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SUMMARY
Cellular redox states regulate the balance between stem cell maintenance and activation. Increased levels of
intracellular reactive oxygen species (ROS) are linked to proliferation and lineage specification. In contrast to
this general principle, we here show that in the hippocampus of adult mice, quiescent neural precursor cells
(NPCs) maintain the highest ROS levels (hiROS). Classifying NPCs on the basis of cellular ROS content iden-
tified distinct functional states. Shifts in ROS content primed cells for a subsequent state transition, with
lower ROS content marking proliferative activity and differentiation. Physical activity, a physiological
activator of adult hippocampal neurogenesis, recruited hiROS NPCs into proliferation via a transient Nox2-
dependent ROS surge. In the absence of Nox2, baseline neurogenesis was unaffected, but the activity-
induced increase in proliferation disappeared. These results provide a metabolic classification of NPC
functional states and describe a mechanism linking the modulation of cellular ROS by behavioral cues to
the activation of adult NPCs.
INTRODUCTION

The dentate gyrus (DG) of the adult mammalian hippocampus is

a unique structure that maintains adult neurogenesis of its prin-

cipal neurons, the granule cells. The adult-generated neurons

provide a particular type of structural plasticity, critical to the

function of the DG (Garthe et al., 2009; Sahay et al., 2011).

Multi-potent neural precursor cells (NPCs) with elaborate radial

glial morphology (referred to as radial-glia like [RGL] or type 1

cells) line the sub-granular zone of the DG and sporadically tran-

sition from a quiescent to a proliferation state. They can undergo

symmetric self-renewing or asymmetric divisions leading to tran-

sient amplifying cells (type 2 cells; intermediate progenitor cells

[IPCs]). These IPCs are progressively specified into neuroblasts

(NBs; type 3), leading to the generation of adult-born neurons. To

sustain this process for extended periods, state transitions of

type 1 cells must be tightly controlled.
300 Cell Stem Cell 28, 300–314, February 4, 2021 ª 2020 The Author
This is an open access article under the CC BY-NC-ND license (http://
A hallmark of adult hippocampal neurogenesis is that different

regulatory checkpoints are responsive to physiological stimula-

tion such as physical activity and housing in enriched environ-

ments (Kempermann et al., 1997; Kronenberg et al., 2003; van

Praag et al., 1999). Although many mediating pathways have

been described (Jang et al., 2013; Klempin et al., 2013; Lugert

et al., 2010), it remains unknown whether subsets of NPCs exist

and whether their functional states might be linked to their

response to environmental stimuli. We here now demonstrate

that cell-autonomous redox regulation is one pathway delin-

eating activatable functional states of adult hippocampal

NPCs. A cell’s redox status, or cellular ‘‘oxidative stress,’’ is

generally maintained by a balance between generation and

scavenging of reactive oxygen species (ROS) and reactive nitro-

gen species (RNS). ROS is a product of incomplete reduction of

molecular oxygen. Cellular ROS exists primarily as the highly

reactive superoxide anion (O�
2), which is enzymatically reduced
s. Published by Elsevier Inc.
creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. Physical Activity Stimulates Quiescent Cells into an Invariable Proliferation Scheme

(A) Three nights of physical activity are required to significantly increase the number of proliferating (BrdU+) cells in the DG.

(B) Experimental design for the dual thymidine labeling and running paradigm.

(C) Although there is no change in baseline proliferating cells (CldU+), the number of IdU+ cells significantly increase in the 2R and 5R groups.

(D) The small proportion of CldU+IdU+ cells indicates that most proliferating cells had exited the cell cycle within the 5 day paradigm.

(E and F) The proportion of the IdU+ cells that are in early (E) or late (F) stages of the neurogenic trajectory.

The horizontal line in the boxplots indicates the median, and the + sign denotes the mean. Bar plots showmean ± SEM. *p < 0.05, **p < 0.01, and ***p < 0.001. For

further details pertaining to replicate numbers, see Table S5.
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to hydrogen peroxide (H2O2) and hydroxyl radicals ($OH) (Biga-

rella et al., 2014; Holmström and Finkel, 2014; Phaniendra

et al., 2015). Sub-cellular compartments such as mitochondria,

endoplasmic reticulum, lysosomes, and the plasma membrane

can generate cellular ROS as a metabolic by-product or through

enzymatic activity of the NADPH oxidizing enzyme (Nox) homo-

logs xanthine oxidase and cyclooxygenase (Ye et al., 2015). The

absolute cellular ROS content, and its relative changes, can

regulate the abundance of various redox sensors and thus can

act as a physiological secondary messenger integrating environ-

mental cues and cell-autonomous signaling. Several lines of

work have discussed this role of ROS fluctuations and oxidative

stress in regulating stem cell fate in bone marrow cells, cardiac

cells, or induced pluripotent stem cells (iPSCs). In those cell

types, lower ROS content generally marks quiescence or self-

renewal, with a more oxidized state marking cells with higher

proliferation rates and lineage commitment (Armstrong et al.,

2010; Gurusamy et al., 2009; Smith et al., 2000).

NPCs of the DG and the subventricular zone (SVZ) differ in

several aspects, including their susceptibility to become acti-

vated by physiological stimuli (Brown et al., 2003). In addition

to identifying redox regulation as a key discriminator between

adult NPCs of the SVZ and DG niches, we describe the differen-

tial enrichment of cellular ROSwithin functional subsets of NPCs

in the adult DG as well as its unexpected specificity in regulating

cellular state transitions. We suggest a critical role for cellular

ROS dynamics in mediating the activity-dependent recruitment

of quiescent hippocampal NPCs into proliferation.
RESULTS

Physical Activity Recruits Non-dividing, Activatable
Stem Cells into Proliferation
An extrinsic stimulus such as physical activity might act individ-

ually or synergistically, at different neurogenesis checkpoints

(Overall et al., 2016). We have previously shown that continuous

running wheel access for 4 nights resulted in an increase in the

number of proliferating cells in the DG (Overall et al., 2013). We

now investigated the dynamics preceding this activation by

studying bouts of physical activity of shorter duration (1, 2, 3,

or 4 nights; Figure S1A). We found that at least 3 nights of phys-

ical activity were required for a significant pro-proliferative

response, measured by thymidine analog (BrdU) incorporation

into dividing cells (one-way ANOVA: F4,35 = 13.04, p < 0.001;

0 days: 1,130 ± 125 cells versus 3 days: 1,603 ± 93 cells,

mean ± SEM, Dunnett: p = 0.017; increase of 42%; Figure 1A).

At day 4, the proliferative pool had further increased to 183%

of control values (4 days: 2,070 ± 142 cells; Dunnett: p <

0.001; Figure 1A; see also Akers et al., 2014).

To determine whether the increase in proliferation was driven

primarily by an expansion of already dividing cells or by RGL cells

exiting quiescence, we applied a dual thymidine analog (CldU,

IdU) labeling paradigm (outlined in Figure 1B; Brandt et al.,

2012; Fischer et al., 2014; Shibui et al., 1989) and housed ani-

mals either with access to a running wheel (5R) or in standard

housing conditions (5S) for a period of 5 nights (i.e., 4 full

days). To also detect the effect of an acute bout of physical
Cell Stem Cell 28, 300–314, February 4, 2021 301
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Figure 2. Nes-GFP+ Cells of the DG and SVZ

Can Be Distinguished on the Basis of Their

Differential Regulation of ROS

(A) A principal-component analysis showed that

Nes-GFP+ samples from DG and SVZ cluster

distinctly.

(B) About 30% and ~26% of the detected tran-

scripts are uniquely expressed in the NPCs of the

DG and SVZ respectively (‘‘signatures’’).

(C) AGeneOntology (GO) analysis of the signatures

revealed that the most enriched pathways in the

SVZ precursor cells were related to cell division

and transcriptional regulation.

