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SUMMARY

Senescent cells are responsible, in part, for tissue decline during aging. Here, we focused on CNS neural precursor cells (NPCs) to ask if this
is because senescent cells in stem cell niches impair precursor-mediated tissue maintenance. We demonstrate an aging-dependent accu-
mulation of senescent cells, largely senescent NPCs, within the hippocampal stem cell niche coincident with declining adult neurogen-
esis. Pharmacological ablation of senescent cells via acute systemic administration of the senolytic drug ABT-263 (Navitoclax) caused a
rapid increase in NPC proliferation and neurogenesis. Genetic ablation of senescent cells similarly activated hippocampal NPCs. This
acute burst of neurogenesis had long-term effects in middle-aged mice. One month post-ABT-263, adult-born hippocampal neuron
numbers increased and hippocampus-dependent spatial memory was enhanced. These data support a model where senescent niche cells
negatively influence neighboring non-senescent NPCs during aging, and ablation of these senescent cells partially restores neurogenesis

and hippocampus-dependent cognition.

INTRODUCTION

Cellular senescence is one mechanism recently implicated
in aging-induced tissue failure. Senescent cells accumulate
in aging tissues and their pharmacological or genetic
reduction rejuvenates aged tissues and extends lifespan
(Baker et al., 2016; Chang et al., 2016; Childs et al.,
2016; Roos et al., 2016). Senescent cells might also be
important in neurodegeneration; senescent cells accumu-
late in the degenerating human brain, and clearance of
these senescent cells in mouse models of neurodegenera-
tion and obesity ameliorates some adverse sequelae
(Musi et al., 2018; Bussian et al., 2018; Zhang et al.,
2019; Ogrodnik et al., 2019, 2021). While these studies
focused on senescent microglia, astrocytes, and oligoden-
drocyte progenitor cells, the adult brain contains many
other cell types, including neural stem and precursor cells
that generate new neurons important for cognition.
Notably, in the hematopoietic system, stem cells are key
targets for senescence-associated functional decline
(Chang et al., 2016), suggesting that senescence of neural
precursor cells (NPCs) and/or their surrounding niche
cells may also negatively affect aging brain function.
Indeed, increased expression of P16™X4A 3 cell-cycle regu-
lator associated with senescence, causes decreased stem
cell-mediated neurogenesis in aging mice (Micheli et al.,
2019; Molofsky et al., 2006).

NPCs reside in two main regions of the mammalian
brain, the subgranular zone (SGZ) of the hippocampal
dentate gyrus (DG) and the ventricular-subventricular
zone (V-SVZ) surrounding the lateral ventricles (Ming
and Song, 2011). The hippocampal NPCs make dentate
granule neurons that are important for memory forma-
tion and consolidation (Deng et al., 2010), while the
V-SVZ NPCs make olfactory bulb interneurons that
contribute to scent discrimination and olfactory
learning (Moreno et al., 2009). Notably, hippocampal
neurogenesis declines rapidly with age (Ben Abdallah
et al., 2010; Walter et al., 2011), coincident with reduced
stem cell activity (Walter et al., 2011; Ahlenius et al.,
2009; Martin-Suarez et al., 2019) and decreased hippo-
campus-dependent cognitive function (Martinez-Cana-
bal et al., 2019). Several mechanisms have been impli-
cated in this age-associated neurogenic decline
(Beckervordersandforth et al., 2017; Encinas et al.,,
2011; Mira et al., 2010; Seib et al., 2013; Villeda et al.,
2011), but the underlying causes are still not clear.
Here, we ask if cellular senescence is important in this
context and show that senescent cells, predominantly
NPCs, accumulate in the hippocampal SGZ niche and
that these senescent cells negatively affect neurogenesis
and hippocampus-dependent cognition, perturbations
that can be partially reversed upon ablation of senescent
cells.
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Figure 1. Hippocampal neurogenesis and precursor number decline during aging

Also see Figure S1. Coronal DG sections from 6 week, 3 month, and 12 month old mice were analyzed by immunostaining.

(A and B) Sections were immunostained for DCX (A, green, arrows), and total DG DCX-positive cells were quantified (B).

