
Article

Quiescence Modulates Stem Cell Maintenance and

Regenerative Capacity in the Aging Brain
Graphical Abstract
Quie
sc

en
ce

 

Activation 

In
am

m
at

io
n 

N
on

 ca
no

ni
ca

l W
nt 

N
IC

H
ECXCL10

IFN

sFRP5

qNSC1

qNSC2

aNSC1

aNSC2

t t
YOUNG

OLD
Highlights
d Time-dependent stem cell depletion levels off in the old brain

via increased quiescence

d Age minimally changes the neural stem cell transcriptome

d Once-activated neural stem cells perform similar in the old

and young brain

d The old niche keeps stem cells quiescent via inflammation

and Wnt activity regulation
Kalamakis et al., 2019, Cell 176, 1–13
March 7, 2019 ª 2019 Elsevier Inc.
https://doi.org/10.1016/j.cell.2019.01.040
Authors

Georgios Kalamakis, Daniel Brüne,
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SUMMARY

The function of somatic stem cells declines with
age. Understanding the molecular underpinnings
of this decline is key to counteract age-related
disease. Here, we report a dramatic drop in the
neural stem cells (NSCs) number in the aging
murine brain. We find that this smaller stem cell
reservoir is protected from full depletion by an in-
crease in quiescence that makes old NSCs more
resistant to regenerate the injured brain. Once acti-
vated, however, young and old NSCs show similar
proliferation and differentiation capacity. Single-
cell transcriptomics of NSCs indicate that aging
changes NSCs minimally. In the aging brain,
niche-derived inflammatory signals and the Wnt
antagonist sFRP5 induce quiescence. Indeed, inter-
vention to neutralize them increases activation
of old NSCs during homeostasis and following
injury. Our study identifies quiescence as a key
feature of old NSCs imposed by the niche and
uncovers ways to activate NSCs to repair the aging
brain.
INTRODUCTION

In the adult murine brain, neural stem cells (NSCs) residing within

the ventricular-subventricular zone (V-SVZ) of the lateral ventri-

cles generate olfactory bulb (OB) interneurons required to fine-

tune odor discrimination throughout the life of the animal. Recent

studies have characterized the division mode and the transcrip-

tional programs underlying the different activation states of

NSCs in the young brain. Yet, whether this default program is

affected by age and how this potentially influences NSC function

is controversial. In the old brain, NSCs retain the ability to

generate the different subtypes of OB interneurons, albeit at

much lower numbers (Basak et al., 2018; Dulken et al., 2017;

Llorens-Bobadilla et al., 2015; Obernier et al., 2018; Shook

et al., 2012). Whereas some studies report a decreased prolifer-

ation of NSCs (Capilla-Gonzalez et al., 2014; Shi et al., 2018;

Silva-Vargas et al., 2016), others report no changes or even an

increase in proliferation (Ahlenius et al., 2009; Shook et al.,

2012). In the human brain, generation of new neurons is debated

(Kempermann et al., 2018). In the adult human brain, C14 birth

dating studies have revealed the existence of new neurons in

the striatum, and the V-SVZ NSCs are regarded as the source

of these striatal interneurons (Ernst et al., 2014).

The present study addresses the stem cell dynamicswithin the

V-SVZ throughout the life of the animal. Mathematical modeling
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is used to explore how time-dependent changes in key stem cell

features can explain the age-dependent decline of the NSCpool.

Profiling of the single transcriptomes of young and aged NSCs

and of the transcriptomes of neighboring niche cells is used to

identify drivers of this age-dependent change. Altogether, this

study advances our understanding of the molecular underpin-

nings of age-related decline in NSC function.

RESULTS

A Time-Dependent Increase in Quiescence Maintains a
Stem Cell Reservoir at Old Age while Making Stem Cells
More Resistant to Activation
To assess age-related changes of NSCs, we quantified the

numbers of NSCs and their immediate progeny across different

ages. To this end, we performed fluorescence-activated cell

sorting (FACS) analysis of different cell subpopulations isolated

from the V-SVZ of 2-, 7-, and 22-month-old (MO) mice (Figures

1A and S6A). This analysis revealed that the total number of

NSCs significantly declines between 2 and 7 MO and remains

low at 22 MO. We further analyzed the numbers of quiescent

NSCs (qNSCs), active NSCs (aNSCs), and transit amplifying pro-

genitors (TAPs). All three populations showed similar dynamics,

with a significant decrease from 2 to 7 MO, and low numbers

from 7 to 22 MO. To confirm this observation, we quantified

NSCs and their progeny within the V-SVZ in situ. The TLX-

CreERT2YFP reporter mouse line was used to label NSCs (Liu

et al., 2008). To additionally identify progenitors that became

quiescent at embryonic day 14 (E14) and only got reactivated

in the adult V-SVZ (Fuentealba et al., 2015), we administered bro-

modeoxyuridine (BrdU) at E14. Note that every labeling protocol

used in this study can be found in Figure S5A. The number of em-

bryonic label-retaining NSCs (E-LRCs) drastically decreased be-

tween 2 and 14 MO (Figures 1B and 1C). Together, these data

show a rapid decline of the number of NSCs from 2 to 7 MO

that slows down thereafter.

Others have reported this age-dependent decrease of NSC

number; however, the NSC features that have to change with

time to explain this decline have not been addressed. To this

end, we built a mathematical model (MM) of V-SVZ NSC dy-

namics (Data S1), based on a mathematical framework devel-

oped to describe adult hippocampal neurogenesis (Ziebell

et al., 2014, 2018). Formodel fitting,weconsidered a joint dataset

consisting of the subset of the frequency of active cells as a frac-

tion of the adult label-retaining cells (LRCs) (14 daysBrdU admin-

istration in drinking water followed by 14 days of chase time

before sacrificing the animals at indicated ages; Figure S5) and

of the subset of active cells as a fraction of the TLX-labeled cells

(Figures S1A–S1D and S5). We fit the model using both subsets

simultaneously. Based onour own experimental data and current

literature (Basak et al., 2018; Obernier et al., 2018), we assumed

that qNSCscanenter cell cycle tobecomeaNSCsandgive rise to

either two qNSCs or two TAPs with the capacity of performing n

symmetric self-renewing divisions (Figure 1D). This is different

from the assumptions we used in our previous work on NSC dy-

namics in the hippocampus, where we allowed additional NSC

fates like asymmetric divisions or depletion through cell death

ordirect transformation intoastrocytes (Ziebell et al., 2014, 2018).
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First, we designed a model with cell parameters that do not

change in time and evaluated its outcome by comparing it to

experimental data. The assumption of time-constant parame-

ters, called ‘‘no-aging’’ scenario, led to an exponential decay

of the total NSC number, which did not match the experimental

observation of saturation of the decline of NSC numbers at an

older age (Figure 1E, left). Furthermore, contrary to the experi-

mental data, the model with this assumption predicted that the

fraction of active among all LRCs and TLX-labeled cells would

not change over time (Figure 1E, right). To identify mechanisms

that might explain the observed decline in the fraction of the

active cells, we considered three age-dependent scenarios: in-

crease in cell-cycle length, increase in self-renewal, and increase

of the mean time spent in quiescence (Figures 1F–1H; Data S1).

To compare model predictions to experimental data, we exam-

ined the following time-dependent quantities: number of NSCs

and the fraction of active cells among adult LRCs and TLX-

labeled cells.

We first assumed, as previously suggested by Daynac et al.

(2016), that upon aging, aNSCs require progressively more

time to complete their cell cycle (without taking into account

time in G0 phase). As in the no-aging scenario, this led to dy-

namics with faster depletion of the total number of NSCs (Fig-

ure 1F, left) and time-constant fraction of aNSCs (Figure 1F,

right). In the second scenario, we modeled an age-related in-

crease of the fraction of self-renewal, i.e., assuming that upon

aging a higher fraction of aNSCs divisions results in two qNSCs

rather than two TAPs. This model correctly reproduced the satu-

ration in the decay of the total number of NSCs (Figure 1G, left)

but showed only a 3.5% decline in the fraction of aNSCs in

contrast to the 37% decline observed in the experimental data

and it would require a low fraction of aNSCs in young mice (Fig-

ure 1G, right). In addition, the model predicted a rapid decline in

the number of NSCs at young age, which would require a much

larger number of cells (1.1 3 10^6 cells) at the beginning of the

process (Figure S1E). Finally, we assumed that the time NSCs

spend in quiescence (G0) increases with age. Changes in this

feature fit the experimental data best, because they are not

only showing the saturation of the decline in total NSC numbers

(Figure 1H, left) but also the drop in the fraction of aNSCs (35% in

the model simulation versus 37% in the data) (Figure 1H, right).

The conclusion that only the increasing quiescence scenario

can explain the data is supported by the Akaike information cri-

terion (AIC) (Tables S1, S2, and S3; Data S1). To further validate

our results, we considered amodel with two time-dependent cell

parameters accounting for both simultaneous increase of the

fraction of NSC self-renewal and increase of themean time spent

by a cell in quiescence. Although increasing the number of free

parameters allows finding a fit that seems closer to the data,

the model combining two time-dependent parameters was not

superior in terms of AIC. To quantify the contribution of changes

of both factors to the optimal fit, we extracted the dynamics of

the two parameters from the model (Figure S1F; Tables S1, S2,

and S3; Data S1). Comparison of the estimated cell properties

in the different models showed that even if the two parameters

undergo age-dependent changes, the major component of the

regulatory process that explains the observed dynamics is

the increase in time spent in quiescence (decreasing rate of



Figure 1. A Time-Dependent Increase in Quiescence Maintains a Stem Cell Reservoir at Old Age

(A) FACS analysis of total number of NSCs, qNSCs, aNSCs, and TAPs from both V-SVZs of mice of different ages (2 MO, n = 6 replicates of 2 pooled mice; 7 MO,

n = 3 replicates of 2 pooled mice; 22 MO, n = 3 replicates of 3 pooled mice; bar and whiskers denote mean ± SD; Tukey-Kramer multiple-comparisons test).

(B) Representative pictures of 2 MO and 14 MO SVZ (scale bar, 20 mm; white arrows indicate E-LRCs).

(C) Quantification of total number of YFP+Sox2+BrdU+DCX�S100b� cells/SVZ/Section at 2 and 14 MO (n = 3 mice per group; bar and whiskers denote mean ±

SD; Student’s t test).

(D) Schematic representation of MM. qNSCs can enter the cell cycle to become aNSCs. aNSCs divide to either produce two qNSCs or two TAPs (progn).

Progenitors have the capacity of n symmetric self-renewing divisions, which give rise to neuroblasts (nblast).