(D) In contrast, redox regulation was identified as

the most enriched pathway in the DG.
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activity, a third group ofmice had runningwheel access only for 2

nights (2R) before returning to standard conditions for the re-

maining 3 nights. On the basis of the number of IdU+ cells, we

found a strong pro-proliferative response in the 5R group

(6,876 ± 474; increase of 52%; two-way ANOVA, n = 8: interac-

tion: p = 0.046, F2,42 = 3.33, Dunnett: p < 0.001; Figure 1C). Inter-

estingly, an increase in the number of IdU+ cells was also seen in

the 2R group (6,217 ± 581, increase of 38%, p = 0.01), not only

confirming the hypothesis of the acute nature of the stimulus

but also suggesting that physical activity represents rather an

activation event. In contrast, no significant differences were de-

tected in the numbers of CldU+ cells across the three groups (5S:

4,496 ± 398; 2R: 4,265 ± 319, p = 0.896; 5R: 5,052 ± 328, p =

0.547), suggesting no effect of de novo activity on proliferating

cells’ survival within the experimental time frame. We noted

that only a small proportion of CldU+ cells were positive for IdU

(5S: 10.0% ± 0.9%; 2R: 8.7% ± 1.0%; 5R: 8.5% ± 0.4%; Fig-

ure 1D shows percentages of all labeled cells), suggesting that

the majority of NPCs exit the cell cycle within the experimental

time frame irrespective of activity stimulus.
302 Cell Stem Cell 28, 300–314, February 4, 2021
To determine whether the CldU�IdU+

cells activated by physical activity would

predominantly expand the NPC stage, or

instead progress to advanced stages of

adult neurogenesis as do the cells prolif-

erating in the absence of a run stimulus

(Kronenberg et al., 2003), we phenotyped

cells using two different sets of antibodies

to identify type 1 and type 2 cells (Sox2/

Tbr2; potentially also including rare

dividing astrocytes; ‘‘early’’; Figure 1E) or

type 2b and type 3 cells (Tbr2/Dcx;

‘‘late’’; Figure 1F). Under standard hous-

ing conditions, the majority of IdU+ cells

(84.5% ± 4.9%) were double-positive for

Sox2 and Tbr2, whereas 9.6% ± 2.4%

were exclusively positive for Sox2 and

3.6% ± 1.6% showed only Dcx expres-

sion. Stimulation by physical activity (5R

or 2R) did not significantly alter these pro-

portions. Furthermore, phenotyping

CldU+ cells did not yield any significant

changes between animals in different
housing conditions (Figures S1D and S1E). These results sug-

gest that physical activity stimulates a population of quiescent,

yet activatable NPCs to enter proliferation without otherwise

affecting the survival and the distribution among the neurogenic

stages.

Enrichment of Redox Regulation Transcriptionally
Delineates Subsets of Precursor Cells within DG
and SVZ
As SVZ cells do not show a neurogenic response to exercise

(Figures S1B and S1C; Brown et al., 2003), we hypothesized

that a direct comparison of expression profiles might reveal

differentially enriched pathways, which potentially maintain a

distinct population of activatable NPCs in the DG. To identify

such pathways, we compared the transcriptomic profiles of re-

porter-marked NPCs (Nes-GFP+; Yamaguchi et al., 2000) from

the DG with those from the SVZ, isolated from the same stan-

dard-housed animals.

A principal-component analysis (PCA) showed that Nes-GFP+

cells from the two niches clustered distinctly (Figure 2A; Figures
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S1F–S1H), with 30.2% of all transcripts uniquely enriched within

the DG and 26.4% of all transcripts unique to the SVZ (‘‘signa-

tures’’; Figure 2B). A Gene Ontology (GO) enrichment analysis

showed that the top enriched pathways in the SVZ were related

to ‘‘cell division,’’ ‘‘transcriptional regulation,’’ and ‘‘cell cycle’’

(Figure 2C; see also Table S1). The enriched pathways of the

DG, in contrast, were related to cellular responses to environ-

mental modulations, and of these, ‘‘redox regulation’’ showed

the greatest enrichment (p = 43 10�9; Figure 2D; see also Table

S1).

To validate whether ROS levels, and thus the redox state, are

differentially maintained and regulated in the DG compared with

the SVZ, we stained dissociated cells from both niches for total

cellular ROS using the superoxide indicator dihydroethidium

(DHE; Dikalov and Harrison, 2014; Zhou et al., 2016; Zielonka

et al., 2008). We discovered that DG (Figures 3A–3D) and SVZ

(Figures 3E–3H) cells isolated from the same animals had distinct

ROS profiles (Figures 3A, 3E, and 3I; gating strategy: Figures

S2A–S2D). The SVZ cells had significantly higher overall ROS

levels than the DG cells (two-way ANOVA, interaction: p <

0.001, F1,16 = 32.85; Tukey, p = 0.005; Figure 3I, left; compare

also dotted lines in Figures 3C and 3G; validated using different

ROS dyes). We used the neurosphere (NS) bioassay to deter-

mine whether the cell-intrinsic ROS content of DG cells could

predict their in vitro stemness (Reynolds andWeiss, 1992; Rietze

and Reynolds, 2006). Indeed, 98.8% NSs were generated from

the 17.8% ± 1.1% of fluorescence-activated cell sorting

(FACS) events with the highest ROS content (Figure S2F). This

corresponds to an 8.2 ± 1.5-fold ROS-associated enrichment

of NS-forming cells relative to unsorted cells (one-sample t

test, p = 0.008).

To further resolve the correlation between ROS content and

the potential for NS formation, we defined four distinct, non-

overlapping classes of ROS levels (Figures 3A–3C): hiROS

(2.1% ± 0.3% events with highest ROS levels), midROS

(next 9.5% ± 1.5% events), loROS (next 38.6% ± 4.7%

events), and noROS (48.9% ± 5.8% events; Figure 3B). In

the SVZ (Figures 3E–3G), we found that most cells were in

the loROS (62.0% ± 6.2%) and midROS (25.7% ± 4.7%) clas-

ses, with substantially fewer in the hiROS class (0.3% ±

0.0%). From both the SVZ and DG, NS-forming cells were

restricted to the higher ROS classes (midROS and hiROS

classes, which together constitute 26% and 11.6% of all

sorted events from the SVZ and DG, respectively), with the

highest density of NS-forming cells in the hiROS class

compared with unstained, sorted cells (DG: 9.7 ± 1.0-fold rela-

tive to unstained, SVZ: 14.2 ± 2.0-fold; one-sample t tests with

false discovery rate [FDR] correction, DG: padj = 0.002, SVZ:

padj = 0.015; Figures 3D and 3H). Supplementing the growth

medium with KCl or norepinephrine (NE), treatments that

can boost NS formation from DG precursors (Jhaveri et al.,

2010; Walker et al., 2008), augmented NS formation from

hiROS and midROS cells, with more NSs induced in the

hiROS class after KCl treatment (2.4 ± 0.7-fold; two-way

ANOVA, interaction: p = 0.003, F6,36 = 4.15; Dunnett: p <

0.001; Figure S2G). Neither KCl nor NE elicited NS formation

from loROS and noROS classes. On the basis of these results

and those of others (Le Belle et al., 2011), we conclude that

cellular ROS content is an effective predictor of NS-forming
potential and that the stemness of adult NPCs is related to

their steady-state cellular ROS content.

Although we found that the ROS content of Nes-GFP+ cells of

the DG was much greater than that of all isolated cells (3.7-fold;

Tukey, p = 0.001; Figure 3I), a disproportionate concentration of

Nes-GFP+ precursor cells in the higher ROS classes alone does

not explain the finding that these classes exclusively harbor the

NS-forming cells. Analyzing the distribution of Nes-GFP+ cells of

the DG into the four ROS classes (Figure 3J; gating: Figures S2A–

S2E) revealed the following characteristic pattern: 50% of the

Nes-GFP+ cells were negative for or low in ROS (noROS:

5.3% ± 3.9% of all Nes-GFP+ cells; loROS: 50.8% ± 3.7%), rep-

resenting sub-populations that are not competent to form NSs.

An additional 24.5% ± 5.1% of Nes-GFP+ cells localized to the

midROS and 19.4% ± 7.4% to the hiROS class (Figure 3L). In

contrast, the Nes-GFP+ cells of the SVZ had lower absolute

ROS levels than all isolated cells (Tukey, p = 0.015; Figure 3I)

with, compared with the DG, more precursor cells in the noROS

class (35.3% ± 3.9%; two-way ANOVA, interaction: p < 0.001,

F3,32 = 13.0; Sidak, p < 0.001; Figure 3K), and fewer (1.22% ±

0.4%, p = 0.015) in the hiROS class (Figures 3K–3M).

These results suggest that (1) NPCs of the DG are maintained

at a higher cellular ROS content compared with the surrounding

other DG cells; (2) cellular ROS content resolves the precursor

pools of DG and SVZ into distinct functional classes with

different stemness potential ex vivo; and (3) compared with the

SVZ, the Nes-GFP+ hiROS population is substantially enriched

in the DG.

Nes-GFP+ Cells of the Different ROS Classes Have
Distinct Molecular Profiles
To verify if ROS-based clustering identifies cell populations with

truly distinct functional states, we sequenced RNA from Nes-

GFP+ cells of the DG sorted by ROS class. As only a very small

proportion of Nes-GFP+ cells fell into the noROS fraction

(5.26% ± 3.87%), we omitted this group from the following anal-

ysis. The Nes-GFP+ cells in each ROS class had distinct tran-

scription profiles, as shown by PCA (PC1: 41% and PC2: 13%;

Figure 4A; see also Figures S3A–S3C). We found that 47.7% of

expressed transcripts segregated on the basis of ROS content,

with 36.1% of transcripts specific to cells of only one ROS class.

We identified 12.1% of all expressed transcripts specific for the

hiROS class (hiROS signatures), 6.9% for midROS, and 17.1%

for loROS (Figure 4B; see also Table S2). Additionally, 4.5% of

all the transcripts were co-enriched between the hiROS andmid-

ROS classes and 6.9% between midROS and loROS. Only 25

transcripts (0.2%) were in both hiROS and loROS, confirming

these classes to be the most distinct. We compared these pro-

files to the transcriptome data from the SVZ and DG (Figure 2).