(C) DG image from a BrdU-injected 6 week mouse analyzed 1 month later, immunostained for BrdU (green) and NeuN (red). White hatched
box is shown at higher magnification at the bottom. Arrows denote double-positive cells.

(D) Quantification of sections as in (C) for total DG BrdU-positive, NeuN-positive neurons.

(legend continued on next page)
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RESULTS

Hippocampal neurogenesis and precursor number are
reduced during murine aging

We used two approaches to characterize the previously re-
ported aging-dependent decline in murine hippocampal
neurogenesis from 6 weeks to 12 months (Ben-Abdallah
et al., 2010; Walter et al., 2011). First, we immunostained
for the immature neuron protein DOUBLECORTIN
(DCX) (Figure 1A). DCX-positive DG neurons decreased
by about 50% and 90% from 6 weeks to 3 months and
12 months, respectively (Figure 1B) (6 weeks, 18,263.3 =
363.8; 3 months, 12,113.3 + 1,009.5; 12 months, 1,876.6
+ 133.7). Second, we injected mice with bromodeoxyuri-
dine (BrdU) and 30 days later quantified adult-born DG
neurons by immunostaining for BrdU and the mature
neuron protein NeuN (Figure 1C). Relative to 6 weeks, by
3 and 12 months BrdU-positive, NeuN-positive granule
neurons were reduced by about 35% and 90% (Figure 1D)
(6 weeks, 461.7 + 10.1; 3 months, 295 + 8.7; 12 months,
46.7 = 6.0). Thus, hippocampal neurogenesis declines
rapidly with age.

We asked if the decreased neurogenesis coincided with
changes in NPCs initially by immunostaining SGZ sections
for the pan-precursor marker SOX2 and the proliferation
marker KI67 (Figures 1E and 1G). Relative to 6 weeks,
SOX2-positive SGZ cells were decreased by about 30%
and 50% at 3 and 12 months, respectively (Figure 1F)
(6 weeks, 13,976.7 + 338.9; 3 months, 10,110 + 493.4;
12 months, 6,386.7 + 144.5). The proportion of SOX2-pos-
itive NPCs expressing KI67 was also reduced by almost 3-
fold at 12 months (Figure 1H) (6 weeks, 27.2% + 0.3%,
3 months, 22.1% = 0.7%, 12 months, 8.1% = 0.9%).
Thus, NPC proliferation and numbers decreased with
aging.

Adult SGZ SOX2-positive NPCs include both transit
amplifying (TA) cells and stem cells. We characterized these
two populations separately. Analysis of immunostained

sections showed that SOX2-positive cells expressing the
TA cell marker ASCL1 were decreased by approximately
80% between 6 weeks and 12 months (Figures 11 and 1J)
(6 weeks, 7.1% = 0.4%; 3 months, 5.9% + 0.2%; 12 months,
1.3% + 0.1%). By contrast, SGZ neural stem cells (NSCs)
were not significantly changed, as indicated by immuno-
staining for two combinations that distinguish NSCs
from astrocytes, GFAP and NESTIN (6 weeks, 5,616.7 +
53.3; 3 months, 5,270 + 205.2; 12 months, 4,880 +
252.4) (Figures S1A and S1B) or GFAP and SOX2 (Figures
1K and 1L) (6 weeks, 3,890 + 83.3; 3 months, 3,646.7 +
107.3; 12 months, 3,620 + 85.4). However, these NSCs
were significantly less proliferative by 12 months, as indi-
cated by triple labeling for GFAP, SOX2, and K167 (Figures
1M and 1N) (3 months, 40.7% + 5.7%: 12 months, 6.0%
+ 1.8%). Thus, proliferation of NSCs, numbers of TA cells,
and neurogenesis are all decreased in the aging SGZ.

Senescent NPCs accumulate in the hippocampal
neurogenic niche during aging

We next asked if senescent cells accumulate in the aging
SGZ by staining for a widely used senescence marker, senes-
cence-associated B-galactosidase (SA-B-Gal; Figure 2A).
Relative to 6 weeks, SA-B-Gal-positive SGZ cells were
increased almost 3-fold at 12 months (Figure 2B) (6 weeks,
511.7 + 7.3; 3 months, 740 + 47.3; 12 months, 1,356.7 +
47.5). We confirmed that, as predicted, these cells were
non-proliferative by injecting 12 month old mice with
ethynyldeoxyuridine (EdU) and analyzing SA-B-Gal and
EdU 24 h later. No SA-B-Gal-positive SGZ cells were positive
for EAQU.