(E–H) Fit of neurogenesis model to the data assuming no aging (E), cell-cycle lengthening (F), increasing self-renewal (G), or increasing quiescence (H) (red

represents model and black experimental data).

(I) Quantification of fraction of Ki67+ among YFP+Sox2+BrdU+S100b� cells at 2, 7, and 14MO (n = 3 mice per group; bar and whiskers denote mean ± SD; Tukey-

Kramer multiple-comparisons test). *p < 0.05; **p < 0.01; ***p < 0.001; n.s., not significant.

See also Figures S1 and S5, Table S6, and Data S1.
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activation from quiescence). This prediction was experimentally

validated by the significant decrease of the percentage of aNSCs

among E-LRCs between 2, 7, and 14 MO (Figures 1I and S1G).

Altogether, these data show that during homeostasis, the frac-

tion of NSCs in quiescence increases with age.

We next asked if qNSCs are equally able to become activated

upon injury in the young and old brain. To this end, we ablated

cycling cells including aNSCs, TAPs, and neuroblasts (NBs) us-

ing temozolomide (TMZ), a DNA-alkylating agent (Figure 2A).
This ablation activates qNSCs to replenish the NSC compart-

ment (Mich et al., 2014). Proliferation of V-SVZ NSCs in 2 and

22 MO mice was assessed by a 2-h BrdU labeling protocol at

0, 1, 9, and 35 days following TMZ treatment (Figures S2A and

S5). 35 days following TMZ treatment, the number of aNSCs

rose again to approximately the same level as before (92% of

the cell number after the control treatment; 95% confidence in-

terval [CI] according to Student’s t test: 67%–117%) in young

mice, while only 44% (95% CI: 37%–51%; p = 2.7*10̂�5) of
Cell 176, 1–13, March 7, 2019 3



Figure 2. qNSCs Are Resistant to Activation While aNSCs Exhibit Similar Behavior in the Young and Old Brain

(A) Schematic representation of experimental setup.

(B) Quantification of BrdU+ cells/SVZ/section in 2MO and 22MOmice (each data point represents a mouse; bar and whiskers denote mean ± SD; Tukey-Kramer

multiple-comparisons test; statistics compared to the control group).

(C) Phase contrast time-lapse microscopy pictures of sorted 2 MO and 22 MO aNSCs for 5 days. (day:h:min). Post-imaging immunocytochemistry for GFAP

(white), NG2 (red), and bIII-tubulin (green) and lineage tree for the depicted clones (scale bar, 20 mm).

(D) Average clone size of dividing cells.

(E) Average number of division rounds per clone.

(F) Average cell-cycle length per clone (2 MO n = 39 clones, 22 MO n = 21 clones; bar and whiskers denote mean ± SEM). ***p < 0.001; n.s., not significant.

See also Figures S2, S5, and S6.
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the control level was achieved in oldmice (Figure 2B). Hence, old

qNSCs are more resistant to injury-induced activation and thus

unable to quickly repair the old brain.

Young and Old NSCs Are Functionally and Molecularly
Similar
We next set out to address the factors involved in the NSCs’

resistance to enter the activation state. DNA damage increases

upon aging in several stem cell compartments (Oh et al., 2014),

potentially compromising their function. This is the case for

quiescent hematopoietic stem cells (HSCs) that exhibit DNA

damage upon repeated activation, as assessed by the alkaline

comet assay (Walter et al., 2015). However, the comet assay

on freshly sorted qNSCs and aNSCs from young and oldmice re-

vealed nomajor differences in the levels of DNA damage (Figures

S2B, S2C, and S6). We next tested if once activated, old and

young NSCs would perform different. To this end, we recorded

the cell dynamics of freshly sorted active NSCs from 2 and 22

MO mice via time-lapse video microscopy for a period of

6 days and reconstructed their lineage trees (Figures 2C and

S2D). In the absence of growth factors or other extrinsic signals,

aNSCs follow their in vivo fate allowing evaluation of parameters

such as clone size, rounds of division, and average cell-cycle

length (Ortega et al., 2013). After several rounds of division,

both young and old aNSCs gave rise to NBs demonstrating their
4 Cell 176, 1–13, March 7, 2019
neurogenic potential (Figure 2C); both young and old aNSCs

generated clones of similar size (Figure 2D), underwent similar

number of division rounds (Figure 2E), and exhibited similar

average cell-cycle length (Figure 2F). In addition, freshly sorted

aNSCs from 2, 7, and 22 MO mice exhibited similar self-renewal

capacity as assessed by an in vitro sphere assay (Figures S2E

and S2F). Altogether, these results show that once activated,

old NSCs perform as well as their younger counterparts.

We then investigated the molecular underpinnings of age-

induced quiescence using single-cell transcriptomics data of

89 NSCs from 2 MO mice and 133 NSCs from 23 MO mice.

These NSCs were sequenced using the Smart-seq2 protocol.

Our analysis on NSCs from young mice has already been pub-

lished (Llorens-Bobadilla et al., 2015; Figure S6A). Here, we

used additional libraries from old mice that had also been pre-

pared in the context of our previous study but not discussed

there. When including these additional libraries, hierarchical

clustering identified the four different activation states of NSCs

(qNSC1, qNSC2, aNSC1, aNSC2) that we had previously re-

ported (Table S1; Llorens-Bobadilla et al., 2015). Interestingly,

principal component analysis revealed that the activation state,

and not the age, is the dominant source of difference (Figures

3A and 3B). This result also confirms that there are at most

only minimal batch effects between the young and the old data-

set. Notably, the proportion of qNSCs was much higher among



Figure 3. The Individual Transcriptomes of Young and Old NSCs (Smart-Seq2 Technology) Show an Increased Fraction of Old qNSCs

(A) PCA plot for the transcriptomes of 89 NSCs of 2MOmice (circles) from Llorens-Bobadilla et al. (2015) and 133 NSCs of 23MOmice (triangles). Colors indicate

different activation states, as identified from the hierarchical clustering in Llorens-Bobadilla et al. (2015). See Table S1.

(B) PCA plots of individual subpopulations of NSCs sequenced with the Smart-seq2 protocol. Green dots, cells from 2 MO; purple triangles, cells from 23

MO mice.

(C) Pie charts representing the fraction of NSCs in different activation states from 2 and 23 MO mice.

(D) Heatmap of manually selected genes involved in DNA damage-response pathways.

(E) Log2-transformed TPM gene expression values of all the DE genes (with absolute log fold change >1 and p < 0.01) between old qNSC1 and astrocytes, shown

for qNSC1, qNSC2 cells, and astrocytes from the Smart-seq2 data. Top half: upregulated genes that are expressed higher in qNSC1s than in astrocytes. Bottom

half: downregulated genes that are expressed lower in qNSC1s than in astrocytes. See Table S2.

(F) Boxplots of CD9 expression in astrocytes and qNSC1 cells from 2 and 23 MO mice (likelihood ratio test, adjusted p value <0.003).

See also Figures S3 and S6 and Table S4.
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NSCs from old mice than in those from young mice (Figure 3C).

Interestingly, the expression of DNA repair-related genes was

higher in aNSCs versus qNSCs irrespective of age (Fig-

ure 3D). To ensure that the much higher number of qNSC1 is

not due to contaminating astrocytes, we additionally sequenced

cortical and striatal astrocytes from old mice. We found many

differentially expressed (DE) genes between astrocytes and

qNSC1. Among these DE genes, CD9, a marker previously

shown to be higher expressed in NSCs than in astrocytes

(Llorens-Bobadilla et al., 2015; Figures 3E and 3F; Table S2).

These data suggest that the increased number of cells within

the qNSC1 cluster is not due to mislabeling of contaminating as-

trocytes but to a higher number of bona-fide qNSC1 profiles in

the aging brain.
To sequence a higher number of cells, we used the Chromium

Single Cell 30 platform from 10x Genomics (sequenced libraries

were produced in an identical manner). To this end, we profiled

a GLAST+ fraction of V-SVZ cells enriched for NSCs from 2

and 22 MO mice (Figure S6B). 1,696 young and 1,370 old cells

passed the quality control and were used for further analysis

(Table S4). 9 different clusters were identified using the Seurat

package (Figure 4A). We used genes expressed specifically in

each cluster to assign them as qNSCs (qNSC1, qNSC2), aNSCs

(aNSC0, aNSC1, aNSC2), TAPs, NBs, oligodendrocytes (ODs),

and oligodendrocyte progenitors (OPCs) according to previously

published classification (Basak et al., 2018; Dulken et al., 2017;

Llorens-Bobadilla et al., 2015) (Figure 4A; Table S1). Comple-

mentary to the clustering analysis by Seurat, we used Monocle
Cell 176, 1–13, March 7, 2019 5



Figure 4. Single-Cell Transcriptomics (Chromium Cell 30 Platform) Uncovers a Remarkable Similarity between Young and Old NSCs

(A) t-Distributed stochastic neighborhood embedding (t-SNE) of 1,696 cells from 2 MO and 1,370 cells from 22 MO mice. Colors indicate assigned activation

states and cell types.

(B) Ordering of young and old single cell transcriptomes using monocle 2. The pseudotime order agrees with the assigned activation states.

(C) Same t-SNE map as in (A), with colors representing cells from 2 (green) and 22 MO (purple) mice. The good intermixing indicates absence of noticeable batch

effects.

(D) Euclidean distance distributions of cells within a window of 5 pseudotime units comparing within and between cells originating from 2 and 22 MO animals.

Euclidean distance between cells from qNSC1 and qNSC2 activation states within a pseudotime window of 5 units serves as reference. Lines denote the mean

Euclidean distance observed.

(E) Comparison of Euclidean distance distributions between cells of the same activation state from young and old, young and young, and old and old mice

(overlaid). Euclidean distance between qNSC1 and qNSC2 serves as reference.

(F) Density estimate of cell number along the pseudotime from qNSC1 to aNSC2 per age group.

See also Figures S3 and S6 and Tables S1 and S4.