Transcripts found in DG Nes-GFP+ cells, compared with the

SVZ, showed highest enrichment in the hiROS signatures, and

conversely, the SVZ-specific transcripts showed higher enrich-

ment for loROS signatures (Figure 4C). This strongly suggests

that the hiROS population is unique to the DG.

To further resolve this heterogeneity, we investigated the

expression of transcripts known to mark cellular processes

such as neurogenesis, cell cycle, and, as a control, ROS regula-

tion (see Table S3). With decreasing cellular ROS content,

expression of transcripts essential for maintenance of cellular
Cell Stem Cell 28, 300–314, February 4, 2021 303
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Figure 3. Nes-GFP+ Cells Can Be Classified into Distinct Functional Subsets on the Basis of Their Cellular ROS Content

(A and E) Flow cytometry revealed that cells from the DG (A) and SVZ (E) have distinct ROS profiles (see Figures S2A–S2E for gating strategy).

(B, C, F, and G) Plots showing the distribution (B and F) and cellular ROS content (C and G) of cells in each of the four manually gated ROS classes.

(D and H) NS formation is restricted to the midROS and hiROS classes, with more neurospheres formed from hiROS cells from both the DG (D) and SVZ (H).

(I) The ROS content in SVZ cells is higher than in DG cells (all cells). Nes-GFP+ cells of the DG have higher ROS than those of the SVZ.

(J and K) Gating of Nes-GFP+ cells from the DG (J) and SVZ (K) on the basis of ROS content.

(L) The DG and SVZ show unique distribution patterns across the four ROS classes, with more cells from the DG in the hiROS class.

(M) The Nes-GFP+ cells from the DG have higher levels of cellular ROS than those from the SVZ.

The horizontal line within the boxplots indicates the median and the + sign denotes the mean. *p < 0.05, **p < 0.01, and ****p < 0.001.
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Figure 4. ROS Levels Decrease along the Neurogenic Trajectory

(A) PCA shows that the different ROS groups have distinct transcriptional profiles.

(B) Venn diagram showing similarities in gene expression between the different ROS classes. Note that the 0.2% transcripts co-enriched in hiROS and loROS are

omitted in this panel.

(C) Transcripts upregulated in the DG were enriched in hiROS cells, whereas loROS transcripts showed more overlap with the SVZ signature.

(D) With decreasing ROS, expression of ROS-related genes decreased, while cell cycle activity and neural differentiation genes increased.

(E) In the pseudotime trajectory of Shin et al. (2015), hiROS signature transcripts peaked early, with later peaks in expression for the lower ROS groups.

(F) Decreasing ROS content is associated with increased expression of transcription factors associatedwith activated stem cells (as identified by Shin et al., 2015)

as well as a decrease in expression of quiescent stem cell transcription factors.

(G) Genes upregulated in adult Hopx+ cells (Berg et al., 2019) showed enrichment for hiROS and midROS signatures and genes co-expressed in hiROS and

midROS.

(H) Heatmap showing expression changes of selected genes at the hiROS to midROS transition (left) and midROS to loROS transition (right).
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ROS levels declined, while markers of active cell cycle and

neurogenic commitment increased (Figure 4D).

Both hiROS and midROS cells expressed RGL markers such

as Nestin, Gfap, Notch2, Lpar1, and Lfng (Semerci et al., 2017;

Walker et al., 2016). There was no detectable expression of
Eomes, an IPC marker (Tbr2; Hodge et al., 2012); E2f1, a potent

cell cycle regulator (Black et al., 2005; Cooper-Kuhn et al., 2002);

or enrichment for proliferationmarkers (Pcna,Mki67, MCMs, and

others) in the profiles of the hiROS class. These cells were also

marked by weak to no expression of markers of advanced
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stages of neurogenesis such as Dcx, Prox1, Neurod1, Calb2

(Calretinin), and Rbfox3 (NeuN). The expression of cell cycle in-

hibitors Cdkn1a (Pechnick et al., 2008) and Pten (Bonaguidi

et al., 2011; Hill and Wu, 2009), critical in controlling proliferation

and cell cycle entry of stem cells, was also highest in the hiROS

class. Taken together, this expression profile indicated that high

ROS marks early-stage quiescent NPCs. Genes reflecting the

ability of precursor cells to enter proliferation, such as Gli1, Id4

(Bedford et al., 2005; Boareto et al., 2017), Yap1, Runx1, and

Foxo1, were highest in both the hiROS and midROS classes.

The midROS class showed a complex transcript profile. On

one hand, similar to hiROS, cells in the midROS class were char-

acterized by expression of genes such as Rest (Gao et al., 2011),

Hes1 (Hatakeyama et al., 2004), Aldoc (Shin et al., 2015) and

Hopx (Berg et al., 2019; Shin et al., 2015), which are negatively

associated with cell cycle entry. Furthermore, Thrsp (Spot14;

Knobloch et al., 2014) andCpt1a (Knobloch et al., 2017), compo-

nents of the fatty acid oxidation (FAO) pathway critical for quies-

cence exit, were uniquely enriched in the midROS class. Addi-

tionally, this class was characterized by the strongest

expression of proliferation markers such as Pcna, Mki67, and

Mcm2/3/4/6. We detected cyclins/CDKs required for G1/S tran-

sition, such as E2f1, Ccnd2/3, Ccne1, Cdk2, Ccna2, and Ccnb1/

2, as well as cell cycle promoters Bub1 and Aurka. The midROS

cells also had the highest levels of Sox1, Sox2, and Sox9 and ex-

pressed both pro-neural and astrocytic lineage genes such as

Ascl1 (Andersen et al., 2014; Kim et al., 2011), Hes5 (Lugert

et al., 2010), Pax6, and Fabp7 (BLBP; Codega et al., 2014;

Doetsch, 2003) highlighting that these cells are actively engaged

in, or poised for, the growth phase of the cell cycle. Genes such

asDcx,Stmn1, Fasn (Knobloch et al., 2013),Eomes (Tbr2),Cdk4,

and Ncam1, associated with proliferating neuronally committed

cells, were co-enriched in cells of both the midROS and loROS

classes. These results indicate that NPCs with moderate ROS

levels comprise a mix of cellular states at different stages of

neurogenic progression.

The Nes-GFP+ cells of the loROS class were uniquely enriched

for transcripts marking neuronal differentiation, including

advanced stages such as Calb2, Rbfox3, Rbfox2, Prox1, Neu-

rod1, and Gad1. The loROS class was also enriched for anti-

apoptotic and DNA damage checkpoint markers such as

Trp53 (p53), Casp3, and Apbb1. Taken together, these results

suggest that Nes-GFP+ cells with reduced ROS content are

committed to neuronal differentiation (Figure S3D).

To corroborate that the ROS classes indeed represent a tra-

jectory from quiescence to neuronal commitment, we investi-

gated the expression of their signature transcripts along the

pseudotime trajectory derived from single cell transcriptomic

data of Nes-CFPnuc cells by Shin et al. (2015). The hiROS signa-

tures were expressed early in pseudotime, whereas loROS and

midROS genes were expressed more strongly later in the recon-

structed trajectory (Figure 4E).We further analyzed expression of

82 transcription factors (TFs), attributed by Shin et al. (2015) to

either the quiescent or the active proliferative states, in our three

ROS classes. We found a clear similarity between TFs regulating

quiescence and hiROS signature TFs, a relationship that inverts

with the drop in ROS content (Figure 4F). Conversely, TFs asso-

ciated with active proliferation were almost absent in hiROS cells

but increased expression in cells with lower ROS content.
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In summary, these findings confirm that hiROS cells corre-

spond to the quiescent stem cell population of the adult DG.

Shifts in Cellular ROS Levels Delineate Distinct
Functional States
There is a substantial drop in cellular ROS content between the

hiROS and midROS classes (�6-fold reduction; Figure 3M). Ac-

cording to our transcriptional profiling, however, this ‘‘ROS

drop’’ does not coincide with changes of known key genes

that would mark exit from quiescence, such as Hopx (Fig-

ure S3E). In order to align changes in cellular ROS content with

cellular state transitions, we compared our results to the tran-

scriptomic analysis of adult Hopx+ cells performed by Berg

et al. (2019). In that study, the authors identified a gradual shift

in expression profiles of Hopx+ NPCs from embryonic to adult-

hood (P45) and a progressive upregulation of transcripts associ-

ated with quiescence. We found that the signature transcripts of

Hopx+ cells from the adult DG were significantly under-repre-

sented among loROS signature transcripts. The adult Hopx-spe-

cific transcripts were not specific to either of the higher ROS

classes but showed a strong enrichment in the signature genes

and the co-enriched gene sets of the hiROS and midROS clas-

ses (Figure 4G), which suggested that several functional states

can be resolved within the broader Hopx+ population of NPCs

by assessing cellular ROS levels. This meta-analysis, while con-

firming our initial assertion that the hiROS cells represent quies-

cent NPCs, prompted us to hypothesize that changes in cellular

ROS content precede the exit from quiescence.

