one cell as ~P300. Statistical analysis of this model shows 70% of cells differentiate without 

undergoing a self-renewing division leading to rapid population decline.

In the B1 base model, neurogenesis rates are directly proportional to B1 population size 

(amplification factor of 32 (generation of neuroblasts/lineage)), so that in this model 

neurogenesis and B1 population size experience proportional declines. However, this is 

inconsistent with the difference observed experimentally between the decline in 

neurogenesis and the numbers of B1 cells from P21 to P100 (Fig. 6D).

B2 model: We defined a simple extension of the B1 model to incorporate B2 cells as a 

second population of primary progenitors. We introduce B2 cells into the model as being 

generated from B1 cells, which is consistent with our analysis of apical B1 and non-apical 

B2 GFP+ secondary cells (RCAS; Figs. 6A-D and S5B). In the model, B1 cells generate a 

B2 cell as well as a B1 cell. We then introduce parameters for B2 cell self-renewal rate 

(psb2) and differentiation rate (pcb2). We fit these parameters to the neurogenesis data while 

keeping all other parameters fixed and found psb2 = .034 and prb2 = .038, predicting equal 

rates of self-renewal and differentiation in the model.

dB1/dt = −(k1 + k2) B1 + k1 B1,

dB2/dt = 2 psb2 B2 + k1 B1 − pcb2 B2 − psb2 B2,

dC0/dt = 2 k2 B1 − k4 C0 + 2 pcb2 B2,

dC1/dt = 2 k4 C0 − k4 C1,

dC2/dt = 2 k4 C1 − k4 C2,

dC3/dt = 2 k4 C2 − k4 C3,

dA/dt = 2 k4 C3

B2 cell Parameters:

psb2 = .034;

pcb2 = .0378;

With these parameters B2 cells experience equal probabilities of differentiation and self-

renewal and on average undergo one to two rounds of self-renewal prior to differentiation 

(50% undergo a single round and 25% two rounds). The process of B1 and B2 cell 

differentiation are a single step escape processes and so have an exponential waiting time 

distribution. The implications of this distribution are that there will be a wide range of 

division and differentiation statistics experiences by cells. For example, if 6% of cells divide 

each day, then cells on average divide every 16 days. However, the exponential statistics 

imply that 10% of cells will wait 30 days to divide. With nearly equal probability of self-

renewal and differentiation, many B2 cells will undergo more than one cycle of division 

prior to differentiation so that the average time to differentiation is 35 days. Further, given 
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similar rates of consumption and self-renewal for B2 cells, the population undergoes a slow 

decay as a function of time, following the initial burst of B2 cell production from B1 cells.

Note: In numerical simulations of the B1 and B2 models, initial conditions for the model are 

set to generate 27000 B1 cells at P21, to be consistent with measured B1 cell population size 

at this time point.

Division frequency of NSCs: To estimate the division frequency of NSCs, we calculated the 

ratios of tdT+BrdU+ events (clones +B pairs) to tdT+ (BrdU negative) NSCs in our CreERT-

mediated lineage tracing. In hGFAP::CreERT2;Ai14 mice this ratio was 0.058 +/− 0.026 and 

0.067 +/− 0.018 at P21 and P60, respectively, indicating that at both ages ~6-7% of labeled 

NSCs had generated progeny. This is similar to a 8.6% growth fraction recently estimated on 

a population level at P60. As the mathematical model requires a division frequency of B1 

cells of ≥ 4%, we used n= 0.06 in our modeling described above.

Quantification and Statistical Analysis

Quantifications throughout the manuscript are represented as mean +/− SD (standard 

deviation). Statistical significance was defined as * p ≤ 0.05, ** p < 0.01, *** p < 0.001, 

**** p < 0.0001. One-way ANOVA with Tukey’s multiple comparisons (Prism GraphPad 

software) was used to determine statistical significance of multiple comparisons; student’s t-

test (Excel) was used for pair-wise comparisons between two groups.