Please cite this article in press as: Kalamakis et al., Quiescence Modulates Stem Cell Maintenance and Regenerative Capacity in the Aging
Brain, Cell (2019), https://doi.org/10.1016/j.cell.2019.01.040
2 to assign a linear ‘‘pseudotime’’ ordering to the cells (excluding

ODs and OPCs). This analysis confirmed the same lineage pro-

gression from qNSCs1 / qNSCs2 / aNSCs0 / aNSCs1 /

aNSCs2 / TAPs / NBs for old and young NSCs (Figures 4B

and S3A). The t-distributed stochastic neighborhood embedding

(t-SNE) plot gives the impression of a disconnection between

qNSC1 and the rest of the continuum of neurogenesis; this, how-

ever, might be an artifact of the t-SNE projection. To test this, we

inspected the distribution of Euclidean distances between cells

within the qNSC1 and qNSC2 clusters and found them to be

comparable to the qNSC2—aNSC0 distances but substantially

lower than distances between distantly related clusters like

qNSC1—mature ODs (Figure S3B). As previously observed in

young NSCs, lineage transitions were accompanied by a contin-

uous gradient of expression changes between the different

stages (Figures S3C and S3D; Table S1). Altogether, comparison

of young and old NSCs showed that they share the same activa-

tion states and proceed along the same lineage.
6 Cell 176, 1–13, March 7, 2019
Surprisingly, only the activation state, but not the age of the

cells, dictated their segregation to the different clusters (Figures

4C, S3A, and S3E). To assess in more depth the similarity of

young and old transcriptomes, we calculated the Euclidean dis-

tance distributions of cells within a window of 5 pseudotime units

comparing within and between cells originating from 2 and 22

MO animals. We observed similar distances within and between

the age groups that were much lower than between qNSC1 and

qNSC2 cells (Figure 4D). The same was observed for Euclidean

distance distributions of cells within each separate cluster as

compared to cells between qNSC1 and qNSC2 cluster for 10x

and Smart-seq2 technologies (Figures 4E and S3F). This com-

parison, and the DE analysis of age-induced changes within

each activation state (Figure S3F; Table S2), strongly indicates

that age induces changes in fewer genes, as compared to

changes induced by lineage transition. In addition, comparison

of the average gene expression of young and old NSCs,

or cells within the neurogenic lineage, revealed a much lower
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number of genes showing expression changes higher than 2-fold

than for the oligodendrocyte lineage (OD and OPCs) at young

and old ages (Figure S3H).

While the transcriptome associated with a specific pseudo-

time (i.e., position in the NSC continuum) does not change with

age, the distribution of pseudotime assignment does. In line

with the higher fraction of qNSCs in the old brain (discussed

above), we observed an increase in pseudotime assignments

to the early qNSC1 (Figure 4F). While young NSCs transit

smoothly from a quiescent to a primed-quiescent state that is

readily followed by activation, old NSCs remain in the dormant

state (qNSC1), and fewer cells enter the aNSC0 state, to become

fully activated (Figure 4F). Thus, the transcriptional profile of

NSCs at different ages remains similar, but old NSCs tend to

be in a quiescent state.

Niche Inflammatory Signals Keep Old NSCs in a
Quiescent State
We therefore set out to search for niche-derived signals that

could induce quiescence. To this end, we profiled different cell

types residing within the V-SVZ niche including endothelial cells

(ECs), microglia (Mg), NBs, and NSCs using bulk RNA

sequencing from 2 and 19 MO mice (Figure S6C). Differential

expression analysis revealed a common enriched expression

of transcripts related to inflammatory response in every cell

type (Figures 5A and 5B; Table S2). It also showed that ECs

exhibit the highest age-related changes (Figure 5A). To explore

when the onset of the inflammatory response occurs in NSCs,

we also performed NSC bulk RNA sequencing from 7 MO

mice, which revealed that inflammatory genes expression at

7 MO is already higher than in 2 MO mice (Figure 5C).

While inflammatory genes expression was captured with bulk

RNA sequencing, the observed age-imposed transcriptional

changes were mild to be reliably detected at the single cell level.

Overall, the differences seen in bulk sequencing data are also

partly visible in the single cell Smart-seq2 data for those genes

that could be detected in a sufficiently large fraction of the cells

(Figure S3G). Indeed, analysis of the read counts in single NSCs

sequenced by either 10x 30 Chromium or Smart-seq2 technol-

ogy, revealed that the inflammation signal is too weak and can

only be detected by Smart-seq2 (in only few cells) but not by

the 10x technology (Figure S3I; Table S2). Of note, basal expres-

sion of interferon response genes is already observed in young

mice, which is suggestive of a role of interferons in NSC homeo-

stasis. We next assessed the expression of the nuclear pro-in-

flammatory cytokine IL33, which has been reported to activate

the innate immune response by inducing interferon production

in the NSC compartment of 2 and 22 MO TLX-CreERT2YFP

mice. The proportion of IL33+ NSCs changed from around

0.5% in the young V-SVZ to 15% in the old V-SVZ (Figures 5D

and 5E). However, the NSC fraction that is retained in a quiescent

state is much higher. Thus, we hypothesized that inflammatory

cytokines derived from neighboring cells might contribute to in-

duction of quiescence in the NSC compartment. Along this line,

previous studies have shown that sustained inflammation acti-

vates Mg to reduce proliferation of neighboring NSCs in the

young V-SVZ (Solano Fonseca et al., 2016). In addition, ECs

already induce quiescence of NSCs in a non-inflammatory state
(Ottone et al., 2014). Accordingly, exposure of NSCs to inflam-

matory interferons (IFNa and INFb) greatly reduced proliferation

of NSCs in vitro (Figure 5F). To address the contribution of INFs

to the age-dependent induction of quiescence, we examined the

fraction of aNSCs among adult-LRCs in 2 and 22 MO IFNa and

INFg receptor-knockout mice (IFNAGRKO) (Figure S5A). We hy-

pothesized that if inflammation, specifically INFs, are a main

quiescence driver, their absence would result in NSC dynamics

resembling the ‘‘no aging’’ scenario of our MM (Figure 1E).

Consistent with the prediction of the ‘‘no aging’’ model, the frac-

tion of aNSCs among LRCs did not change across time and was

therefore significantly higher in old INF-deficient animals than in

old wild-type counterparts (Figure 5G). Thus, neutralizing inflam-

mation levels off the age-related decline in activation of V-SVZ

NSCs at old ages.

Finally, we investigated whether an acute inflammation inhibi-

tion in the old V-SVZ niche could activate NSCs in the old brain.

Previous reports had shown that the sole neutralization of the in-

flammatory cytokine CXCL10 greatly improves hippocampal

synaptic plasticity in the context of an INF response triggered

by a viral infection (Blank et al., 2016). Therefore, we decided

to treat aged animals with a neutralizing antibody against

CXCL10. Mini-osmotic pumps containing anti-CXCL10 or iso-

type control antibodies were implanted in the lateral ventricles

of 22MOmice, and BrdU was administered for 3 days. Olfactory

bulb neurogenesis was assessed by quantification of newborn

NBs 4 days later (Figure S5C). Notably, inhibition of CXCL10

significantly increased the number of NBs (Figure 5H). To confirm

that this increase was due to activation of qNSCs, we adminis-

tered BrdU in the drinking water for 14 days followed by a chase

time of 21 days. Mini-osmotic pumps with anti-CXCL10 or iso-

type control antibodies were implanted 7 days before sacrificing

the animals (Figure S5A). CXCL10 neutralization significantly

decreased the number of LRCs compared to IgG-treated mice

indicating activation of qNSCs (Figure 5I). Thus, inhibition of

CXCL10 decreased the number of qNSCs, and increased the

production of NBs during homeostasis providing a causal link

between inflammation and induction of quiescence in the

aged brain.

A Markov Chain Approach Identifies the Wnt Antagonist
sFRP5 as an Additional Niche Signal Maintaining
Quiescence
To identify additional age-related signals contributing to induc-

tion of NSC quiescence emanating from the niche we developed

a Markov chain-based computational approach (MCCM) (Data

S2). This approach aims at unveiling NSC-intrinsic signaling in-

termediates that are likely to maintain a specific cell state

dictated by niche signals via a sustained effect on the down-

stream gene regulatory network (Ravichandran and Del Sol,

2017) (Figure 6A; Data S2). For this analysis, we used the

Smart-seq2 single-cell expression data of qNSCs and aNSCs

from young and old mice. This approach enabled identification

of key signaling intermediates likely to be constantly active or

inactive in a majority of cells in the respective cellular subpopu-

lations, among them Bmpr1a, a regulator of NSC quiescence

(Mira et al., 2010) (Table S3). We focused on intermediates iden-

tified as uniquely active in old NSCs. The method identified eight
Cell 176, 1–13, March 7, 2019 7



Figure 5. Niche Inflammatory Signals Keep Old NSCs in a Quiescent State

(A) Mean log2 fold change per gene in the comparison between 19 and 2 MO bulk samples (NSCs, ECs, Mg, and NB cells). Red dots represent significantly DE

genes (adjusted p < 0.05, absolute log2 fold change >1). Blue dots represent significantly upregulated genes annotated as innate immune response genes by

InnateDB (Breuer et al., 2013).

(B) Gene ontology analysis of genes upregulated upon aging (>2-fold change, p value <0.05) of bulk populations from different SVZ cell types. See Table S2.

(C) Mean log2 fold change per gene in the comparison between 7 versus 2 MO bulk sequencing samples of NSCs. Red dots represent significantly DE genes

(adjusted p < 0.05, absolute log2 fold change >1). Blue dots represent significantly upregulated genes annotated as innate immune response genes by InnateDB

(Breuer et al., 2013) from the comparison of 19 versus 2 MO.

(D) Representative picture of old SVZ immunostainings for IL33, YFP, and DCX (scale bar, 10 mm; white arrows indicate Il33� and yellow Il33+ NSCs).

(E) Fraction of IL33+ among YFP+SOX2+DCX� cells at 2 and 22 MO mice (n = 3 mice per group; bar and whiskers denote mean ± SD; Student’s t test).

(F) Percent of Ki67+ among Sox2+ NSCs after 48 h of treatment with IFNa/b; (n = 4 primary cell lines; bar and whiskers denote mean ± SD; Student’s t test).

(G) Percent of Ki67+ among Sox2+LRC+DCX� NSCs in 2 MO and 22 MO WT and IFNAGR KO mice (n = 3 mice per group; bar and whiskers denote mean ± SD;

Tukey-Kramer multiple-comparisons test).

(H) Number of DCX+BrdU+ cells arriving in theOB after CXCL10 inhibition normalized to the area (IgG n = 8mice, anti-CXCL10 n = 7mice; bar andwhiskers denote

mean ± SD; Student’s t test).

(I) Number of LRCs (BrdU+DCX�S100b�)/SVZ per section after CXCL10 inhibition (n = 3 mice per group; bar and whiskers denote mean ± SD; Student’s t test).

*p < 0.05; **p < 0.01; ****p < 0.0001; n.s., not significant.