To test this hypothesis, we performed a separate comparison

of the hiROS versus midROS expression profiles (see STAR

Methods) and noticed that the expression of multiple RGL

markers (Gfap, Egfr, Gli1, Lfng) and genes known to negatively

correlate with or regulate proliferation, such as Id4, Aldoc,

Rest, Thrsp, and Cpt1a, was unchanged as the ROS content

significantly dropped (Figure 4H; see Table S4 for complete

gene list and GO terms associated with the ROS shift). However,

we saw a downregulation of cell cycle inhibitors (Pten, Btg1/2,

Hes1, Cdkn1a, Klf4, Ddx5) and an upregulation of markers of

active proliferation (Sox2, Eomes, E2f1, Pcna, Fasn, Dcx,

Stmn1, Hes5, Fabp7, Prox1, Ccnd1/2, Cdk4, Sirt2). These re-

sults, along with analysis of changes in signature transcripts of

adult Hopx+ NPCs (Figure S3F), suggested that although the

ROS transition is associated with expression of key genes

necessary for quiescence exit, this switch in ROS content pre-

cedes the downregulation of other genes maintaining the quies-

cent state.

A second drop in ROS levels (�2-fold) occurred between the

two putative proliferative classes, midROS and loROS, and

was marked by decreases in RGL markers (Gfap, Egfr, Nes,

Slc1a3, Prom1, Notch2, Lpar1), proliferation markers (Sox2,

Eomes, Pcna, Mki67, Mcm2/3/4/6, Hes5, Pax6), and astrocytic

markers (Fabp7). Quiescentmarkers (Hopx,Cpt1a, Thrsp,Aldoc)

were also strongly downregulated, while Stmn1was upregulated

together with redox sensors such as Foxo3 and Trp53 (Fig-

ure 4H). The shift in ROS content from moderate to lower levels

is further marked by an increase in markers of neuronal commit-

ment (Rbfox2/3, Neurod1, Ncam1, Prox1, Calb2) accompanying

the cellular progression from transient amplification to a NB-like

identity.
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Figure 5. ROS Levels in Different Neurogenic DG Cell Types and In Vitro Monolayer Culture

(A) Relative cellular ROS content in major cell types within the DG (see also Figures S4A–S4D).

(B) FACS gating for Dcx-GFP+ sub-clusters.

(C) Cellular ROS content in Dcx-GFP+ sub-clusters (see also Figures S4E and S4F).

(D–F) Relative expression levels of Ascl1 (D), Calb2 (E), and Rbfox3 (F) in the different Dcx-GFP+ subsets normalized to the expression levels of Actb.

(G) EdU labeling scheme for assaying cellular ROS content in proliferating cells in vivo.

(H) Relative cellular ROS content in Nes-GFP+ cells and the subset of Nes-GFP+EdU+ cells.

(I) Pseudohistogram of Nes-GFP+ cells and their EdU subsets. Each bin contains 2% of all cells.

(J) Relative cellular ROS content in monolayer culture following BMP4 treatment.

For boxplots, the horizontal line indicates the median. Other data represent mean ± SEM.
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hiROS NPCs Are Quiescent
Our next experiment(s) aimed to confirm that the quiescent

hiROS cells correspond to the type 1 or RGL cells (Kempermann

et al., 2004; Gebara et al., 2016). As Nestin has a broad range of

expression among DG NPCs, we used combinations of addi-

tional reporter lines and markers to profile RGL cells, IPCs,

NBs, and microglia of the adult DG (Nolte et al., 2001; Sellgren

et al., 2017; Walker et al., 2007). We confirmed that putative

RGL cells (Gfap-GFP+EGF+; Nolte et al., 2001) have significantly

higher ROS content compared with all other studied cell types
(two-way ANOVA, p < 0.001, F6,32 = 11.65; Figures 5A and

S4A–S4D). In contrast to Nes-GFP+ cells (Figure 3L; DG), fewer

Gfap-GFP+EGF+ cells segregated into the loROS class

(20.4%± 7.0%), and the remaining putative RGL cells distributed

equally into the hiROS (37.73% ± 10.44%) and midROS

(40.4% ± 4.3%; Figure S4A) classes.

We identified two distinct Dcx-GFP+ cell clusters: Dcx-C1

(42.0% ± 2.8% of all GFP+ cells) and Dcx-C2 (36.0% ± 2.3%;

lowest granularity, highest GFP levels; Figure 5B). We grouped

cells outside these clusters as Dcx-Rest (16.8% ± 1.7% of all
Cell Stem Cell 28, 300–314, February 4, 2021 307
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GFP+ cells; Figure S4E). The Dcx sub-populations differed in

cellular ROS content (one-way ANOVA, F2,21 = 22.16, p <

0.001; Tukey; Figure 5C), with cells of Dcx-Rest having the high-

est relative ROS levels (3.5-fold of Dcx-C2, 1.5-fold of Dcx-C1)

and cells of Dcx-C2 the lowest (the difference between Dcx-C2

and Dcx-C1 is 2.3-fold). In line with this, cells of the Dcx-C1

and Dcx-C2 clusters segregated predominantly into the loROS

class (65.4% ± 8.1% or 88.2% ± 2.2%, respectively), with barely

any cells in the hiROS class (C1: 1.5% ± 0.7%, C2: 0.1% ±

0.0%), while Dcx-Rest cells were still present in hiROS

(10.1% ± 3.7%; Figure S4F). We found that the Dcx-Rest and

Dcx-C1 populations had higher levels of Ascl1 compared with

Dcx-C2 cells (one-way ANOVA, F2,11 = 4.85, p = 0.031; Tukey;

Figure 5D), indicating a state of transient amplification. On the

other hand, Dcx-C2 cells had higher expression of Calb2 (one-

way ANOVA, F2,11 = 17.82, p < 0.001; Tukey; Figure 5E) and

Rbfox3 (one-way ANOVA, F2,12 = 5.67, p = 0.019; Tukey; Fig-

ure 5F) indicating that the Dcx-GFP+ cells with the lowest cellular

ROS levels were late-stage NBs (type 3 cells) or post-mitotic

immature neurons (see Kempermann et al., 2004).

To further validate that hiROS cells are quiescent, we EdU-

labeled (Buck et al., 2008; Zeng et al., 2010) proliferating cells

in Nes-GFP animals (Figure 5G) and analyzed tissue after 2 h

(acute-EdU+) or 2 days (delayed-EdU+). Compared with the

Nes-GFP+ population, cellular ROS levels were similar in the

Nes-GFP+ acute-EdU+ cells (one-way ANOVA, F2,19 = 7.85, p =

0.003; Tukey, p = 0.428; Figure 5H) and reduced in the Nes-

GFP+ delayed-EdU+ cells (p = 0.002). Resolving cells according

to their ROS content into 50 bins from low to high ROS (Figure 5I)

showed that the Nes-GFP+ cells with higher cellular ROS content

were rarely marked by EdU incorporation (see bins 40–50), and

an increase in frequency of proliferating Nes-GFP+ cells (Nes-

GFP+ acute-EdU+) was concomitant with a ROS shift to moder-

ate levels (wide peak from bin�12 to 30). Furthermore, cells that

were in cell cycle 2 days prior to assay (Nes-GFP+ delayed-EdU+)

exhibited much lower ROS levels (major peak around bin 10;

Figure 5I).

To address the possibility that our ex vivo cytometric protocols

induce acute stress that might be associated with non-specific

changes in ROS, we exposed proliferating, homogeneous

monolayer cultures of DG-derived NPCs (Babu et al., 2007,

2011) to exogenous bone morphogenic protein (BMP4; Kno-

bloch et al., 2017; Martynoga et al., 2013). The BMP4 protocol

drives proliferating NPCs into a stable quiescent state without

inducing significant cell death (Armenteros et al., 2018; Marty-

noga et al., 2013). Three days of BMP4 treatment induced a

marked change in cellular morphology, and no proliferating cells

were detectable by EdU incorporation (3 h chase; Figure S4G).

This transition from proliferation to quiescence was accompa-

nied by a progressive and significant increase in cellular ROS

levels (relative to the proliferating control; 2 days: 2.8 ± 0.2-

fold; 3 days: 4.09 ± 0.46-fold; one-sample t test 1 day: t6 = 3.2,

2 days: t6 = 10.5, 3 days: t6 = 6.7; FDR correction; Figure 5J).