Clonal analysis in V-SVZ Whole-mounts—To quantify the numbers of clonal events in 

the V-SVZ after RCAS retroviral labeling or Cre recombination, a) tile-scans encompassing 

the entire whole-mount were acquired using a Leica SP8 white light laser scanning confocal 

microscope and clonal events were manually counted using Imaris Image Analysis software 

(v7.6-7.8, Bitplane), or b) clonal events were counted live under a Leica SP5 or SP8 white 

light laser scanning confocal microscope. For RCAS injections, the V-SVZ ipsi-lateral to the 

injection side was quantified. In rare cases, the contra-lateral hemisphere contained GFP+ 

events and was included in the analysis (indicated with ‘c’ in Tab. S2; 4/32 whole-mounts 

from n=28 mice at all time-points). As the labeling efficiency with RCAS was greater than 

in Tx/BrdU treated mice and virus injection could potentially result in more focal labeling, 

we analyzed clonality of GFP+ labeled cells by distance measurement. For this, using a 

Leica SP8 white light laser scanning confocal microscope we acquired tile-scans of z-stacks 

encompassing the entire V-SVZ whole-mount on d2-d3 after RCAS injection (n=11 mice). 

The surface area of whole-mounts (5.6 +/− 0.4 mm2) was measured and GFP+ C cell 

clusters and NSCs were mapped using Neurolucida software (MBF Bioscience) (Fig. S1B). 

Tracings were used for distance measurements between GFP+ events and their nearest GFP+ 

(using Neurolucida Explorer, MBF Bioscience). The distribution of measured distances 

between neighboring labeled events is shown in Fig. S1A, with an average distance of 465 

μm between events. All of the brains used in the Tx/BrdU labeling experiments had five or 

less double-labeled cell pairs or clusters per whole-mount. Quantifications of clonal events 

per time-point/experiment in the Result sections are reported as mean +/− SD. Data in Fig. 1 

B (cells/whole-mount) are represented as mean +/− SD.
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For quantification of cluster sizes (cells/cluster) confocal images from each clonal event 

were taken and analyzed in a 3D-view using Imaris Image Analysis software (v7.6-7.8, 

Bitplane). GFP+ clusters grew in size during the first five days and then decreased, 

represented in and Fig. 1C as mean +/− SD with p= 0.0413 d2 vs. d4 *; p < 0.0001 d2 vs. d5 

****; p= 0.054 d3 vs. d5 *; p= 0.0116 d5 vs. d7 *. Fig. S1D shows the size of individual 

clusters and its mean; statistical significance was determined using one-way ANOVA with 

Tukey’s multiple comparisons. The comparison of cluster size between tdT+BrdU+ and 

GFP+ (RCAS) events on d3 is shown in Fig. 3D and represented as mean +/− SD with p= 

0.005; statistical significance was determined applying two-tailed student’s t-test with equal 

variance. N represents the number of mice with n= 6, 9, 3, 3, 3, and 4 hGFAP::Tva mice for 

analysis on d2, d3, d4, d5, d6, and d7 after RCAS injection, respectively (Tab. S2), and n=8 

hGFAP::CreERT2;Ai14 mice on d3 after Tx/BrdU administration (Tab S3). In a separate set 

of experiment we used n= 3, 9, and 14 hGFAP::CreERT2;Ai14 mice on d1, d3, and d7 after 

Tx/BrdU administration, respectively (Tab. S4); n= 8 hGFAP::CreERT2;confetti mice were 

used for Tx and 3d BrdU administration at P21.

For embryonic lineage tracing n=5 and 3 Nestin::CreERT2;Ai14 mice were analyzed at P21 

or P60, respectively; n= 3 Nestin::CreERT2;confetti mice were analyzed at P21.

Double-labeled OB Interneurons—For analysis of total number of double-labeled 

RCAS-GFP+BrdU+ interneurons upon RCAS and BrdU sequential labeling with 4 weeks 

interval, tile-scans of serial sections of the OBs were acquired using a Leica SP8 white light 

laser scanning confocal microscope. GFP+ and BrdU+ interneurons (expressing NeuN) were 

counted in 3D using Imaris Image Analysis software (v7.6-7.8, Bitplane) (manual counts of 

cytoplasmatic RCAS; automated counts of nuclear BrdU+ and co-expression of both labels). 