See also Figures S5 and S6.
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genes uniquely expressed in old qNSC1 (Table S3). From these,

we focused on Sfrp5, a known antagonist of the Wnt signaling

pathway that was strongly expressed in old qNSCs (Figures

S4A and S4B; Table S3). To address potential age-dependent

changes in canonical Wnt-activity, we used TCF/Lef-H2B-GFP

reporter mice that express an H2B-GFP fusion protein under

the control of 6 TCF/Lef binding sites (Ferrer-Vaquer et al.,

2010). We observed a higher fraction of GFP+NSCs among

NSCs in the dorsal domain as compared to the latero-ventral

domain of V-SVZ (Figures 6B–6D), in line with the previously
8 Cell 176, 1–13, March 7, 2019
described function of Wnt-canonical signaling in generation of

oligodendrocyte lineage within the dorsal domain (Ortega

et al., 2013). Ependymal cells, which lie along the entire wall of

the lateral ventricles, were GFP-positive (Figure 6C). Importantly,

the total number of GFP+NSCs significantly increased (1.4-fold)

at 8 MO as compared to 2 MO (Figure 6D). Most DCX� Ki67+

cells that can only be active NSCs or TAPs were TCF-LEF-nega-

tive indicating that canonical Wnt activity is high in qNSCs

(Figures S4C and S4D). We hypothesized that sFRP5 antago-

nizes non-canonical Wnt activity thereby leading to increased



Figure 6. A Markov Chain Approach Identifies the Wnt Antagonist sFRP5 as Additional Niche Signal Maintaining Quiescence

(A) MCCM of a toy-signaling network in two different niches. The node colors in the network represent the probability of the signal to be in a specific node

(molecule). The edge thickness represents the interaction probability of the twomolecules inferred from single-cell RNA sequencing (RNA-seq). At t = 0, all nodes

have equal probability to contain the signal, and with increasing time, the probability of signal to be present in a molecule changes, and eventually the system

reaches a steady-state probability distribution, based on which the niche specific signaling molecules (in purple) are identified. See Table S3.

(B and C) Representative pictures of the dorsal (B) or lateroventral (C) SVZ from 2MO and 8MOmice (white arrows indicate TCF/Lef+ and yellow TCF/Lef�NSCs)

(scale bars, 20 mm, left panel; 10 mm, right panel).

(D) Quantification of TCF/Lef+ among GFAP+SOX2+DCX�S100b�NSCs in whole, dorsal, and lateroventral SVZ (2MO n = 2, 8MO n = 3; bar and whiskers denote

mean ± SD; Student’s t test).

(E) Number of LRCs (BrdU+DCX�) after IgG or anti-sFRP5 (n = 4 mice per group; bar and whiskers denote mean ± SD; Student’s t test).

(F) Number of BrdU+ cells in the SVZ after TMZ injury and treatment with IgG or anti-sFRP5 (n = 10mice per group; bar and whiskers denote mean ±SD; Student’s

t test). *p < 0.05.

See also Figures S4 and S5 and Data S2.
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canonical activity and thus quiescence in the aging brain. Thus,

we tested if neutralization of sFRP5 could decrease quiescence

in old NSCs by administering a neutralizing antibody against hu-

man sFRP5 in vivo. We confirmed that this antibody was able to

recognize mouse recombinant sFRP5 in vitro and able to block

Wnt3a-mediated activity in a TOPFLASH assay (Figure S4E).

Thereafter, we used the LRC protocol followed by a chase time

of 8 weeks and implanted mini-osmotic pumps containing anti-

sFRP5 or isotype control antibodies 14 days before sacrificing

the animals (Figure S5A). We observed a significantly decreased

number of LRCs following sFRP5 inhibition as compared to IgG-

treated control old mice (Figure 6E). We thereafter tested the

effect of sFRP5 inhibition in NSC-mediated repair of the injured

niche. To this end, we challenged the animals with TMZ and im-

plantedmini-osmotic pumps 6 days before sacrificing them (Fig-

ure S5B). sFRP5 inhibition significantly increased the number of

proliferating cells, as assessed by a 2-h BrdU labeling protocol,

in old mice as compared to IgG-treated control old mice (Fig-

ure 6F). Thus, neutralization of sFRP5 can release the brake on
NSC activation in the old brain during homeostasis but also

following injury.

DISCUSSION

A Role of Quiescence in Preserving a Reservoir of Stem
Cells in the Aged Brain
Although previous studies had already reported a shrinkage of

the V-SVZ NSC pool with age (Ahlenius et al., 2009; Obernier

et al., 2018; Shook et al., 2012; Silva-Vargas et al., 2016), others

have reported no age-related changes (Daynac et al., 2016). This

study confirms that the pool of adult V-SVZ-NSCs exhibits an

age-dependent depletion, using three independent methods:

counting marker-positive cells by FACS and immunostainings

of embryonic and adult LRCs of the young and old V-SVZ. As

previously hypothesized (Obernier et al., 2018), and as

confirmed by the ‘‘no-aging’’ scenario of our mathematical

modeling, the fact that NSCs have a higher probability to

differentiate than to undergo self-renewing divisions leads to a
Cell 176, 1–13, March 7, 2019 9
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time-dependent attrition. Indeed, without an age-dependent in-

crease in the fraction of qNSCs, NSCs would undergo full deple-

tion in the old brain. This prediction does not exclude an

additional contribution of changes in other parameters but re-

veals that changes in ‘‘time-in-quiescence’’ are the only param-

eter that allows reproducing of the data on its own. Furthermore,

allowing time-dependent changes in quiescence and self-

renewal revealed that even if the two parameters undergo age-

dependent changes, it is the time-increasing quiescence

(decreasing rate of activation from quiescence) which is the

major component of the regulatory process and explains the

observed dynamics. Notably, models accounting for other tran-

sitions, such as asymmetric divisions of the form aNSC / pro-

genitor + qNSC, or models assuming co-existence of both types

of divisions, additional cell death, or direct fate transitions into

astrocytes (Ziebell et al., 2018), yield the same conclusion, which

indicates the universality of aging-induced quiescence. Accord-

ingly, a lower fraction of LRCs that become reactivated in the

aging brain have been independently detected through ultra-

structural analysis of V-SVZ NSC following incorporation of

radioactive thymidine (Capilla-Gonzalez et al., 2014).

Contrary to the present study, others have reported an age-

dependent increase of cell-cycle length (Daynac et al., 2016).

Daynac et al. (2016) detected a higher fraction of cells claimed

to be in G1 state in the aging brain using FUCCI-reporter mice.

Unfortunately, this reporter line cannot distinguish between G1

or G0, and thus, the data could be interpreted as increased

cell-cycle length (of G1) as done by the authors or as an

increased number of cells in a quiescent state (G0). In summary,

our study reveals that, upon aging, a higher fraction of NSCs are

found in quiescence, and this is a compensatory mechanism to

avoid full depletion of the NSC compartment.

In addition, and as opposed to the concept of malfunctioning

aged stem cells, our study reveals that once activated, old NSCs

perform as well as younger counterparts in undergoing several

rounds of division and generating clones with similar numbers

of neurons. This is also demonstrated by similar levels of DNA

damage in young and old NSCs, contrary to the higher levels re-

ported in HSCs following chronic inflammation (Walter et al.,

2015). Likewise, analysis of single-cell and bulk transcriptomes

of old and young NSCs reveals that the large-scale transcrip-

tional activity of the cells is given by their metabolic state, and

age induces milder transcriptional changes that suffice to block

transition from a quiescence to an active state. This study sug-

gests that age globally changes the neurogenic niche, which

impairs NSC activation. Once NSCs become activated, they

function as well as young NSCs.

Inflammatory Signals from the Niche Impose
Quiescence
The fraction of qNSCs in the old brain is not only increased, but is

also more resistant to exiting quiescence even if forced by injury.

Resistance to become activated has been shown only in vitro so

far and it was linked to defects in lysosomal clearance in old

NSCs (Leeman et al., 2018). However, we found a link of quies-

cence to inflammation. Inhibition of the INF response through

deletion of INFa and INFg led to a similar fraction of aNSCs in

young and old V-SVZ. Importantly, these kinetics of the fraction
10 Cell 176, 1–13, March 7, 2019
of aNSCs in young and old INF receptor-deficient mice was pre-

dicted by the ‘‘no-aging’’ scenario.

We have previously found that activation of INFg response is

required to increase activation of young NSCs upon injury

(Llorens-Bobadilla et al., 2015). The opposing function of INFg

in injured young NSCs might be due to the duration of exposure

to INF, which is acute for injury versus chronic for exposure in ag-

ing, or to the prevalence of INFa/INFb activity in aging versus

INFg in injury. INFs derived from the choroid plexus had been re-

ported to negatively impact adult hippocampal neurogenesis in

the old brain (Baruch et al., 2014). However, how INFs decrease

de novo generation of neurons was not addressed.

Our study underlines the importance of the niche for induction

of quiescence. An age-dependent expression of transcripts

related to inflammatory response is globally detected in the old

niche, suggestive of amajor contribution of the niche in induction

of NSCs quiescence. Accordingly, models of heterochronic

parabiosis have identified an age-related increase of systemic

inflammatory factors, such as the cytokine CCL11, which are

detrimental for hippocampal neurogenesis and cognitive func-

tions (Villeda et al., 2011). Similarly, GDF11 was identified as a

systemic factor that ‘‘rejuvenates’’ the aged V-SVZ (Katsimpardi

et al., 2014). It would be interesting to address if the rejuvenating

effect by this systemic factor is due to inhibition of quiescence.

Interestingly, increased INF response was also detected in hu-

man aging brains (Baruch et al., 2014). In summary, our study es-

tablishes a causal link between inflammation and quiescence

and shows that an early gain of quiescence would decrease

the fraction of aNSCs at young age that then would be main-

tained at old age. In addition, an acute inhibition of inflammation

at old age can help increasing de novo neuronal production in the

old brain. Along this line, the difficulties in finding newborn neu-

rons in the adult human brain (Kempermann et al., 2018)might be

explained by the increased quiescence of adult human

stem cells.