Transient Delineated ROS Fluctuations Are Observed in
Nes-GFP+ Cells in Response to Physical Activity
Having established that the hiROS cells correspond to a quies-

cent NPC population, and that a drop in ROS levels precedes

exit from quiescence, we next sought to link these data to our
308 Cell Stem Cell 28, 300–314, February 4, 2021
initial observation that the acute physical activity involves recruit-

ment of quiescent cells into proliferation. We thus subjected

Nes-GFP reporter mice to two physical activity paradigms: first,

an acute bout of 1 single night of wheel access, not sufficient to

elicit a measurable increase in proliferation (compare Figure 1A),

and second, 4 nights of wheel access, which elicits a proliferative

response. Analyzing the NPC-ROS profiles under these condi-

tions, we found that after 1 night of running, the distribution of

Nes-GFP+ cells among ROS classes was not different from con-

trol conditions (Figure 6A). However, there was a robust addi-

tional surge in the cellular ROS content exclusively in the Nes-

GFP+ cells of the hiROS class (increase to 152.6% ± 25.3%;

two-way ANOVA, interaction p = 0.021, F6,64 = 2.70; Tukey:

hiROS Std versus 1dRun, p = 0.001; Figure 6B). Although this

spike in cellular ROS content in hiROS NPCs returned to control

levels after 4 nights of physical activity (Tukey: Std versus 4dRun,

p = 0.44; 1dRun versus 4dRun, p < 0.001; Figure 6B), we

observed a redistribution of Nes-GFP+ cells to the different

ROS classes at this time point. Compared with standard-housed

controls, we detected an increase by a third (from 50.8% to

67.2% of all Nes-GFP+ cells) in the proportion of Nes-GFP+ cells

in the proliferative and neuronally committed loROS class (two-

way ANOVA, interaction: p = 0.046, F6,64 = 2.29; Tukey, loROS:

Std versus 4dRun: p = 0.034, 1dRun versus 4dRun: p = 0.020;

Figure 6A).

For comparison, in the SVZ, the Nes-GFP+ cells of the hiROS

class showed a similar ROS spike (two-way ANOVA, interaction:

ns, housing: p = 0.045, F1,32 = 4.37; Sidak, loROS: p = 0.005; Fig-

ure S5B). However, in the SVZ this class of NPCs represents a

fraction of �1% of the Nes-GFP+ cells, which is presumably

far too small to translate into a meaningful neurogenic response

(Figure S5A).

Mitochondrial respiration is the major source of cellular ROS

(Jensen, 1966; Zorov et al., 2014), and mitochondrial maturation

is critically linked to proliferation and progression through the

developmental stages of neurogenesis (Beckervordersandforth

et al., 2017). We thus asked whether the acute ROS surge

seen after 1 night of running was driven by mitochondrial ROS

(mitoROS) production.We tested this usingMitoSOX red (Robin-

son et al., 2006), a mitochondria-specific version of DHE.

Compared with standard-housed mice, we found no changes

in distribution of Nes-GFP+ cells and, more important, no

discernable increase in mitoROS (two-way ANOVA: no differ-

ence for housing; Figures S5C–S5D), suggesting other sources

for the ROS surge after the acute run stimulus.

Cell-Autonomous Nox2 Activity Drives Initial Responses
to Physical Activity
Besides mitochondria, the other major source of cellular ROS is

the Nox enzyme complex (Nox; Le Belle et al., 2011; Dickinson

et al., 2011). We first analyzed Nes-GFP+ cells of the different

ROS classes for their transcript expression of Nox isoforms.

Although we found no expression of some Nox transcripts

(Nox1, Nox3, Duox1, or Duox2) coding for the plasma mem-

brane-bound Nox2 complex, including the core components

Nox2 (Cybb), p22phox (Cyba) and the cytosolic p67phox (Ncf2)

were highest in the hiROS cells. Expression of other components

of the complex (Ncf4, Rac1, Rac2) was maintained in cells of the

hiROS andmidROS classes. Interestingly, the transcript levels of
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Figure 6. Nox2-Mediated ROS Fluctuations in the hi-ROS Fraction of Nes-GFP+ Cells Are Critical for Physical Activity-Mediated Precursor

Activation

(A–D) Distribution of Nes-GFP+ cells (A and C) and normalized ROS content (B and D) across the four ROS classes in response to physical activity in wild-type or

Nox�/y mice (see also Figures S5E and S5F).

(E and F) Relative levels of pAkt (Ser473, E; Thr308, F) following the indicated bouts of physical activity (normalized to standard-housed mice).

(G) Number of Ki67+ cells increases in the wild-type but not the Nox2 mutant animals after 10 day physical activity paradigm.

(H and I) Relative fractions of proliferating NPCs (H) and relative ROS levels (I) following BMP4 treatment and after re-plating cells with growth factors.

The horizontal line within the boxplots indicates the median, and the + sign denotes the mean. Other data represent mean ± SEM.
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Cyba, Cybb, and Ncf2 decreased significantly at the ROS transi-

tion from hiROS to midROS, and most transcripts of the Nox2

complex components were not detected in the loROS cells (Fig-

ures S5G and S5H). This expression pattern strongly suggests
that the Nox2 complex might, on demand, produce ROS specif-

ically in hiROS cells. We thus generated Nes-GFP::Nox2�/y mice

and analyzed ROS profiles in this mouse model. Under baseline

conditions, we saw no change in the distribution of Nes-GFP+
Cell Stem Cell 28, 300–314, February 4, 2021 309
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cells among ROS classes (two-way ANOVA; genotype: p =

0.965, F1,40 < 0.01; Figure S5E) with similar ROS profiles (two-

way ANOVA; genotype: p = 0.847, F1,40 = 0.04; Figure S5F) for

Nox2�/y mutants and their wild-type (WT) littermates. Neither 1

nor 4 nights of physical activity led to a redistribution of Nox2-

deficient Nes-GFP+ cells among the ROS classes (two-way

ANOVA; housing: p = 0.997, F2,44 < 0.01; Figure 6C). Further-

more, no ROS surge was detected in the mutant Nes-GFP+ cells

of the hiROS class after 1 or 4 nights of running (two-way

ANOVA, housing: p = 0.127, F2,44 = 2.17; Figure 6D). We inferred,

therefore, that Nox2 activity must drive the ROS fluctuations

observed in WT mice following de novo physical activity.

To study downstream effects of Nox2-mediated ROS fluctua-

tions, we investigated the established downstream target PTEN

(Le Belle et al., 2011; Hervera et al., 2018). As PTEN oxidation is

highly transient (Kwon et al., 2004; Schwertassek et al., 2014)

and we were unable to detect significant changes in oxidized

PTEN after physical activity (Figure S6A), we analyzed the rela-

tive levels of phospho-AKT (pAKT), an established target of

PTEN oxidation (Covey et al., 2007; Wu et al., 2013; Silva et al.,

2008) as a more stable measure of Nox2 activity (Figures 6E,

6F, and S6B). We detected an increase in the relative levels of

pAkt-ser473 after 1 night of physical activity in WT animals

compared with Nox2 mutants (two-way ANOVA, genotype: p =

0.010, F1,24 = 7.82; Sidak, p = 0.018; Figure 6E). Furthermore,

in the Nox2 WT animals, increased levels of pAkt-thr308 were

maintained for longer durations and, compared with the mu-

tants, were significantly upregulated after 3 nights of physical ac-

tivity (two-way ANOVA, genotype: p < 0.001, F1,24 = 17.79; Si-

dak, p = 0.049; Figure 6F).

To confirm that the Nox2-mediated ROS surge and the down-

stream effects are indeed essential for the pro-neurogenic

response, we quantified proliferating Ki67+ cells in the DG of

WT and Nox2 mutants using a longer 10-night physical activity

paradigm to ensure that we captured any delayed increases in

proliferation (Kronenberg et al., 2003; Overall et al., 2013). Under

baseline conditions, Nox2-deficient animals had similar prolifer-

ation rates compared with WT littermates (two-way ANOVA; ge-

notype: p = 0.004, F1,46 = 9.24, housing: p = 0.019, F1,46 = 5.88;

Tukey: WT-Std versus Nox2�/y-Std p = 0.701; Figure 6G).

Although physical activity increased the number of Ki67+ cells

in WT animals (p = 0.040), this increase was absent in the

Nox2�/y mice (p = 0.907; Figure 6G). Furthermore, whereas in

an ex vivo NS assay, KCl strongly stimulated the formation of

NS from WT littermates, we did not see a similar effect in cells

isolated from Nox2 mutant animals (two-way ANOVA, matched

within genotypes; interaction: p = 0.002, F1,19 = 12.97; Sidak:

Nox2+/y p < 0.001, Nox2�/y p = 0.686; Figure S5I). Taken

together, these results show that Nox2, although not required

for baseline proliferation, is essential for the pro-proliferative

response to physical activity.

Ex Vivo and In Vitro Models Establish the Correlation
between Cellular States and Cell-Autonomous Nox2
Activity
To determine the cellular specificity of Nox2 activity and the role

of Nox2-dependent ROS dynamics in cell cycle entry, we gener-

ated homogeneous monolayer NPC cultures from Nox2�/y mice

and their Nox2+/y littermates. In both cultures, BMP4 treatment
310 Cell Stem Cell 28, 300–314, February 4, 2021
led to entry into quiescence (Figures 6H and S6C). However,

although the transition in the WT NPC cultures was marked by

an increase in cellular ROS levels (2.24 ± 0.36-fold; one-sample

t test with FDR correction, padj = 0.027; Figure 6I), only a very

dampened ROS increase was observed in Nox2 mutant cultures

(1.40 ± 0.38-fold, one-sample t test, padj = 0.349, ns; Figure 6I).