Quantifications were blindly confirmed with manual counting using a fluorescence 

microscope (Olympus AX70, Olympus). Data in the Result section and in Tabs. S5&6 are 

expressed as mean +/− SD from n=6 hGFAP::Tva mice.

For analysis of the percentages or densities of double-labeled interneurons per OB upon 

sequential labeling with RCAS and BrdU or tdT, or BrdU and tdT, images were acquired 

with a Leica SP5 or SP8 white light laser scanning confocal microscope. Per experiment, 

labeled cells were counted in 3-4 images of 5-6 sections per OB/mouse either manually 

(cytoplasmatic tdT or RCAS) or automated (nuclear BrdU+ and co-expression of 

cytoplasmatic RCAS or tdT) in 3D with Imaris Image Analysis software (v7.6-7.8, 

Bitplane). Quantifications were confirmed by an independent experimenter as well as by 

manual counts on a fluorescent microscope (Olympus AX70) as an alternative approach. 

Data in Figs. 7C, G, I and S6C, E are represented as mean +/−SD. Statistical significance of 

the percentage of GFP+BrdU+/GFP+ neurons (Fig. 7C; p= 0.021*) was determined using 

two-tailed student’s t-test with equal variance. Statistical significances of the densities of 

BrdU+tdT+ neurons with a four week interval vs. eight, 12, or 16 weeks in Fig. 7I (4wk vs. 

8wk, p= 0.22, n.s.; 4wk vs. 12 wk, p= 0.022*; 4wk vs 16 wk, p= 0.05 *) and the percentages 

of BrdU+tdT+/BrdU+ neurons in Fig. S6E (4wk vs. 8wk, p= 0.04 *; 4wk vs. 12 wk, p= 

0.0004 ***; 4wk vs 16 wk, p= 0.004 **) were determined using one-tailed student’s t-test 

with equal variance. Sizes of experimental groups using sequential RCAS and BrdU or Tx 

labeling are: RCAS injection at P21 with four, eight, or 12 weeks chase before BrdU 
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administration, n= 6, 3 and 3 mice, respectively; RCAS injection at P60 with four weeks 

chase before BrdU administration, n=3 mice; RCAS injection at P21 followed by Tx four 

weeks later, n=3 mice. Sizes of experimental groups using sequential BrdU and Tx labeling 

are: BrdU only (no Tx; control), n= 4 mice; simultaneous administration of BrdU/Tx, n=4 

mice; administration of Tx directly after BrdU; n=3 mice; Tx administration two, four, eight, 

12, or 16 weeks after BrdU administration, n=4, 3, 5, 3 and 2 mice, respectively.

Birth dating of Interneurons—Upon BrdU administration at different ages, 3-4 images 

of 5-6 sections per OB were acquired with a Leica SP8 white light laser scanning confocal 

microscope. BrdU+ neurons were counted in 3D automated using Imaris Image Analysis 

software (v7.6-7.8, Bitplane). Data were expressed as densities (BrdU+ cells/mm2 GCL) and 

are represented in Fig. 5D as mean +/− SD with n= 7, 4, 3, 3, 9, 4, and 3 mice for groups 

with BrdU administration at P21, P49, P77, P105, P116, P180, or P360, respectively. 

Compared to P21, the densities of newborn neurons born at P77-P360 declined, with 

statistical significance determined using one-tailed student’s t-test with equal variance (P21 

vs P49, p= 0.24, n.s.; P21 vs. P77, p= 0.02 *; P21 vs. P105, p= 0.0015 **; P21 vs. P116, 

P180, or P360, p ≤ 0.0001 ***).