Control of Wnt Activity by the Niche through sFRP5
Finally, application of a Markov chain-based computational

approach that aimed at discovering niche signals maintaining

old NSCs in quiescent state identified the Wnt antagonist

sFRP5. Modulation of two other Wnt antagonists, DKK1 and

sFRP3, has been reported to control expansion of hippocampal

NSCs in the young and old brain (Jang et al., 2013; Seib et al.,

2013). Notably, our mathematical modeling of NSC dynamics

in the hippocampus predicted that neutralization of DKK1 in-

creases the generation of neurons in the aging brain by

increasing the time in quiescence (Ziebell et al., 2018). Impor-

tantly, DKK1 antagonizes canonical Wnt signaling, as opposed

to sFRP5 that putatively antagonizes non-canonical Wnt

signaling, which suggest that in both neurogenic niches, the

switch from canonical to non-canonical is required to enter the

activation state. Zhu et al. (2014) detected decreased canonical

Wnt activity in the old V-SVZ as compared to younger counter-

parts. This study used an Axin2-bGal reporter as read out for

canonical Wnt signal and did not specifically address its expres-

sion in NSCs, but did in the whole V-SVZ tissue. As we show

now, NSCAxin2 expression ismasked by the highest expression

in the ependymal compartment. Using a TCF/Lef reporter, we
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found that canonical Wnt activity was majorly found in Ki67-

negative cells, and thus, qNSCs. We hypothesize that a switch

to non-canonical Wnt activity is required to enter activation at

all ages, but in the aging V-SVZ, this activity can be inhibited

by sFRP5. Accordingly, we show that an acute block of sFRP5

increased the fraction of actively cycling NSCs in the old brain

following homeostasis and a temozolomide injury. Likewise, inhi-

bition of canonical Wnt activity in the old bone improved bone

healing (Baht et al., 2015). In the hematopoietic system, how-

ever, a detrimental increase of non-canonical Wnt signaling

was found in aged HSCs (Florian et al., 2013). In summary,

Wnt activity, either canonical or non-canonical, crucially regu-

lates activation of adult somatic stem cells. Importantly, a link

between Wnt activity and inflammation has been speculated in

the old and the injured brain (Marchetti and Pluchino, 2013). A

good example isMg that use non-canonical or canonicalWnt ac-

tivity to respectively activate or inhibit expression of inflamma-

tory cytokines (Marchetti and Pluchino, 2013). Also, inflamed

Mg decrease NSC proliferation and neuronal production (Solano

Fonseca et al., 2016). Thus, we speculate that increased expres-

sion of the non-canonical Wnt inhibitor increases inflammatory

signals from niche cells such as Mg, which consequently leads

to reduced activation of NSCs. This would explain why blocking

inflammation or expression of sFRP5 would similarly lead to

increased exit of quiescence in old NSCs.

In summary, this study reveals that quiescence induction is

used to preserve a small pool of NSCs in the old brain. Aged

NSCs perform as well as their younger counterparts once acti-

vated but are more resistant to becoming activated. Analysis

of the bulk or individual transcriptomes of NSCs shows that tran-

sitions throughout the different activation states are underlined

by profound transcriptional changes in metabolism-related pro-

grams that can be readily detected at the single-cell level. How-

ever, age-related transcriptional changes are too mild to be

reliably detected at the single-cell level and could only be de-

tected by bulk-sequencing or predicted by the Markov chain

approach. In addition, this study reveals a causal link between

maintenance of quiescence, inflammation, and non-canonical

Wnt activity. Understanding how to modulate the balance be-

tween quiescence and activation of NSCs in the old brain will

be critical to preserve stem cell function in the aging brain.
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Heikenwälder for TCF/Lef reporter mice, and the Light Microscopy Core Facil-

ity for support. This work was supported by the DFG (SFB873, SFB1324,

SFB1036, INST 161/875-2), the Helmholtz Alliance for Aging and Metabolic

Programming (AMPro), and the DKFZ. W.F. is supported by the China Schol-

arship Council.

AUTHOR CONTRIBUTIONS

Acquisition, Analysis, and Interpretation of Experimental Data, G.K.; Bio-

informatic Analysis of scRNa-seq, S.A., D.B., and S.Z.; Mathematical Model

of NSC Dynamics, A.M.-C., F.Z., and T.S.; Markov Chain-Based Computation

Approach, S.R. and A.D.; Acquisition of Cell Counts Used in the MM, F.C.-M.

and J.K.; Assistance in Animal Experiments, S.L.; Inflammation-Related Data,

J.B.; Smart-Seq2 RNA-seq of Young NSCs, E.L.-B.; Single-Cell 30 Platform Li-

braries: K.B. and J.P.M.; Time-Lapse Lineage Tracing, B. Berninger and W.F.;

Top Flash Assay, B. Berger; CXCL10 antibody, U.C.; Comet Assay, P.S.; Su-

pervision, A.M.-V., A.M.-C., S.A., A.D., and B. Berninger; Writing & Editing,

A.M.-V., G.K., A.M.-C., S.A., A.D.S., and B. Berninger; Project Conceptualiza-

tion, A.M.-V. and G.K.; Project Design and Oversight, A.M.-V.
Cell 176, 1–13, March 7, 2019 11

https://doi.org/10.1016/j.cell.2019.01.040
https://doi.org/10.1016/j.cell.2019.01.040


Please cite this article in press as: Kalamakis et al., Quiescence Modulates Stem Cell Maintenance and Regenerative Capacity in the Aging
Brain, Cell (2019), https://doi.org/10.1016/j.cell.2019.01.040
DECLARATION OF INTERESTS

The authors declare no competing interests.

Received: August 21, 2018

Revised: November 12, 2018

Accepted: January 24, 2019

Published: February 28, 2019

SUPPORTING CITATIONS

The following references appear in the Supplemental Information: Burnham

and Anderson (2002), Calzolari et al. (2015), Lim and Alvarez-Buylla (2016);

Liu et al. (2016); Ponti et al. (2013); Rezza et al. (2014); Stewart (1994); Stiehl

and Marciniak-Czochra (2011).

REFERENCES

Ahlenius, H., Visan, V., Kokaia, M., Lindvall, O., and Kokaia, Z. (2009). Neural

stem and progenitor cells retain their potential for proliferation and differentia-

tion into functional neurons despite lower number in aged brain. J. Neurosci.

29, 4408–4419.

Baht, G.S., Silkstone, D., Vi, L., Nadesan, P., Amani, Y., Whetstone, H., Wei,

Q., and Alman, B.A. (2015). Exposure to a youthful circulaton rejuvenates

bone repair through modulation of b-catenin. Nat. Commun. 6, 7131.

Baruch, K., Deczkowska, A., David, E., Castellano, J.M., Miller, O., Kertser, A.,

Berkutzki, T., Barnett-Itzhaki, Z., Bezalel, D., Wyss-Coray, T., et al. (2014). Ag-

ing. Aging-induced type I interferon response at the choroid plexus negatively

affects brain function. Science 346, 89–93.

Basak, O., Krieger, T.G., Muraro, M.J., Wiebrands, K., Stange, D.E., Frias-Al-

deguer, J., Rivron, N.C., van de Wetering, M., van Es, J.H., van Oudenaarden,

A., et al. (2018). Troy+ brain stem cells cycle through quiescence and regulate

their number by sensing niche occupancy. Proc. Natl. Acad. Sci. USA 115,

E610–E619.

Berger, B.S., Acebron, S.P., Herbst, J., Koch, S., and Niehrs, C. (2017). Parkin-

son’s disease-associated receptor GPR37 is an ER chaperone for LRP6.

EMBO Rep. 18, 712–725.

Blank, T., Detje, C.N., Spieß, A., Hagemeyer, N., Brendecke, S.M., Wolfart, J.,
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human EGF Promokine Cat# C-60170

human FGF ReliaTech Cat# 300-003

Interferon b Millipore Cat# IF011

Interferon a Millipore Cat# IF009

Recombinant Mouse sFRP-5 Protein, CF R&D Cat# 7195-SF-050

Recombinant Wnt3a protein Peprotech Cat# 315-20

Critical Commercial Assays

Neural Tissue Dissociation Kit (T) Miltenyi Biotec Cat# 130-093-231

X-tremeGene 9 transfection reagent Roche Cat# 6365779001

Nextera XT Sample Preparation Kit Illumina Cat# FC-131-1096

Neural Tissue Dissociation Kit (P) Miltenyi Biotec 130-092-628

Dual-Luciferase Reporter Assay System Promega Cat# E1910

Picopure RNA Isolation Kit Thermo Fisher Scientific Cat# KIT0214

SMARTer Ultra Low RNA Illumina (10 rxns) Takara Cat# 634935

NEBNext Ultra DNA Library Prep Kit for

Illumina - 24 rxns

New England Biolabs Cat# E7370S

Spike ins Ambion Cat# 4456739

Chromium SingleCell 30 Library and Gel Bead

Kit v2,4rxns

10x Genomics Cat# 120267

Deposited Data

Bulk population, Smartseq2 and Chromium

30 sc RNaseq
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Experimental Models: Organisms/Strains
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Mouse: B6.129-Gt(ROSA)26Sortm1(EYFP)

Cos/J

The Jackson Laboratory JAX: 006148

C57BL/6 Janvier JAX:000664

IFNRKO (IFNAR�/�IFNGR�/�) Huang et al., 1993; Müller et al.,

1994

N/A

Tlx-CreERT2-eYFP Liu et al., 2008 N/A

TCF/Lef:H2B-GFP Ferrer-Vaquer et al., 2010 MGI:4881498

Recombinant DNA

Renilla N/A (Berger et al., 2017)

pCS2+ N/A (Berger et al., 2017)

Topflash N/A (Berger et al., 2017)

Sequence-Based Reagents

TSO: (50AAGCAGTGGTATCAACGCAGAGT

ACATrGrG+G-30)
N/A (Picelli et al., 2014)

ISPCR oligo: (50-AAGCAGTGGTATCAA

CGCAGAGT-30)
N/A (Picelli et al., 2014)

Oligo dT: (50-AAGCAGTGGTATCAACGC

AGAGTACT30VN-30)
N/A (Picelli et al., 2014)

Software and Algorithms

Fiji ImageJ Open source: https://imagej.nih.

gov/ij/

Version 2.0.0-rc-15/1.49i, RRID:SCR_002285

Adobe Illustrator CS5.1 Adobe Systems Version 15.1.0, RRID:SCR_010279

Prism 6 GraphPad Version 6.0b, RRID:SCR_002798
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Cell Ranger 10X Genomics Version 2.0.0, https://software.10xgenomics.com/

single-cell-gene-expression/software/downloads/

FastQC N/A Version 0.11.4, https://www.bioinformatics.babraham.

ac.uk/projects/fastqc/, RRID:SCR_014583

Btrim N/A Version 0.3.0, http://graphics.med.yale.edu/trim/,

RRID:SCR_011836

Samtools N/A Version 1.3, http://samtools.sourceforge.net/,

RRID:SCR_002105

RSEM N/A Version 1.2.18, https://github.com/deweylab/RSEM,

RRID:SCR_013027

STAR Dobin et al., 2013 Version 2.4.0g, https://github.com/alexdobin/STAR/

releases, RRID:SCR_015899

Picard Toolkit Broad Institute Version 1.123, https://broadinstitute.github.io/picard,

RRID:SCR_006525

Trinity Haas et al., 2013 Version 2.2.0, https://github.com/trinityrnaseq/

trinityrnaseq/

HTSeq N/A Version 0.6.1p2, https://htseq.readthedocs.io/en/

release_0.10.0/, RRID:SCR_005514

Integrative Genomics Viewer (IGV) https://www.broadinstitute.org/igv, RRID:SCR_
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R Version 3.4.4, http://www.r-project.org, RRID:SCR_