We asked if the SA-B-Gal-positive SGZ cells were NPCs by
co-labeling for SOX2 (Figure 2C). At 3 and 12 months most
SA-B-Gal cells were also SOX2 positive, and quantification
at 12 months showed that of 1,840 + 68.5 total SA-B-Gal-
positive SGZ cells, 1,565.2 + 81.4 were SOX2 positive
(85%) (see Figure 5C). We asked about the remaining SA-
B-Gal-positive cells by immunostaining for the astrocyte

(E and F) Sections were immunostained for SOX2 (E, green, arrows), and total SGZ SOX2-positive cells were quantified (F).

(G and H) DG sections from 6 week (G) and older mice were immunostained for SOX2 (G, green) and KI67 (G, red; arrow denotes double-
labeled cell), and the percentage of SOX2-positive SGZ cells that were also KI67 positive was quantified (H). Dashed line indicates the SGZ/
hilus border.

(T and J) DG sections of 6 weeks (I) and older mice were immunostained for SOX2 (I, green) and ASCL1 (I, red; arrows denote double-
positive cells), and the percentage of SOX2-positive SGZ cells that were also ASCL1 positive was quantified (J). Dashed line indicates the
SGZ/hilus border.

(K and L) DG sections of 6 week (K) and older mice were immunostained for SOX2 (K, green) and GFAP (K, red; arrows denote double-
positive cells), and total SGZ GFAP-positive, SOX2-positive cells were quantified (L).

(M and N) Six week (M) and 12-month DG sections were immunostained for GFAP (M, magenta), SOX2 (M, green), and KI67 (M, red; the
arrow indicates a triple-positive cell, the arrowhead a SOX2-positive, GFAP-positive cell, and the double arrowhead a SOX2-positive, KI67-
positive, GFAP-negative cell), and the percentage of GFAP-positive, SOX2-positive SGZ cells that were also KI67 positive was determined
(N). In all cases, error bars indicate standard error of the mean (SEM), n = 3 mice/time point, and *p < 0.05, **p < 0.01, ***p < 0.001.
Sections in (A and E) were counterstained for Hoechst 33258 (blue). Scale bars: 50 um (A and E), 30 um (C), 20 um (G and I), and 10 pum (K
and M).
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Figure 2. Senescent NPCs accumulate in the SGZ with age

Also see Figure S1. Coronal DG and V-SVZ sections from 6 week, 3 month, and 12 month old mice were analyzed histologically.

(A and B) DG sections were stained for SA-B-Gal (A, black; arrows denote positive cells in the bright-field images), and total SGZ SA-B-Gal-
positive cells were quantified (B). Dashed lines indicate the hilus/SGZ border.

(legend continued on next page)
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marker S100B and the microglial marker IBA1 (Figures 2D
and 2E). Quantification of double-labeled sections showed
that at 12 months 15.3% of SA-B-Gal-positive cells ex-
pressed S1008 (281.6 + 12.2) and 6.4% IBA1 (118 + 18.3)
(see Figure 5C).