Apical Surface Analysis—For quantifications of apical surfaces of B1 cells across 

different ages, V-SVZ whole-mounts from P21, P60, P180 or P360 hGFAP::GFP mice (n= 

3, 6, 7, and 3 mice respectively) were immunostained for GFP, beta-Catenin and gamma-

Tubulin (Mirzadeh et al., 2008). Images (3-4 fields/region; 63x objective) of the apical 

surface of the anterior-ventral, anterior-dorsal, posterior-dorsal, and posterior-ventral region 

of lateral walls were acquired with Leica SP5 or SP8 white light laser scanning confocal 

microscope (Leica). The apical endings of B1 cells were manually counted using beta-

Catenin to demarcate of the cell membrane and gamma-Tubulin to indicate basal bodies with 

Imaris Image Analysis software (v7.6-7.8, Bitplane). Data in Figs. 5D and S4A,B are 

expressed as density of B1 cells/mm2 surface area at different time-points normalized to P21 

and represented as mean +/− SD.

For identifications of apical B1 and non-apical B2 cells labeled by RCAS-GFP, V-SVZ 

whole-mounts from hGFAP::tva mice were immunostained for GFP, beta-Catenin and 

gamma-Tubulin or GFAP or VCAM-1 three, 14, or 28 days after injection with RCAS-GFP 

at P21 (n= 5, 3, and 7 mice, respectively). Images of GFP+ cells were acquired with a Leica 

SP5 or SP8 white light laser scanning confocal microscope and analyzed in 3D with Imaris 

Image Analysis software (v7.6-7.8, Bitplane).

Cell Death—V-SVZ whole-mounts of n= 3 P60 hGFAP::GFP mice were stained for 

cleaved Capsase-3, Ascl1, GFP and DAPI. Per whole-mount 4-5 images were taken using a 

Leica SP8 white light laser scanning confocal microscope and cleaved Capase-3+ cells were 

counted in 3D with Imaris Image Analysis software (v7.6-7.8, Bitplane). On average, whole-

mounts contained 73 +/− 27 cleaved Caspsae-3+ cells and 1.4 +/− 2.5 GFAP::GFP+/cleaved 

Caspsae-3+ B cells (mean +/− SD).

Proliferating Cells ex vivo—Ki67+ cells in V-SVZ whole-mount preparations fixed 

immediately after dissection (dropfix) or after one, four, and five days in organotypic 
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cultures under hypoxic or five days under normoxic conditions were counted automated 

using Imaris Image Analysis software (v7.6-7.8, Bitplane) in 3-4 images/sample taken with 

Leica SP5 or SP8 white light laser scanning confocal microscopes from n= 4, 3, 5, 4, and 3 

mice, respectively. Data in Fig. S3A are normalized to the densities of Ki67+ in dropfix 

samples and represented as mean +/− SD; statistical significance of densities of Ki67+ cells 

in dropfix vs. DIVs was determined using two-tailed student’s t-test with equal variance (p= 

0.013*). Fucci+ cells were quantified at consecutive time-points of the same field over the 

course of up to four days of time-lapse imaging automated using Imaris Image Analysis 

software (v7.6-7.8, Bitplane). Data in Fig. S3D are represented as mean +/− SD from n= 20 

fields from n= 12 whole-mounts.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• V-SVZ neurogenesis is sustained by symmetric divisions of neural stem cells 

(NSCs)

• NSCs symmetrically self-renew and generate neurons later in life

• Symmetric consuming NSC divisions generate transient-amplifying cells

• With time, some self-renewed NSCs lose apical contact with the ventricle
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Figure 1. NSCs mostly generate C cells (see also Fig. S1 and Tabs. S1&S2)
(A) Experimental outline: Postnatal hGFAP::Tva mice received RCAS-GFP intraventricular, 

V-SVZ whole-mounts were prepared 2-7d later (note: only one of the two daughter cells 

upon division will carry the GFP label, see illustration). (B) After d4, the total number of 

GFP+ cells and GFP+ neuroblasts increases, the number of GFP+ C cells declines. (C) 