001905

Seurat N/A Version 2.2.0, https://satijalab.org/seurat/, RRID:SCR_

016341

monocle N/A Version 2.4.0, https://bioconductor.org/packages/

release/bioc/html/monocle.html, RRID:SCR_016339

clusterProfiler Yu et al., 2012 Version 3.4.4, https://bioconductor.org/packages/

release/bioc/html/clusterProfiler.html

DESeq2 N/A Version 1.16.1, https://bioconductor.org/packages/

release/bioc/html/DESeq2.html, RRID:SCR_015687

biomaRt N/A Version 2.32.1,https://bioconductor.org/packages/

release/bioc/html/biomaRt.html

pheatmap N/A Version 1.0.8, https://github.com/raivokolde/

pheatmap, RRID:SCR_016418

Other

Gentle MACS Dissociator Miltenyi Biotec Cat# 130-093-235

Alzet Model 1007D Charles River Cat# 0000290

Alzet Brain Infusion Kit 3 Charles River Cat# 0008851

gentleMACS C Tubes Miltenyi Biotec Cat# 130-093-237

Lab-Tek Chamber Slides (8 wells) Thermo Fisher Scientific Cat# 177402
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CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be should be directed to andwill be fulfilled by the Lead Contact,

Ana Martin-Villalba (a.martin-villalba@dkfz-heidelberg.de).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mouse strains
Male C57BL/6 mice were purchased from Janvier or bred in house at the DKFZ Center for Preclinical Research facility. Male IFNRKO

(Huang et al., 1993; Müller et al., 1994) (IFNAR�/�IFNGR�/�) 2 and 22 MO were backcrossed to a C57BL6 background. Male and

female Tlx-CreERT2YFP (Liu et al., 2008) were used according to the protocols in Figure S5. Male 2 MO and 8 MO TCF/Lef:H2B/GFP
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were used to assess TCF/Lef activity (Ferrer-Vaquer et al., 2010). Animals had ad libitum access to food and water and were kept

under a 12hr light-12hr dark cycle. All procedures were approved by the Regierungpräsidium Karlsruhe.

METHOD DETAILS

Implantation of mini-osmotic pumps
Mice were anaesthetized with isofluorane and amini-osmotic pump (Alzet Model 1007D, Brain infusion Kit 3) with a volume of 100 mL

and a flow rate of 0.5 ml/hour containing different antibodies was implanted 1.1 mm lateral and 0.5 mm posterior to the bregma ac-

cording to the manufacturer’s instructions.

BrdU
BrdU (Sigma) was dissolved in 0.9% saline solution at 10 mg/ml and was heated at 50�C until it was completely dissolved. For intra-

peritoneal injections (I.P) appropriate amount of BrdUwas administered tomatch the concentrations indicated at Figure S5. For BrdU

administration in drinking water, BrdU was dissolved in water with 0.1% sucrose in a concentration of 1 mg/ml. For embryonic la-

beling timed-pregnant TLX-CreERT2YFP mothers were injected with two shots of BrdU (50 mg/kg) six hours apart at embryonic

day 14 (E14).

Temozolomide (TMZ) treatment
Temozolomide dissolved in 75% saline 25%DMSO (or 0.9% saline in control animals) was injected daily I.P. in a concentration of

100mg/kg. BrdU was administered I.P. at 100mg/kg and mice were sacrificed 2 hours after injection or as indicated in the protocol.

Tamoxifen
TLX-CreERT2YFP pups embryonically labeled with BrdU, were given two shots of Tamoxifen (Sigma-Aldrich, 83.35 mg/kg, 9 Sun-

flower seed oil:1 100% EtOH) 12 hours apart from postnatal day 28 till 32. TLX-CreERT2YFP mice 2, 7 and 22 MO were given two

shots of Tamoxifen (50mg/kg) 12 hours apart for 5 days.

Treatments with neutralizing antibodies
Mini-osmotic pumps were filled with 100 mL of neutralizing antibodies or isotype controls at the following concentrations: for sFRP5

neutralization 333 mg/ml of Mouse IgG2B Isotype control (Novus, MAB0041) or anti-sFRP5 (Novus, MAB6266) dissolved in PBSwere

used. For CXCL10 neutralization 500 mg/ml Purified Armenian Hamster IgG Isotype control (Biolegend, 400902) or Armenian Hamster

anti-CXCL10 from Urs Christen were used.

FACS analysis and sorting
Generation of single cell suspension and stainings for FACS analysis or FACS sorting were performed as described in Llorens-

Bobadilla et al. (2015). Briefly, mice were sacrificed, SVZ was microdissected and single cell suspension was obtained using the

Neural Tissue Dissociation kit with Trypsin (or Papain when staining for CD31+ and CD11b+ cells) and Gentle MACS dissociator (Mil-

tenyi). For staining the following antibodies were used: Ter119 APC-Cy7 (Biolegend, 1:100), O4 APC and APC-Cy7 (Miltenyi, 1:50),

CD45 APC-Cy7 (BD, 1:200), GLAST (ACSA-1)-PE and APC (Miltenyi, 1:20), Prominin1-APC and PerCP-eFluor 710 (eBioscience,

1:75), Alexa488::EGF (Life Technologies, 1:100), PSA-NCAM PE-Cy7 Miltenyi, 1:75), CD31-PE (BD, 1:100), CD11b-APC (BD,

1:100) and Sytox Blue (Life Technologies, 1:1000).

Time-lapse video microscopy
Sorted quiescent and active NSCs from 2 and 22 MO mice were plated and tracked. Ex vivo activation of quiescent NSCs was rare.

Hence our analysis was restricted to aNSCs. Video microscopy of primary adult neural stem cell cultures was performed with a Cell

Observer (Zeiss) at constant conditions of 37�C and 8% CO2 as previously described (Ortega et al., 2013). Phase contrast images

were acquired every 5 minutes for 5-6 days using a 20 X phase contrast objective (Zeiss) and an AxioCamHRm camera with a self-

written VBAmodule remote controlling Zeiss AxioVision 4.7 software (Rieger et al., 2009). Time-lapse videos were assembled by us-

ing ImageJ whereas single-cell tracking was carried out using a self-written computer program (TTT) (Hilsenbeck et al., 2016).

Immunostainings
Mice were transcardially perfused with ice cold HBSS and 4% PFA. Brains were post-fixed in 4% PFA O/N and subsequently

immersed in 30% sucrose. 15 mm sections were prepared using a cryotome. For stainings of E-LRCs and TCF/Lef reporter mice,

50 mm sections were prepared at the vibratome. Sections were blocked for unspecific labeling in 0.25% Triton X-100, 3% horse

serum for 1 hr at RT and consequently with primary antibody mix at 4�C O/N. Sections were washed and incubated with secondary

antibodies in blocking buffer for 90’ at RT. Primary antibodies used were: anti-DCX (guinea-pig, Merck Millipore, 1:1000), anti-GFP

(chicken, Aves, 1:1000), anti-Sox2 (goat, Santa Cruz, 1:500), anti-BrdU (rat, abcam, 1:100), anti-S100b (rabbit, abcam, 1:100), anti-

GFAP (rat, thermo fischer, 1:1000), anti-Ki67 (rabbit, novus, 1:200), anti-IL33 (goat, novus, 1:150). 4-8 sections, 6 sections apart were

used for immunostainings.
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Cells
Labtek chambers were coated with PDL/laminin and NSCs were seeded at a density 20000/cm2 and treatments followed. Cells were

blocked for unspecific staining in 0.25% Triton X-100, 3% horse serum for 30’ at RT and consequently with primary antibody mixture

containing combination of anti-beta III-tubulin (mouse IgG2b, Sigma, 1:300), anti-GFAP (mouse IgG1, Sigma, 1:800), anti-NG2

(rabbit, Millipore, 1:500) or anti-Sox2 (goat, Santa Cruz, 1:500), anti-Ki67 (rabbit, novus, 1:200) at 4�C O/N.

Isolation and cultivation of NSCs in vitro

SVZ was microdissected and single cell suspension was prepared using the Neural Tissue Dissociation kit with Papain (Miltenyi).

Cells were transferred in Neurobasal A (NBM A) medium containing 2% B27 supplement serum (GIBCO), 1% L-Glutamine,

2 mg/ml of Heparin, 20 ng/ml of human FGF basic growth factor (ReliaTech), 20 ng/ml of human EGF (Promokine). Cells were not

used for longer than 10 passages. For treatment with recombinant mouse interferons a/b, 160 U/ml (Millipore) were added in NSC

medium and cells were incubated for 48 h.

Luciferase Reporter (Topflash) assays
Luciferase reporter assayswere performed as previously described (Berger et al., 2017). Briefly, HEK293T cells were grown in 96-well

plates and transfected with 5 ng Topflash, 1 ng Renilla and 44 ng empty vector (pCS2+) DNA using X-tremeGene 9 transfection

reagent (Roche) and following the supplier’s protocol. 24 h after transfection, cells were stimulated with the indicated

conditions: CHAPS control or recombinant Wnt3a protein (Peprotec, 180 ng/mL) with or without recombinant sFRP5 protein (Novus,

5 mg/mL). To examine if neutralizing sFRP5 antibody can inhibit recombinant sFRP5, recombinant Wnt3a together with sFRP5

and the neutralizing antibody (Novus, 5 or 25 mg/mL) were pre-incubated at room temperature for 30 minutes before applied to

the cells. After 24 h, cells were harvested and Luciferase activity was determined following the manufacturer’s manual (Promega,

Dual-Luciferase Reporter Assay System). Values are presented as Firefly activity normalized to Renilla values.

Sphere assay
aNSCs (CD45-O4-Ter119-GLAST+CD133+EGFR+) (Figure S6A) from 2, 7 and 22 MO were sorted in 96 wells containing 3x growth

factors and the diameter of spheres was measured 5 days later using a LEICA table microscope.

Comet assay
qNSCs (CD45-O4-Ter119-GLAST+CD133+EGFR-) and aNSCs (CD45-O4-Ter119-GLAST+CD133+EGFR+) (Figure S6A) were

isolated in NBM A with B27 and comet assay was performed as described in Walter et al. (2015) with the difference that low-

melting-temperature agarose was purchased from Biozym.

Microscopy
Confocal images were acquired with a LEICA SP5 microscope with a 405 nm laser, an argon multiline (458-514 nm), a helium

neon 561nm and a helium neon 633nm laser. For quantification of stainings of vibratome sections we acquired tilescans from

the whole ventricle and z stacks of 20 mm with 1 mm apart in a resolution of 2048x2048. For quantification of cryosections we

acquired tilescans of the whole ventricle combined with z stacks covering the tissue thickness in a resolution of 1024x1024.