Upon re-plating BMP4-treated cells into proliferation medium,

both cultures started to revert back to active cell cycle (Figures

6H and S6C). However, the reversion in WT NPCs was distinctly

pro-oxidative. Two days after return to proliferation conditions,

the increase in the fraction of cells re-entering cell cycle was

concomitant with a significant ROS surge (3.65 ± 0.41-fold

increased ROS levels; padj = 0.010; Figure 6I). These ROS fluctu-

ations were absent in themutant NPCs (padj = 0.174; one-sample

t test; Figure 6I). By day 3, the proliferative fraction in revertedWT

NPCs returned to levels observed in control conditions. The

mutant NPCs, however, leveled off from day 2 (two-way

ANOVA, genotype: p = 0.019, F1,40 = 6.00; Sidak for day 3: p =

0.024; Figure 6I), indicating that fewer Nox2�/y cells re-entered

proliferation following BMP4 treatment.

These in vitro results further reinforce our in vivo findings that

although Nox2 activity is not required to maintain cells in a con-

stant baseline proliferative state, cell-autonomous Nox2-depen-

dent ROS dynamics promote the exit from quiescence of adult

hippocampal neural stem cells.

DISCUSSION

Unlike other stem cell niches in the adult (especially in the bone

marrow), theNPCs in the DG are surrounded by their long-lasting

progeny, the granule neurons. A dedicated neuronal machinery

protects the neurons from the detrimental effects of intracellular

ROS. Stem cells, however, use intrinsic ROS as intracellular

messenger molecules, especially for cell cycle-related events

(Chiu and Dawes, 2012). Our results demonstrate that the

NPCs within the DG maintain relatively high levels of ROS

compared with their terminally differentiated progeny, and we

postulate that this redox disequilibrium is necessary for an active

stem cell niche, allowing (1) an unambiguous, unidirectional

gradient from quiescent hiROS NPCs to low or noROS neurons

and (2) creation of a subset of NPCs responsive to environmental

stimuli. Indeed, we show that physical activity recruits a subset

of quiescent stem cells into active cell cycle (rather than acting

as a survival or expansion cue) via mechanisms independent

from baseline establishment of neurogenic homeostasis. This

is in line with reported effects of acute voluntary exercise on

quiescent Hopx-GFP+ NPCs (Berg et al., 2019).

Our results demonstrate that RGL cells are functionally het-

erogeneous. We provide evidence for at least two different

non-proliferative NPC cellular states, both of which continue

to express RGL and quiescence markers but are marked by

distinctly different cellular ROS levels. The subset of cells with

the highest cellular ROS content are transcriptionally character-

ized by (1) the restricted gene expression of bona fide quiescent

stem cell markers, (2) the complete absence of transcripts for

Eomes (Tbr2) and E2f1, and (3) significantly lower expression

of proliferation markers. On the basis of these criteria, we pro-

pose that these Nes-GFP+ cells of the hiROS class have the

lowest probability of cell cycle entry and represent the long-
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term quiescent NPC pool. Through a drastic shift in intracellular

ROS content, hiROS Nes-GFP+ convert to a poised subset of

NPCs that have only moderate cellular ROS content (midROS

Nes-GFP+ pool), which are still quiescent but primed for

entering the cell cycle. The increased probability of exit from

quiescence can be inferred from a marked reduction in tran-

scripts for key cell cycle inhibitors and an upregulation of tran-

scripts necessary for proliferation. We argue, therefore, that

changes in ROS may precede other metabolic changes which

are necessary for entry into an active growth phase, such as

the shift from FAO to lipogenesis (Knobloch and Jessberger,

2017; Knobloch et al., 2017) or the shift to oxidative phosphor-

ylation as the major energy source in the NPCs (Beckervorder-

sandforth et al., 2017; Zheng et al., 2016). Cells seemingly pre-

serve the moderate cellular ROS levels as they traverse through

transient amplification.

We further speculate that the second reproducible ROS shift

marks the transition into a NB-like identity, characterized by

reduced proliferation and a more neuronal profile. We could

reproduce these cytometry-based findings in adherent cell cul-

ture, indicating that the observed ROS profiles were not artifacts

of dissociation and sorting. Our results suggest that hippocam-

pal neurogenic niche is characterized by a gradient of reducing

cellular ROS content that is correlated with cell cycle entry,

neurogenic progression, and neuronal lineage commitment.

Our annotation of cellular identities within each ROS class aligns

well with the trajectories proposed by Shin et al. (2015) and the

work of Linnarsson and colleagues (Hochgerner et al., 2018).

Previous work has shown that oxidation and inactivation of

plasmamembrane-bound PTEN acts as a potential downstream

target of Nox2 (Le Belle et al., 2011; Hervera et al., 2018), and

transient inactivation of PTEN triggers Akt phosphorylation, a

more stable cellular readout. Akt activation influences cellular

growth and proliferation (Luo et al., 2003), and we thus suggest

that the observed Nox2-mediated increase in phosphorylated

Akt levels results in increased cell cycle entry (Bruel-Jungerman

et al., 2009) and thereby the observed redistribution of Nes-GFP+

cells into the ROS classes, which was absent in Nox2-defi-

cient mice.

The present study proposes Nox-dependent ROS fluctuation

as an early cellular signaling eventmediating the pro-proliferative

response of the adult hippocampal neurogenic niche to environ-

mental cues. We hope future work will show how ROS signaling

links to the later processes controlling hippocampal NPC prolif-

eration and neuronal commitment.

Limitations of Study
The present study, while identifying distinct functional states by

resolving NPCs for cellular ROS content, does not extend to

describing the processes which establish and regulate the

changes in cellular ROS status leading to cellular state transi-

tions. The work was also limited by the availability and the fluo-

rescent range compatibility of genetically encoded ROS sen-

sors, which might enable observation of longitudinal redox

changes in vivo. Furthermore, although our work identifies

Nox2-mediated ROS fluctuations as the first cell-autonomous

response to physical activity, it does not highlight how physical

activity at the organism scale leads to cell-autonomous activa-

tion of Nox2.
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Software and Algorithms

Prism GraphPad V8
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Imagestudio Li-Cor 5.x
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Lead Contact
Further information and requests for resources and reagents should be directed to andwill be fulfilled by the Lead Contact, Professor

Gerd Kempermann (gerd.kempermann@dzne.de).

Materials Availability
This study did not generate new unique reagents.

Data and Code Availability
Raw RNA sequencing data for both the DG/SVZ and ROS experiments are available from GEO (http://www.ncbi.nlm.nih.gov/geo)

under the SuperSeries accession GEO: GSE124095. Processed data and code to reproduce the sequencing analyses can be found

at https://github.com/rupertoverall/ROS.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice
Mice were maintained on a 12-/12-h light/dark cycle with access to standard mouse chow (Sniff) and water ad libitum. Animals

were aged between 6-8 weeks old at the time of the experiment, unless otherwise stated. C57BL/6JRj female mice were pur-

chased from Janvier Labs. Nox2 knockout mice (B6.129S-Cybbtm1Din/J; Pollock et al., 1995) were initially purchased from The

Jackson Laboratory and maintained as a heterozygous breeding colonies, Nestin-GFP mice (Yamaguchi et al., 2000), were ob-

tained from Yamaguchi and colleagues and maintained as a homozygous colony, Dcx-GFP mice (Stock Tg(Dcx-EGFP)

BJ224Gsat/Mmmh) were purchased from Mutant Mouse Resource and Research center and maintained as a homozygous colony

(Gong et al., 2003). Gfap-GFP mice were acquired from the lab of Frank Kirchhoff (University of Saarland) and maintained as a

homozygous colony (Nolte et al., 2001). Mice were housed in groups of at least two mice in standard polycarbonate cages

(Type III, Techniplast, Germany), except for the animals with running wheels, which were singly-housed. All experiments were con-

ducted in accordance with the applicable European regulations and approved by the responsible authority (Landesdirektion Sach-

sen). Detailed information on the genotype of the animals used for each experiment; the number of animals per sample and sam-

ple size is given in Table S5.

METHOD DETAILS

Thymidine labeling and tissue preparation
To label proliferating cells, animals were injected intraperitoneally with BrdU (50 mg/kg) or CldU (42.5 mg/kg) and IdU (57.5 mg/kg).

See individual experimental set-up paradigms for the timing of the labeling (Figures S1A and 1B). Mice were transcardially perfused

with NaCl (0.9% w/v) followed by 4% paraformaldehyde (PFA, experiment shown in Figure S1A). Alternatively, brains were removed

after NaCl perfusion (experiment in Figure 1B). All brains were post-fixed in 4%PFA at 4�Covernight. The next day, brains were trans-

ferred to a 30% sucrose solution for 2–3 days. Coronal sections with a thickness of 40 mmwere cut using a sliding microtome (Leica

SM2010) cooled with dry ice. Sections were collected and stored as floating sections in cryoprotection solution (CPS; 25% ethylene

glycol, 25% glycerol in 0.1 M phosphate buffer pH 7.4) at �20�C. Every sixth section of each brain was pooled in one series for

immunohistochemistry.