Cluster size increases until d4 (d2 vs. d4 p= 0.0413*; d2 vs. d5 p < 0.0001****), then 

declines (with; d3 vs. d5 p= 0.054*; d5 vs. d7 p= 0.0116*) (one-way ANOVA with Tukey’s 

multiple comparisons). (D-F) GFP+ clusters grow in size from d2-d4; the majority express 
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Ascl1. Scale bar: 20 μm; asterisks indicate blood vessels revealed by antibodies raised in 

mouse (Ascl1) used on unperfused tissue (whole-mounts). Data in (B,C) are represented as 

mean +/− SD.
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Figure 2. A subpopulation of NSCs self-renews (see also Tabs. S1&S2)
(A) Experimental outline for (B-D): Postnatal hGFAP::Tva mice received RCAS-GFP 

intraventricular, V-SVZ whole-mounts were prepared 2-7d later. (B-C) GFP+ secondary 

NSCs express GFAP (yellow arrowheads; C′-C″,D′-D″) and are Ascl1- (C‴, D‴). (D) A 

pair of (tertiary) GFAP+ NSCs on d5, suggesting a second self-renewing division. (E) 

Experimental outline for (F): Postnatal hGFAP::Tva mice received RCAS-GFP 

intraventricular, V-SVZ whole-mounts were prepared after 4 weeks. (F) A C cell cluster 

devoid of NSCs, indicating reactivation and consumption of a secondary NSC. Scale bars: 

20 μm; asterisks indicate blood vessels revealed by antibodies raised in mouse (Ascl1) used 

on unperfused tissue.
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Figure 3. NSCs divide symmetrically (see also Fig. S2 and Tabs. S1, S3, S4)
(A) Experimental outline for (B): Time-mated pregnant Nestin::CreERT2;confetti mice 

received one low dose of Tx at E17.5, V-SVZ whole-mounts of the offspring were prepared 

at P21. (B) A cluster of cRFP+Ascl1+ C cells devoid of NSCs. (C) Experimental outline for 

(D-L): at P21 (D, H-L), P60 (E) or P180 (F) hGFAP::CreERT2;Ai14 (D-G) or 

hGFAP::CreERT2;confetti+/WT (H-J) mice received one injection of Tx and 3d of BrdU 

(drinking water). (D) On d3 clusters of tdT+BrdU+ cells are ~2-fold bigger than RCAS-GFP

+ clusters (p= 0.005**; two-tailed student’s t-test with equal variance) (also see Fig. 1C). (D
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′) Number of tdT+ events after cell division (tdT+BrdU+ NSC pairs or C cell clusters)/

whole-mount in hGFAP::CreERT2;Ai14 mice after labeling at P21. (D″-F) Clusters of tdT

+BrdU+ cells devoid of NSCs after labeling at P21 (D″), P60 (E), or P180 (F), indicating 

symmetric consuming divisions (differentiation). (G) A tdT+ GFAP+ NSC differs in 

morphology and cell size compared to C cells. (H-J) hGFAP::CreERT2;confetti+/WT mice: 

clusters of C cells expressing cytoplasmic YFP (H) or RFP (J), or membrane-bound CFP (I), 

are Ascl1+BrdU+ and devoid of NSCs (YFP and CFP revealed by anti-GFP antibodies). (K-

L) Pairs of tdT+BrdU+ NSCs in hGFAP::CreERT2;Ai14 mice on d3, indicating symmetric 

self-renewal. Arrowheads in (K) denote the basal processes, arrows in (K′) the BrdU+ 

nucleus. Scale bars: 10 μm in (K′); all others 20 μm; asterisks indicate blood vessels 

revealed by antibodies raised in mouse used on unperfused tissue. Data in (D) are 

represented as mean +/− SD.
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Figure 4. NSCs undergo symmetric self-renewing divisions ex vivo (see also Fig. S3 and movies 
S1&S2)
(A) Experimental outline: Postnatal hGFAP::CreERT2;Ai14;FucciS/G2/M mice received one 

injection of Tx, whole-mount explants were prepared on d2 and tissue was imaged up to 4 

days before fixed for immunohistochemistry. (B) A tdT+ NSC with its basal process (white 

arrowhead at t=0:00 and throughout), becomes Fucci+ (azami-green+; t=11:40) while 

outgrowing a second, smaller process (white arrowhead). The basal process is maintained 

upon division (t=16:20), the daughter cell outgrowth a long process (white arrowhead) in 

parallel to the mother cells basal process (also see movie S1). (C) A tdT+ NSC with its basal 
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process (white arrowhead at t=0:00 and throughout), contacts other dividing (Fucci+) cells 