Finally, for imaging of stained cells from in vitro cultures 6-12 fields of view were obtained at a resolution of 512x512. For all

images 40- or 63x oil immersed objectives were used. Quantifications were performed with Fiji and the plug-in cell counter

navigating through the stacks. For quantification of TCF/Lef activity in different domains, we measured the total length of

the SVZ occupied by cells and assigned the upper 1/3 as dorsal and the lower 2/3 as lateroventral. Highly autofluorescent

speckles called lipofuscin were observed in the aging brain. Speckles present in all fluorescent channels were visually excluded

during quantifications.

Analysis of Smart-seq2 single-cell RNA-seq data
Sorting for Smart-seq2

Preparation was performed as described in Llorens-Bobadilla et al. (2015). Briefly, we sorted for CD45-O4-CD133+GLAST+ NSCs

(Figure S6A). Single NSCs were handpicked and libraries according to Smart-seq2 were prepared. 4 mice of 23 MO were pulled per

replicate.

In total, we performed RNA-seq on 145 old single cells in parallel with published data from Llorens-Bobadilla et al. (2015) which

were used as young counterparts. All the steps for cell sorting and library preparation were identical. Through quality control steps,

we removed 12 cells and kept 133 cells for downstream analysis. For isolation of astrocytes, we sorted for GLAST+O4-CD45- from

cortex or striatum, cells were handpicked and libraries were prepared according to Smart-seq2 as previously described in Llorens-

Bobadilla et al. (2015).

Quality control steps are described as following.

Smart-seq2 library preparation

Single cell RNA-seq libraries were prepared according to the Smart-seq2 protocol as described by Picelli et al. (2014). Single cells

were pipetted in lysis buffer and were frozen O/N. Subsequently, cells were thawed and reverse transcription was performed with an
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oligo(dT) primer and a locked nucleic acid-containing template-switching oligonucleotide. ERCCSpike-Ins (Ambion) were added to 8

randomly selected samples at a dilution 1/1000000. Full-length cDNA was amplified with the KAPA HiFi polymerase by 20 cycles of

PCR. Samples with high quality of cDNA were further processed after assessment on a High Sensitivity Bioanalyzer chip (Agilent).

Libraries for Illumina sequencing were generated with the Nextera XT Sample preparation protocol after extending the tagmentation

to 8 minutes and doing a double bead clean up with 0.8X AMPure XP SPRI beads after PCR amplification of 9 cycles.

Read trimming and mapping
Raw read quality was checked by FASTQC (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Trimming of adaptor

sequences in raw reads was performed before alignment with Btrim64 (http://graphics.med.yale.edu/trim) (Kong, 2011). Mapping

of trimmed reads to the mouse genome (ENSEMBL Release 78/GRCm38.p3) was done using STAR 2.4.0g (Dobin et al., 2013). Map-

ping results to the genome were visually inspected with the Integrative Genome Viewer (https://www.broadinstitute.org/igv/).

RNA-seq data quality metrics
RNA-seq data quality metrics of each cell, including total reads, transcriptome mapped reads and transcriptome mapped rate was

calculated by picard-tools-1.123 (https://broadinstitute.github.io/picard/) (Table S4).

Gene Expression Matrices
Gene expression matrices were generated as previously described (Shalek et al., 2013, 2014). Gene expression levels as transcripts

per million (TPM) and fragments per kilobase of transcript per million mapped reads (FPKM) were produced with RSEM 1.2.18 with

default parameters. Additionaly, we used Trinity (Haas et al., 2013) (https://github.com/trinityrnaseq) based on edgeR (Robinson and

Oshlack, 2010) to perform TMM (trimmed mean of M-values) an additional normalization on FPKM (abbreviated TMM-FPKM), to be

able to compare samples with differences in the total cellular RNA production.

Quality control of single-cell RNA-seq data
The qualities of single cell RNA-seq libraries were checked by the combination alignment rates and number of genes detected with

TPM > 1. Cells showing substantially fewer numbers of genes detected (TPM > 1) and/or lower mapping rates (two times standard

deviation) than others were filtered out. We also filtered out cells in which Gapdh and Actb are lowly expressed (TPM < 100) and

Slc1a3-negative NSCs (TPM < 10). In total, 132 single cells passed quality control and were used in downstream analysis.

ERCC spike-in controls
The quality of single-cell RNA-seq data was assessed by adding known amount of 92 ERCC spike-in RNA transcripts in 8 random

cells and the expression levels of these transcripts in TPM correlated well to the known amount.

Monocle pseudotime assignment
The TPM values data from young and old cells were loaded together into themonocle2 R package using its relative2abs function (Qiu

et al., 2017). During the creation of the CellDataSet object lowerDetectionLimit was set to 0.5 and a negbinomial expression family

was selected. The ordering genes used for the pseudotime calculation were selected based on a mean_expression > = 0.5 and dis-

persion_empirical > = 3 * dispersion_fit. Pseudotime assignments for all cells were saved into a file for later use.

Expression of DNA damage associated genes
To check for the expression of DNA damage associated genes in the data, a heatmap was created using the pheatmap R package

(version 1.0.8) from a list of manually selected genes. The TPM values for those genes were log2 transformed before plotting

PCA
PCA was run on the TPM values of the 2000 most variable genes in the dataset and for all cells PC1 and PC2 were plotted against

each other in a scatterplot. PCA plots were also prepared for individual subpopulations and cells colored by age of the animal.

DE analysis Smart-seq2
Differentially expressed genes between astrocytes and qNSC1 were determined using a likelihood ratio test as described in Llorens-

Bobadilla et al. (2015). The log-transformed TPM gene expression values of the up and downregulated genes (> 2 fold-change,

adjusted p value < 0.1) from qNSC1, qNSC2 and astrocytes in the Smart-seq2 data were plotted as a heatmap (using pheatmap

R package).

Differentially expressed genes of each activation state against all others were determined by t test as provided by Seurat. Differ-

entially expressed genes between cells from old and young mice within each activation state were determined by DESeq2 after

exclusion of non-expressed genes. In addition, we calculated differentially expressed genes between cells from old versus young

mice within each activation state by the difference of the mean log-transformed TPM expression values divided by the mean SD

and ranked by the nominal p value (t test).
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Euclidean distance calculation
The euclidean distances between neighboring activation states along the neurogenic lineage (qNSC1, qNSC2, aNSC1, aNSC2) be-

tween cells from 2MO and 23MOmice within the same subpopulations were calculated on the first 5 principal components and their

distribution was plotted using density estimation (ggplot2 R package).

Bulk RNA sequencing
Bulk RNA seq

For Bulk sequencing we sorted 1000 events of different populations based on the following marker combinations: Endothelial CD45-

CD31+, Microglia CD45+CD11b+, NSCs CD45-CD133+GLAST+, Neuroblasts CD45-GLAST-PSA-NCAM+ (Figure S6C). Since the

CD31 epitope was sensitive to trypsin we did the endothelial and microglia cell isolation with the Neural Tissue Dissociation kit

(papain). Briefly, RNA was isolated with arcturos pico pure kit and cDNA was prepared using the SMARTer Ultra Low Input RNA

for Illumina Sequencing – HV. Finally, libraries were prepared for sequencing using the NEBNext Ultra DNA Library Prep Kit for Illu-

mina. 2 2 MO and 4 19 MO mice were pulled per replicate.

Processing RNA-seq data of bulk

We prepared biological duplicates of libraries from young and old populations from NSCs, endothelial, microglial and neuroblast cell

types. Quality control of cell population RNA-seq data was performed as the single-cell RNA-seq data. After quality control raw reads

weremapped to themouse reference genomeGRCm38 (ENSEMBL release 78/ GRCm38.p3) using STAR_2.4.0g1. Genes annotated

in ENSEMBL release 78 were quantified with HTSeq 0.6.1p2. Differential expression analysis was performed with DESeq2.

GO term enrichment analysis
The lists of differentially expressed genes from comparing old to young for NSCs, neuroblasts, microglia, endothelial cells were

filtered for those genes with an adjusted p value of less than 0.05 and then supplied to the clusterCompare and simplify functions

of the clusterProfiler R package (Yu et al., 2012) to prepare a dotplot of the top 8 GO categories from each celltype using the ‘‘bio-

logical process’’ ontology.

Expression of Innate immune response genes
Significantly upregulated genes in the comparisons of 19MO to 2MO samples for each cell type were checked for annotation in the

InnateDB and Ensembl gene IDswere obtained using the biomaRt R package (version 2.32.1). The annotated genes were highlighted

on MA plots of the comparisons for the respective celltypes. In the 7MO to 2MO NSCMA plot the genes from the 19MO versus 2MO

comparison were highlighted.

10x Chromium 30sequencing
Sorting for 10x Chromium 30

Single cell suspension was prepared as described before. To ensure that there is enough starting material for the Chromium 30 10x
platform, we sorted CD45-O4-Ter119-GLAST+ (Figure S6B). 8000 FACS events underwent the downstream process according to

the manufacturer’s details. 4 2MO and 8 22 MO mice were pulled for each library.

Library preparation, sequencing and mapping

Weprepared one library from cells isolated from old and another with cells isolated from youngmice (both with 10x Genomics Chem-

istry: Single Cell 30 v2) and sequenced them on a HiSeq 4K PE 100. The Cell Ranger Software (Ver. 2.0.0) provided by 10x Genomics

was used to map the reads (provided as fastq files) to the mouse reference genome (ENSEMBL Release 78/GRCm38.p3) for each

sample individually and the two samples were merged according to the Cell Ranger manual.

Analysis with the Seurat package
The Seurat R package (version 2.2.0) was used for further inspection and data analysis. First all genes, which showed expression in

less than 3 cells were discarded. Then the cells were filtered for further analysis based on the following parameters: expression of at

least 1500 genes and at most 4500 genes (to exclude cell duplets), less than 10% of transcripts coming from mitochondrial genes.