To confirm these findings, we analyzed hippocampal sec-
tions for three additional hallmarks of senescent cells, high
expression of P16™5** (He and Sharpless, 2017), loss of the
tightly localized nuclear envelope protein LAMIN B1
(Freund et al., 2012), and accumulation of DNA damage,
as indicated by YyH2AX (Rodier et al., 2011). To detect
P16™K*A we immunostained with a previously validated
antibody (Kim et al., 2019); SOX2-positive, P16™ **.posi-
tive cells were increased almost 3-fold between 6 weeks
and 12 months (Figure 2F; Figure S1C) (6 weeks, 14.8% =+
0.4%; 3 months, 20.9% + 0.8%; 12 months, 41.4% =+
0.9%). A similar analysis for LAMIN B1 (Figure 2G) showed
that at 6 weeks almost all SOX2-positive cells exhibited
bright perinuclear LAMIN B1 immunoreactivity, but that
by 12 months almost 50% of SOX2-positive cells were peri-
nuclear LAMIN B1 negative (Figure 2H) (6 weeks, 10.1% =+
1.2%; 3 months, 21.5% + 3.3%; 12 months, 46.8% =+
0.9%). We obtained similar results analyzing SOX2-posi-
tive cells with yH2AX-positive nuclear foci. These
increased from 8% to 37% between 6 weeks and 12 months
(Figures 21 and 2J) (6 weeks, 7.5% =+ 0.4%; 3 months, 15.6%
+ 0.4%; 12 months, 36.7% + 1.5%). These increased per-
centages reflected an increase in total senescent NPCs
with age. SOX2-positive, P16™ *A_positive cells increased
from 2,216.3 + 76.2 to 2,642.0 = 60.1 from 3 to 12 months;
SOX2-positive, LAMIN Bl-negative cells from 2,169.9 +
331.6 to 2.990.0 + 58.3; and SOX2-positive, YH2AX-posi-
tive cells from 1,573.8 + 43.8 to 2,348.1 + 97.0.

As final confirmation that SGZ NPCs senesce with age, we
combined SOX2 immunostaining with single-molecule

fluorescence in situ hybridization (FISH) for the senes-
cence-associated mRNAs P15ink4b and Il6 (Figures S1D
and S1E). SOX2-positive NPCs expressing these two
mRNAs significantly increased from 6 weeks to 12 months
(Figures 2K and 2L) (P15—6 weeks, 5.3% = 0.9%; 3 months,
19.7% + 1.6%; 12 months, 39.6% + 2.9%; 1l6—6 weeks,
10.2% + 0.4%; 3 months, 19.2% + 1.6%; 12 months,
41.5% =+ 0.8%). Thus, at 12 months, about 35%-40% of
SOX2-positive SGZ NPCs are senescent.

We also asked about the V-SVZ, where neurogenesis does
not decline as rapidly as in the SGZ (for example, see Shook
etal., 2012). SA-B-Gal staining of forebrain lateral ventricle
sections showed that senescent V-SVZ cells increased with
age (Figures 2M and 2N) (6 weeks, 246.7 + 4.4; 3 months,
438.3 + 30.6; 12 months, 955 + 40.1). However, when
normalized to total SOX2-positive NPCs, the relative pro-
portion of SA-B-Gal-positive cells was approximately 7-
fold lower in the V-SVZ than in the SGZ at 12 months (Fig-
ure 20) (SGZ—6 weeks, 3.7% =+ 0.1%; 3 months, 7.4% +
0.6%; 12 months, 21.3% + 1.2%; V-SVZ—6 weeks, 0.72%
+ 0.01%; 3 months, 1.4% + 0.13%; 12 months, 3.38% +
0.09).

Treatment with the senolytic agent ABT-263 reduces
senescent NPCs in culture and in vivo

To ask about the biological importance of the senescent
SGZ cells, we used the senolytic agent ABT-263 (Navito-
clax), which induces apoptosis of various types of senes-
cent cells (Bussian et al., 2018; Chang et al., 2016; Childs
et al., 2016; Pan et al., 2017; Zhu et al., 2015). We asked if
ABT-263 was also senolytic for NPCs by establishing a sys-
tem for inducing NPC senescence. We cultured V-SVZ
NPCs from 6 week old mice as neurospheres, passaged
them, and exposed the secondary neurospheres for 72 h
to low levels of the DNA-damaging agent camptothecin,

(C-E) Images of the 3 (C) or 12 month (D and E) DG stained for SA-B-Gal (blue) and immunostained for SOX2 (C, brown), S1008 (D, brown),
or IBA1 (E, brown). In (C) arrows denote double-positive cells, and the arrowhead denotes an SA-B-Gal-only cell. In (D and E) arrows
denote cells positive for only SA-B-Gal and the arrowheads those positive for only S1008 (D) or IBA1 (E). Dashed lines denote the hilus/SGZ
border.

(F) Quantification of DG sections for the percentage of SOX2-immunoreactive SGZ cells that also immunostained positive for P16INK4A
(see Figure S1C).