(green arrowhead in t=0:00), becomes Fucci+ (t=11:05) and outgrows two processes 

opposite of the basal process. After cell division (t=13:25; arrows) the mother cell maintains 

its basal process, the daughter cell outgrows a parallel process (t=25:40 and 31:40) (also see 

movie S1). Both cells are GFAP+ (C′&C″). (D) A NSC basal process shifts along blood 

vessels (BV; Lectin-Alexa488+; white arrowhead in D′), lateral processes contact and wrap 

around proliferating cells (green arrowhead in D″; gray scale image in D″; also see green 

arrowheads in C). (E) A dividing NSC harboring two long processes in opposite directions 

(white arrowheads in t=0:00) before division (t=25:00), generating two cells each inheriting 

one process. Both cells have NSC morphology and are Ascl1- (E′). Scale bars: 50 μm 

(B&C), 20 μm (C′, E&E″, D) and 10 μm (B′&C″). White arrowheads indicate basal 

processes; green arrowheads indicate contacts with proliferating (Fucci+) cells; o in (D) 

indicates a neighboring cell. Time (t) is in hh:mm. BV= blood vessel.
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Figure 5. B1 cells and neurogenesis decline at different rates (see also Fig. S4)
(A,B) Apical contacts of B1 cells in the anterior-ventral (AV) lateral wall, revealed by beta-

Catenin and gamma-Tubulin staining (A); pinwheel centers depicted in blue and in 2D 

tracings in (B). (C) Birth-dating of newborn (BrdU+) neurons (NeuN+) in the GC layer. 

Ages indicate time of BrdU administration. (D) Densities (cells/mm2) of B1 cells apical 

contacts (blue symbols) in different regions of the V-SVZ and newborn granule neurons (red 

square) at different ages normalized to P21. X-axis indicates ages when apical contacts (B1 

cells) were counted or BrdU was administered. Data are represented as mean +/− SD. Scale 

bar: 15 μm. GC granule cell.

Obernier et al. Page 35

Cell Stem Cell. Author manuscript; available in PMC 2019 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 6. A subpopulation of secondary NSC corresponds to non-apical B2 cells (also see to Fig. S5)
(A) Experimental outline for (B-D): Postnatal hGFAP::Tva mice received RCAS-GFP 

intraventricular, whole-mounts were prepared 3d, 2 weeks, or 4 weeks later. (B-D) 

Representative examples of secondary GFP+ cells at different time-points. (B) Secondary 

GFP+ B1 cells on d3 with apical contacts revealed by beta-Catenin and VCAM staining 

(yellow arrowheads). (C) Secondary GFP+ NSCs 2 weeks after injection with apical contact 

(B1 cells in C, yellow arrowheads) and without (in C′). Note: the non-apical GFP+ NSCs in 

C′ (white arrow) has typical NSC morphology (white arrowhead: long process; yellow 
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arrowhead: contact with BV) but is located beneath a layer of neuroblasts (see 3D image in 

second panel from top; apical surface revealed by beta-Catenin staining). (D) Secondary 