Fluorescence immunohistochemistry
Two combinations of antibodies were used to phenotype the proliferating cells (Sox2/Tbr2/IdU/CldU, or Tbr2/Dcx/IdU/CldU). Sec-

tions were first washed with PBS and treated with 0.9% NaCl, before DNA denaturation was performed in 2 N HCl for 30 min at

37�C. The sections were then thoroughly washed with PBS and blocked for 1 h in PBS supplemented with 10% donkey serum

(Jackson ImmunoResearch Laboratories Inc) and 0.1% Triton X-100. Primary antibodies (Sox2, Tbr2, Dcx, rat anti-BrdU, or mouse

anti-BrdU) were diluted in PBS supplemented with 3% donkey serum and 0.1% Triton X-100. Incubation was performed overnight

at 4�C. After several rinses in PBS, the sections were incubated with secondary antibodies diluted in PBS supplemented with 3%

donkey serum and 0.1% Triton X-100 at room temperature for 4 h. They were then washed in PBS, after which 4 ,6-diamidino-2-

phenylindole (DAPI, 1:2000) staining was performed for 10 min. After a final wash with PBS, the sections were mounted on glass

slides and coverslipped with Aqua-Poly/Mount (Polysciences Europe GmbH). CldU+ and IdU+ cells in every sixth section (240 mm

apart) were counted along the complete ventral dorsal extent of the DG at 40x magnification using a Zeiss Apotome microscope.

Results were multiplied by 6 in order to obtain the total number of positive cells within the DG region of each brain (related to Fig-

ure 1C). Using a Spinning Disc Zeiss Axio Observer.Z1 microscope, at least 100 CldU+ or IdU+ cells per DG from 3 to 4 central

sections of a 1:6 series (240 mm apart) were phenotyped for double-labeling (Figure 1D) and the co-expression of Sox2 and

Tbr2, or Tbr2 and Dcx (Figures 1E, 1F, S1D, and S1E).

DG and SVZ dissection and dissociation
Mice were killed, their brains immediately removed, and the dentate gyrus (DG) and SVZ microdissected (Hagihara et al., 2009;

Walker and Kempermann, 2014). The tissue was enzymatically digested using the Neural Tissue Dissociation Kit (Miltenyi) according

to the manufacturer’s instructions. Following a final wash in Hank’s balanced salt solution (HBSS; GE Healthcare) the pellet was re-

suspended in 1 mL of growth medium or HBSS and filtered through a 40 mm cell sieve (Falcon; BD Biosciences) for subsequent

procedures.

For cellular ROSmeasurements, either CellROX DeepRed Reagent (5 mM, Thermo Fisher Scientific, for the neurosphere assays) or

dihydroethidium (DHE; 5 mM, Thermo Fisher Scientific, for all other ROS analyses) was added to resuspended cells, along with a live/

dead vitality dye (vitality dye eFluorTM 780 in conjugation with DHE and Mitosox, PI in conjugation with CellROX DeepRed) and incu-

bated for 30 min at 37�C. For mitochondrial ROS measurements MitoSOX Red Mitochondrial Superoxide indicator (5 mM, Thermo

Fisher Scientific) was added and incubated for 15 min. Following incubation, the cells were centrifuged to remove excess

dye, resuspended in PBS and immediately subjected to flow cytometry. During the whole procedure (in all the experiments conduct-

ed), cells were never subject to repeated staining with any dye/marker.
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Flow cytometry
Dissociated SVZ or DG cells were analyzed using a FACS Aria III cell sorter (BD Biosciences) and an 85 mm nozzle. Cells were first

gated based on the forward and side scatter (FSC and SSC) properties to identify the main cell population (Figure S2A). Dead cells

were excluded using a live/dead dye (Figure S2B) and doublets were excluded based on the height and width of the FSC and SSC

signals of events (Figures S2C and S2D). Where applicable, live single reporter-GFP-positive cells where gated (Nes-GFP: Fig-

ure S2E; Dcx-GFP: Figure 5B). Live single and/or reporter GFP-positive cells were then gated based on their ROS content (see below)

for analysis or sorting. Cell populations were sorted into either medium (for neurosphere experiments), RLT buffer (for RNA isolation)

or PBS (for western blot analyses).

Gating for ROS classes
The cells of the DG and SVZ yielded very stereotypical ROS profiles, which were manually clustered, based on the density of

clustering cells, into 4 non-overlapping classes using DIVA (BD Biosciences) for sorting the populations or during analysis using

FlowJo (V10). The gates obtained from live single DG cells (standard housing, Figure 3A) were used as the ‘‘master gates,’’ which

were applied to runner DG or SVZ cells without (SVZ: Figure 3E) or with (Nes-GFP: Figures 3J and 3K) prior gating for reporter-GFP

positive cells.

Neurosphere culture
For neurosphere culture, cells were resuspended in neurosphere growth medium consisting of Neurobasal medium (GIBCO, Life

Technologies), supplemented with 2% B27 (Invitrogen), 1 3 GlutaMAX (Life Technologies) and 50 units/ml penicillin/streptomycin

(Life Technologies). The following growth factors were also included: 20 ng/ml EGF, 20 ng/ml FGF-2 and 20 ng/ml Heparin. Cells

were seeded into 96-well plates at the clonal density of approximately 5 cells/ml for SVZ and 7.5 cells/ml for DG-derived cells. This

density, which has previously been described to result in the formation of clonally-derived neurospheres (Coles-Takabe et al.,

2008), resulted in the formation of an average of less than one neurosphere per well in our experiments. Cells were incubated at

37�C with 5% CO2 and the resulting neurospheres counted using an inverted light microscope after either 7 days for SVZ cultures

or 14 days for DG cultures. We used 15 mM KCl or L-(�)-noradrenaline (+)-bitartrate salt monohydrate (norepinephrine; 10 mM) as a

stimulant to trigger latent cells to form neurospheres in vitro.

Generation of monolayer culture
Animals of specific genotypes were sacrificed and DG cells were isolated as described above. The isolated cells were plated on sur-

faces coatedwith poly-D-lysine (overnight coating with 50 mMdissolved in water) and laminin (overnight coatingwith 50 mMdissolved

in PBS/DMEM incompletemedium). Themonolayer cultures weremaintained in the presence of growth factors: 20 ng/ml EGF, 20 ng/

ml FGF-2 and incubated at 37�C with 5% CO2 and 21% O2. For passaging, confluent cultures were washed with PBS, the contacts

broken by treatment with accutase, counted and re-plated at a density which leads to 80%–90% surface occupancy in 3-4 days. To

establish homogeneous cell lines, NPCs were cultured for 5 passages and immunoassayed (IF) for the expression of Nestin and

Sox2. These procedures are described in detailed in (Babu et al., 2007, 2011). Specific experiments, detailed below, were conducted

on NPC after passage number 5.

Inducing quiescence through BMP4 treatment
Cells were plated at different confluencies to achieve 60%–70% at different days in either T25 or 6-well plates. Three different du-

rations of 20 ng/ml BMP4 treatment were employed: 1 day of BMP4 treatment which included 3 days of proliferation to yield 60%–

70% confluency and 1 day of EGF withdrawal and BMP4 treatment; 2 days of BMP4 treatment which included 2 days of proliferation

to yield 60%–70%confluency and 2 days of EGFwithdrawal and BMP4 treatment; 3 days of BMP4 treatment which included 1 day of

proliferation to yield 60%–70% confluency and 3 days of EGF withdrawal and BMP4 treatment. Cells cultured for 4 days in the pres-

ence of growth factors was used as the proliferation control for the BMP4 experiment. To recover cells into proliferation following

BMP4 treatment, cells were split and re-plated in the presence of growth factors. Cells were given 1, 2 or 3 days to recover and pro-

liferate. This plating scheme enabled the ROS profiling of cells in different states on the same day, which enabled us to avoid day-to-

day fluctuations in cytometric readouts. Two different experiments were conducted at the end of each of the above treatments. First,

ROS dyes were added to cells 30 min prior to addition of accutase (similar concentrations as described above for in vivo ROS

profiling), cells were washed, subjected to centrifugation, resuspended in PBS and the cellular ROS content was analyzed using

the LSR2 cell analyzer (BD Biosciences). Second, to assay proliferation a Click-IT assay was performed, which involved labeling

proliferating cells with 3-hour exposure to EdU. Following the EdU-labeling, cells were accutased, fixed with 4% PFA, the Click-IT

reaction was performed as per manufacturer’s protocol (Thermo Fischer EdU Click-IT cytometric assay kit) and cells were cytometri-

cally analyzed.

ROS profiling of in vivo proliferating cells
To label proliferating cells, animals were injected intraperitoneally with EdU (50 mg/kg). 2 h after the last injection animals

were either sacrificed (Acute-EdU) or housed for 2 additional days (delayed-EdU). Following sacrifice, DG were isolated as
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described above and stained for ROS content and vitality as described above. After staining, the cells were spun down, fixed

with 4%PFA and EdU was detected as per manufacturer’s protocol and cells were cytometrically analyzed for GFP, ROS and

EdU content.