After these filters 3066 cells remained (out of 3937 cells initially provided by the CellRanger pipeline) (Table S4). The transcript counts

were log transformed, the number of detected genes, number of detected unique molecular barcodes (UMIs) and the percentage of

mitochondrial gene expression was regressed out and transformation to z-scores was performed, by subtraction of the mean and

division by the standard deviation. As we compared cycling and non-cycling cells we aimed to reduce the influence of the cell cycle

states on cells from the same cell type, while keeping the cell cycle signal, which is an important component of NSC activation. As

described in the Seurat package documentation, all cells were scored for the cell cycle states G1-, G2/M- and S-phase and then the

difference between the G2/M- and S-phase scores was regressed out to discard the cell cycle states difference, while keeping the

cell cycle signal. Genes were determined to be variable based on the following parameters: mean expression between 0.0125 and 4

and log variance to mean ratio of at least 0.5. Those variable genes were used as input for PCA. This dimensionally reduced data was

used for clustering using Seurat’s graph-based clustering approach with a resolution parameter of 0.8, selecting the first 8 principal

components as input. 18 cells were excluded from the further analysis as they also showed expression of the leukocytic marker gene

PTPRC (CD45) or ependymal marker genes (Jacquet et al., 2009) and thus are possibly contaminations of cells from these celltypes.
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For visualization t-SNE was run on the first 8 principal components. To check whether clusters were separating based on the age of

the animals and if there are batch effects, PCA and t-SNE plots were generated for all cells and individual subpopulations and cells

were colored according to the animal age (Figure 4C). Gene expression of individual marker genes in the determined clusters was

checked by coloring the cells in the t-SNE plot according to gene expression strength. The identity of the subpopulations was deter-

mined by manual inspection of the gene expression values for previously used marker genes and comparison of differentially ex-

pressed genes of each cluster (compared to all the other clusters in the dataset). Those were compared to differentially expressed

genes from the Smart-seq2 single-cell RNA sequencing data (Llorens-Bobadilla et al., 2015). The aNSC0 subpopulation is composed

of two clusters which showed a difference in the expression of immediate early response genes, while the aNSC1 subpopulation con-

tains two clusters showing a seperation based on the predicted cell cycle phase. A phylogenetic tree based on average cells for all

determined identities was constructed based on the first 8 PCs using the BuildClusterTree function. The average gene expression for

all genes was calculated between young and old cells in NSCs, cell types along the neurogenic lineage as well as OPCs and ODs and

plotted in a scatterplot with log10 transformed axes.

Monocle pseudotime assignment
Raw transcript counts from the CellRanger output were also loaded into the monocle2 R package (version 2.4.0) and filtered to

exclude cells identified as OD or OPCs. A cellDataSet object was prepared as described for the Smart-seq2 sequencing data.

The ordering genes were selected to have a mean expression > = 0.6 and an empirical dispersion > = 3 * dispersion fit. Pseudotime

computation results were saved and used together with the cluster identities from the Seurat clustering to check if the identified clus-

ters agree with the predicted pseudotime by plotting the identity-colored cells according to their monocle predicted reduced dimen-

sions dimensions and vice versa coloring cells in the tSNE plot by their predicted pseudotime value.

DE and GO term enrichment analysis
To find differentially expressed genes between cell from 2 and 22 MO mice the DESeq2 R package (version 1.16.1) was used. The

clusterProfiler R package (version 3.4.4) was used for GO term enrichment analysis with its clusterCompare and simplify functions

using the ‘‘biological process’’ ontology. Genes with an adjusted p value < 0.05 and an absolute Fold Change > 2 were used. Differ-

entially expressed genes of each activation state against all others were determined by t test as provided by Seurat. DE genes be-

tween cells from old and young mice within each activation state were determined by DESeq2 as provided by Seurat. In addition, we

calculated differentially expressed genes between young versus old cells within each activation state by the difference of the mean

log-transformed expression values divided by the mean SD and ranked by the nominal p value (t test).

Euclidean distance calculation
The euclidean distances between neighboring activation states along the neurogenic lineage (qNSC1, qNSC2, aNSC0, aNSC1,

aNSC2, TAP, NB) as well as between qNSC1 and OD or between cells from 2MO and 22MO mice within the same subpopulations

were calculated on the first 8 principal components and their distribution was plotted using density estimation (ggplot2 R package).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistics were performed as indicated in each figure. All multiple comparisons were performed with GraphPad Prism’s one-way An-

ova function, which also performs a Tukey-Kramer test, reporting p values adjusted to control family-wise error rate for the family

comprising comparisons of each group against all other groups.

DATA AND SOFTWARE AVAILABILITY

RNaseq raw sequence data is available from GEO (accession number: GSE115626). All the analysis is described in the Method

Details. The complete R/Bioconductor software package will available upon acceptance on the authors’ webpage (https://

martin-villalba-lab.github.io/).
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Supplemental Figures

Figure S1. Quiescence of NSCs Increases upon Aging, Related to Figure 1

A) Representative picture of cells from the V-SVZ 2MO TLX-CreERT2YFP (scale bar: 20 mm). B) Fraction of BrdU+ cells among YFP+DCX- cells in 2, 7 and 22 MO

(Each data point represents one mouse; bar and whiskers denote mean ± SD; Tukey-Kramer multiple-comparisons test). C) Representative picture of a

Ki67+LRC+ cell in the SVZ of 22MO. (Scale bar:10 mm) D) Fraction of Ki67+ cells among LRC+DCX- in 2, 7 and 22MO (n = 3mice/group; bar and whiskers denote

mean ± SD; Tukey-Kramer multiple-comparisons test). E) Fit of the neurogenesis model with increase of self-renewal during aging. The cell counts at age 0 are in

the order of 10^6. F) Upper panel: Fit of the neurogenesis model with simultaneous increase of quiescence and self-renewal during aging. Lower panels: Model

with simultaneous increase of quiescence and self-renewal during aging: Time course of self-renewal fraction and activation rate. The activation rate from

quiescence significantly decreases in time. The self-renewal fraction only slightly changes at younger ages. The red curves correspond to model simulations.

Each black dot denotes experimental data of one mouse. G) Representative pictures of embryonically BrdU-labeled YFP+ cells that are Ki67+ (yellow arrow) or

Ki67- (white arrow) (scale bar: 10 mm). *p < 0.05; **p < 0.01; ***p < 0.001; n.s.: not significant.



Figure S2. DNA Damage Does Not Increase upon Aging and Old aNSCs Have Similar Properties to Young, Related to Figure 2

A) Maximum intensity projection micrographs (scale bar: 10 mm) of dorsal SVZ from 2 and 22 MO mice at different time points after TMZ injection. (note the

increase in autofluorescent lipofuscin speckles all over the 22 MO brains). B) Representative pictures of intact or damaged nuclei after 5Gy gamma irradiation.

C) Quantification of the olive tail moment (active old n = 257 cells, active young n = 274 cells, quiescent old n = 150 cells, quiescent young n = 245 cells). D) Lineage

trees of 2MO and 22MOaNSCs. E) Representative pictures of spheres derived from single aNSCs from 2, 7 and 22MOmice (scale bar: 200 mm). F) Quantification

of sphere diameter (2 MO and 22 MO n = 4, 7MO n = 2; bar and whiskers denote mean ± SD; Tukey-Kramer multiple-comparisons test). n.s.: not significant.



Figure S3. Transcriptomic Analysis, Related to Figures 3 and 4

A) tSNE map of cells from the neurogenic lineage colored by pseudotime as assigned by monocle2 (10x 30 Chromium). B) Distributions of euclidean distances

between cells from different activation states. Although there is a gap between the qNSC1 and qNSC2 in the t-SNE plot the comparison of the distance dis-

tibutions shows that the distance between qNSC1 and qNSC2 is similar to the distance of qNSC2 and aNSC0, which are not separated by a gap. The distance

distribution of qNSC1 compared to OD as expected shows a higher distance between these cell types, while the aNSC clusters are closer together (10x 30

Chromium). C) Heatmap of differentially expressed genes for the identified cell clusters (gene-wise z-scores). Columns (cells) are sorted by their monocle as-

signed pseudotime from left to right (for cells from the neurogenic lineage), while cells from OPC and OD are added to the right without further sorting. Rows

(genes) were ordered by increasing onset of expression along the pseudotime from top to bottom. Differentially expressed genes for OPC and ODwere added to

the bottom. See Table S1 (10x 30 Chromium). D) Heatmap displaying expression of selected genes (gene-wise z-scores) from recently published sc RNAseq data

of young SVZ (Basak et al., 2018) in cells of our study sequenced with the 10x genomics platform (10x 30 Chromium). E) PCA plots of individual subpopulations of

NSCs sequenced (10x 30 Chromium). F) Comparison of euclidean distance distributions between cells of the same activation state from young and old, young and

young, old and old mice. Euclidean distance between qNSC1 and qNSC2 serves as reference. (Smart-seq2). The right panel shows a detailed view of changes in

mean expression and SD for each gene between old and young within qNSC1 (upper) and in the transition qNSC1/qNSC2 in young and old (lower).

G) Scatterplot of genes in the Smart-seq2 data that were differentially expressed upon aging in bulk NSCs. y axis indicates the difference of the average log-

transformed TPM values between old and young. x axis denotes the fraction of cells without any reads for this gene in either old or young. To this end we

calculated the fraction separately for young and old and used the larger value. Color denotes the direction of change in the bulk sequencing data. H) Scatterplots

comparing gene expression between 22 and 2 MO mice, averaged over all NSCs, the neurogenic lineage, ODs or OPCs. Dotted lines represent 2 fold-change

(genes > 2 FC are shown in black) (10x 30 Chromium). I) Barplots representing the percentage of cells with read counts stratified in 4 different intervals (0, 1-5,

5-50, > 50) of top genes related to immune response upregulated in Bulk sequencing between old and young NSCs in (10x 30 Chromium and Smart-seq2).



Figure S4. Related to Figure 6

A) Expression of Sfrp5 from Smart-seq2 single cell data (bar and whiskers denote mean ± SD). B) Expression of Sfrp5 in bulk populations of NSCs at 2, 7 and 19

MO NSCs (dots represent biological replicates). C) Representative pictures of TCF/Lef expression among Ki67+ cells (scale bars: 20 mm) in 2 and 8 MO mice

(arrows indicate examples of Ki67+ cells that are TCF/Lef-. D) Quantification of TCF/LEF+ among Ki67+ cells (2 MO n = 2, 8MO n = 3; data shown as mean ± SD).

E) TOPFLASH assay with HEK293 cells (Data shown as mean ± SD).



Figure S5. Related to Figures 1, 2, 5, 6, and S1

Experimental outlines of experiments across the article. A) Approaches to label and follow e-LRC or LRC NSCs. B) Labeling of proliferating cells in the SVZ with a

2 hr pulse of BrdU. C) Labeling of newly-born NBs arriving at the olfactory bulb.



Figure S6. Related to Figures 1, 2, 3, 4, 5, and S2

FACS strategies followed for the isolation and analysis of V-SVZ cell populations. A) Strategy for the isolation of qNSCs, aNSCs and TAPs. B) Strategy for

preparation of libraries for 10x Chromium 30. C) Strategy followed to isolate different populations of cells from the V-SVZ niche.
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