GFAP+GFP+ B1 cell 4 weeks after RCAS injection with apical contact (yellow arrowheads 

in D) or without (D′). (E) Experimental outline for (F-I): Postnatal hGFAP::GFP mice 

received two i.p. injections of 3H-thymidine/day for 7d. Semithin (autoradiography) or 

ultrathin (TEM) coronal sections were analyzed after 4 weeks. (F) Autoradiography of 

toluidine blue-stained semithin section of the V-SVZ showing a 3H-thymidine+ LRC 

(arrow). (G-I) Pseudo-colored serial TEM micrographs of the LRC shown in (F), 

characterized as B2 cell. The primary cilium is located at the basal side (not towards the LV; 

tangential section of the cilium in insert in G′), cytoplasmic expansions contact extracellular 

matrix (fractones; H and arrowheads in H′) and the basal lamina of a blood vessel (I, I′); 

intermediate filaments are shown in (I″, I‴). (J) Experimental outline for (K-N): Adult 

(P60) hGFAP::GFP mice received two i.p. injections of 3H-thymidine/day for 7d. Semithin 

(autoradiography) or ultrathin (TEM) coronal sections were analyzed after 4 weeks. (K) 

Autoradiography of a toluidine blue-stained semithin section of the V-SVZ showing a 3H-

thymidine+ LRCs (arrow). (L) Pseudo-colored TEM micrograph of the LRC shown in (K), 

characterized as B2 cell with typical astrocytic ultrastructure (L′). The 9+0 primary cilium 

(white arrowheads) and its daughter centriole (black arrowhead) of the LRC is at the basal 

side (not towards the LV) (M). (N) A GFAP immunogold (arrowheads) labeled B2 cell 

showing an expansion through the parenchyma. Scale bars: 20 μm (B-D); 10 μm (F-H, K), 5 

μm (L, N), 2 μm (G′, I′, L′), 1 μm (H′, N′), 500 nm (G″, I″, I‴, M).
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Figure 7. Self-renewing NSCs generate OB interneurons later in life (see also Fig. S6 and Tabs. 
S5&S6)
(A) Experimental outline for (B-E): Postnatal (P21) or adult (P60) hGFAP::Tva mice 

received RCAS-GFP intraventricular and BrdU (1 week drinking water) 4 weeks later. 

Forebrain and OB were analyzed in coronal sections after 4 additional weeks. (B) A GFP

+BrdU+ granule neuron upon viral injection at P21. (C) Percentages of GFP+BrdU+ OB 

interneurons born 4 weeks after viral injection (p= 0.021*; two-tailed student’s t-test with 

equal variance). (D,E) GFP+ neuroblasts in the core of the OB (D) and V-SVZ (E) upon 

viral injection at P21. (F) Experimental outline for (G): Postnatal hGFAP::Tva mice received 

Obernier et al. Page 38

Cell Stem Cell. Author manuscript; available in PMC 2019 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



RCAS-GFP intraventricular and BrdU (1 week drinking water) 4, 8, or 12 weeks later. 

Forebrain and OB were analyzed in coronal sections after 4 weeks. (G) Percentages of GFP

+BrdU+ OB interneurons born 4, 8, or 12 weeks after viral injection at P21. (H) 

Experimental outline for (I,J): Postnatal hGFAP::CreERT2:Ai14 mice received BrdU 

(drinking water) for 1 week (P21-P28) and one daily injection of Tx for 5 days at different 

ages: i) simultaneously with BrdU at P21 (sim), ii) directly after BrdU treatment at P28 

(0wk), or iii) 2, 4, 8, 12 or 16 weeks after BrdU treatment. Coronal sections of the OB were 

prepared 4 weeks after the last Tx injection. (I) Density of BrdU+tdT+ interneurons (4wk vs. 

8wk, p= 0.22, n.s.; 4wk vs. 12 wk, p= 0.022 *; 4wk vs 16 wk, p= 0.05 *; student’s t-test with 

equal variance). X-axis indicates interval between BrdU and Tx. (J) BrdU+tdT+NeuN+ 

interneurons born at least 4 weeks or 16 weeks (J′) after BrdU administration. Note that 

these cells are brightly labeled with BrdU. Data are represented in (C, G, I) as mean +/− SD. 

Scale bars: 20 μm (J); 15 m; (B, D); white arrows in (B) indicate GFP+BrdU+NeuN+ 

interneurons; white arrowheads in J indicate BrdU+tdT+NeuN+ interneurons; GC granule 

cell.
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