Next Generation sequencing
RNA extraction and sequencing

Two separate RNA sequencing experiments were performed in this study. In the first experiment, tissue was microdissected from

the SVZ and the DG of the same standard housed animals following the protocol of Walker and Kempermann (2014). RNA was

extracted using the RNeasy micro kit (QIAGEN). In the second experiment, Nes-GFP positive cells from the DG from 6-8-week-

old standard housed animals were gated into ROS classes, based on their cellular ROS content. 400 GFP positive cells from each

ROS class were sorted into a PCR tube containing 8.5 mL of a hypotonic reaction buffer and RNA was prepared using the SMAR-

Ter Ultra Low RNA HV Kit (Takara Bio) according to the manufacturer’s protocol. For both experiments, cDNA of polyadenylated

mRNA was synthesized from RNA of the lysed cells using SmartScribe reverse transcriptase, a universally tailed poly-dT primer

and a template switching oligonucleotide (Takara Bio). This was followed by 12 cycles of amplification of the purified cDNA with

the Advantage 2 DNA Polymerase (Takara Bio). After ultrasonic shearing of the amplified cDNA (Covaris S2), samples were sub-

jected to standard Illumina fragment library preparation using the NEBnext Ultra DNA library preparation chemistry (New England

Biolabs). In brief, after physical fragmentation by ultrasonication (Covaris LE 220) cDNA fragments were end-repaired, A-tailed

and ligated to indexed Illumina Truseq adapters. Resulting libraries were PCR-amplified for 15 cycles using universal primers,

purified using XP beads (Beckman Coulter) and then quantified with the Fragment Analyzer (Advanced Analytics/Agilent). Final

libraries were equimolarly pooled and subjected to 75 bp single-end sequencing on the Illumina HiSeq2500 platform, providing

�35 (24–60) million reads per sample. Reads were mapped to the latest mouse genome build (mm10) using the STAR algorithm

(Dobin et al., 2013) and counts per ENSEMBL gene model prepared using the RSubread package (Liao et al., 2013) in R/

BioConductor.

Quality control and differential expression
RNASeq counts were filtered to have at least 1 count per million reads (CPM) in a minimum of 75% of the samples from at least one

cell population. CPM were calculated using the function cpm from the edgeR package in R/BioConductor (Robinson et al., 2010).

Samples were clustered by plotting the first two principal components and by unsupervised hierarchical clustering. One sample

from each of the two experiments showed reduced sequencing depth and complexity and did not cluster with replicates. In

both cases, these samples came from preparations with very low input RNA so we decided to remove them from further analyses.

A filter for differential expression was then performed using the edgeR functions lmFit and topTags and only significantly (adjusted

p < 0.05) differentially expressed transcripts were used for enrichment analyses. Transcripts were classified as ‘enriched’ in an

experimental group if the mean expression in that group was significantly above the average expression over all groups. Enriched

genes were further filtered by hierarchical clustering into two clusters based on inter-group t-statistics and those where only one

group clustered separately were termed ‘signature’ genes (for the DG/SVZ comparison, these are obviously equivalent to the ‘en-

riched’ gene set).

Functional enrichment and expression profiles
Enrichment for Gene Ontology terms was performed using the R package topGO (Alexa and Rahnenfuhrer, 2018) with the DG/

SVZ ‘enriched’ gene lists as query sets and all genes passing the CPM filter (see above) as background. Expression profiles of

curated gene lists were calculated by identifying all genes in the current data that corresponded to the genes in the gene list

of interest and calculating the first principal component to collapse their expression into an ‘eigengene’. The eigengene

values were then used for plotting. A similar approach was used to reanalyze the Shin et al. dataset where the genes corre-

sponding to the ‘signature’ genes for each ROS class were identified in the single-cell dataset and the first principal compo-

nent of these used to create an eigengene. Smooth spline interpolation of the eigengene was then performed to produce the

plotted values.

RNA isolation and quantitative RTPCR (q-RTPCR)
DG of the Dcx-GFP animals were micro-dissected and cells were sorted into RLT buffer. Total RNA was isolated from sorted cells

using the RNeasy Micro Kit (QIAGEN) according to the manufacturer’s instructions. RNA was eluted at least four times from RNeasy

columns and the volume reduced to 10 mL using a Speedvac (Eppendorf) at 37�C. RNA was reverse transcribed into complementary

DNA (cDNA) using SuperScriptTM II Reverse Transcriptase (Thermo Fisher Scientific). Briefly, 0.5 - 1 mg of RNA was incubated with

500 ng Oligo(dT) primers and 1 mL dNTPs (10 mM; Thermo Fisher Scientific) for 5 min at 65�C and quickly chilled on ice. For cDNA

amplification, RNaseOut (Thermo Fisher Scientific) was added and incubated at 40�C for 2 h.

Quantitative real-time polymerase chain reactions (qRT-PCRs) were performed using the QuantiFast SYBR Green PCR Kit (-

QIAGEN) and the CFX ConnectTM Real-Time PCR Detection System (Bio-Rad). Briefly, 20 mL reactions consisting of 10 mL SYBR

Mix, 2 mL primers (10mM) and 8 mL of undiluted cDNAwere incubated using the PCR program. Primer specificity was further ensured

by validating single peak melting curves. Results of qRT-PCRs were analyzed using the delta Ct method. For normalization, gene-
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specific Ct values were subtracted fromCt values obtained for the housekeeping gene, beta-Actin (Actb). Thermal cycling conditions

for qrt-PCRs (denaturation to extension were repeated for 40 cycles).

Cycling conditions for q-RTPCRs
Step Temperature Time

Initial denaturation 95�C 15 min

Denaturation 95�C 10 s

Annealing 59�C (see materials) 30 s

Extension 72�C 30 s

Final extension 72�C 10 min

Melting curve Ramp down from 95�C to 60�C
Ki67 immunohistochemistry and quantification of in vivo proliferation
Briefly, brain sections stored in CPS were transferred into PBS and washed. Endogenous peroxidase activity was blocked by adding

0.6%hydrogen peroxide (H2O2; MerckMillipore) for 30min and sections were then rinsedwith 0.9%NaCl. Protein-binding sites were

blocked with a blocking solution (10% donkey serum, 0.2% Triton X-100 in PBS) for 1 h. Ki67 staining was performed with the Ki67

primary (rabbit anti-Ki67, 1:500; Novocastra) and donkey anti-rabbit-biotin secondary antibodies (1:1000; Jackson Immunoresearch

Laboratories). Detection was performed using the Vectastain ABC-Elite reagent (Vector Laboratories) with diaminobenzidine (Sigma-

Aldrich) and 0.04% NiCl as the chromogen. Sections were mounted onto gelatin-coated glass slides, dried, cleared with Neoclear

(Merck) and coverslipped using Neo-mount (Merck). Every sixth section (240 mm apart) was counted in the complete ventral dorsal

extent of the dentate gyrus, at 40x magnification using a standard brightfield microscope. Results were multiplied by 6 in order to

obtain the total number of positive cells within the DG region of each brain.

Protein electrophoresis and western blot analysis
Animals were housed with/without running wheels for 1-4 days. Following the stimulus, animals were sacrificed, DG were isolated,

homogenized and incubated on ice for 30 min in buffer containing 50 mM Tris pH = 7.5, 150 mM NaCl, 2.5 mMMgCl2, 1% Triton X-

100, 5%Glycerol and 100mM2-Iodoacetamide, supplemented with EDTA-free Protease inhibitor cocktail and PhosSTOP phospha-

tase inhibitor, followed by clearance of lysates at > 18000 g for 15 min. Lysates were either subjected to immunoprecipitation with

mouse monoclonal anti-PTEN antibody for 2h at 4�C or directly used for Western Blot analysis. The proteins were denatured using

NuPAGE LDS buffer and 100 mM DTT was added to half of the samples. The proteins were resolved on a non-reducing SDS-PAGE

and revealed by western blotting using quantitative infrared scanning system (Odyssey, LICOR, Lincoln, Nebrasca, USA) with rabbit

monoclonal anti-PTEN antibody. To quantify total Akt (pan) and phospho- Akt (Ser473; Thr308) samples were loaded on a non-

reducing SDS-PAGE and revealed by western blotting using quantitative infrared scanning system with mouse monoclonal anti-

b-Actin as a loading control. All blots were analyzed using Imagestudio (LICOR, Lincoln, Nebrasca, USA). Oxidized PTEN was

normalized to total PTEN levels and for Akt/p-Akt, signal was normalized first to loading control followed by relative determination

(p-Akt relative to pan-Akt).

QUANTIFICATION AND STATISTICAL ANALYSIS

Data analysis (with the exception of the next-generation sequencing data) was performed using Prism software (Version 8, GraphPad

Software, Inc). Flow cytometry data was analyzed using the FlowJo software. Results were expressed as mean ± standard error of

the mean (SEM). Statistical significance was determined using a Student’s t test when the experiment contained two groups, an

ANOVA when comparing more than two groups, or a one-sample t test when comparing to a hypothetical value. Dunnett, Tukey’s

and Sidak post hoc tests were performed and mentioned in the text wherever applicable. The level of conventional statistical signif-

icancewas set at p < 0.05 and displayed visually as * p < 0.05, ** p < 0.01, and *** p < 0.001. The number ofmice or repeat experiments

performed per group is stated in Table S5.
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