(G and H) DG sections from 12 month (G) or younger mice were immunostained for SOX2 (G, green) and LAMIN B1 (LMNB1) (G, red; arrows
indicate a SOX2-positive, LMNB1-negative cell, and arrowheads double-positive cells), and the percentage of SOX2-positive SGZ cells
negative for LMNB1 was determined (H). Dashed lines indicate the SGZ/hilus border.

(Iand J) DG sections were immunostained for SOX2 (I, green) and YH2AX (I, red; arrows denote double-positive cells), and the percentage
of SOX2-positive SGZ cells positive for YH2AX was determined (J). Dashed lines indicate the SGZ/hilus border.

(K and L) Quantification of sections analyzed by immunostaining for SOX2 and FISH for P15ink4b (K) or Il6 (L) mRNAs. Shown are
percentages of SOX2-positive SGZ NPCs positive for the relevant mRNA (see Figures 1D and 1E).

(M and N) V-SVZ sections were stained for SA-B-Gal (M, black; arrows denote positive cells), and total V-SVZ SA-B-Gal-positive cells were
quantified (N). LV, lateral ventricle.

(0) Quantification of total SA-B-Gal-positive SGZ or V-SVZ cells expressed as a percentage of total SOX2-positive cells at the same time
point. In all cases, error bars indicate SEM, n = 3 mice/time point, and *p < 0.05, **p < 0.01, ***p < 0.001. Scale bars: 50 um (A and M),
25 pm (C-E), 20 um (G and I).
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Figure 3. Administration of ABT-263 reduces senescent cells in the DG of young adult mice

(A-G) Primary neurospheres cultured from the 6 week V-SVZ were passaged, 2 days later treated for 72 h with 25 nM camptothecin
(senescence-induced or SI) or vehicle (Ctrl), and characterized 2 days later.(A and B) Cultures were stained for SA-B-Gal (A, blue) and
counterstained with Hoechst 33258 (pink), and the percentage of SA-B-Gal-positive cells was determined (B). For comparison, control

(legend continued on next page)

264 Stem Cell Reports | Vol. 17 | 259-275 | February 8, 2022



a treatment that causes senescence in other cell types (Han
et al., 2002). Two days later, 3.8% = 0.3% of vehicle-treated
neurosphere cells were SA-B-Gal positive, as we reported
previously (Fatt et al., 2014), and this was significantly
increased to 28.2% + 1.9% with camptothecin (Figures 3A
and 3B). As a comparator, when neurospheres were
cultured from the 20 month old V-SVZ, 20.0% + 1.4% of
the aged NPCs were SA-B-Gal positive (Figure 3B).

Two additional approaches confirmed this treatment-
induced senescence. First, western blot analysis of
similar cultures showed that P16™X** Jevels were
increased 4.1 + 0.4-fold with camptothecin (Figures 3C
and 3D). Second, quantitative PCR (qPCR) showed that
three senescence-associated mRNAs, 116, Adam10, and
Adam17 (Coppé et al.,, 2008; Kuilman et al., 2008),
were also increased by camptothecin (Figure 3E) (Il6—
control, 1.0 + 0.31; camptothecin, 3.1 =+ 0.58;
Adaml0—control, 1.0 + 0.04; camptothecin, 1.4 =+
0.10; Adaml7—control, 1.0 + 0.05; camptothecin, 1.35
+ 0.9). Importantly, camptothecin did not alter the pro-
portion of SOX2-positive neurosphere cells (Figure 3F),
nor did it increase apoptotic cells with condensed or
fragmented nuclei (Figure 3G) (control: 2.9% =+ 0.32%;
camptothecin, 4.8% + 0.98%).

We then used this senescence culture system to ask about
ABT-263. We treated neurospheres with camptothecin, re-
plated them in fresh medium, added varying ABT-263 con-
centrations 24 h later, and stained for SA-B-Gal after an
additional day. One and 10 nM ABT-263 had no effect on
SA-B-Gal-positive cells in vehicle- or camptothecin-treated
cultures (Figure 3H) (DMSO—control, 6.7% =+ 0.28%;
camptothecin, 28.5% + 3.82%; 1 nM—control, 6.9% =+
1.05%; camptothecin, 28.3% + 2.54%; 10 nM—control,
6.1% + 0.39%; camptothecin, 31.0% =+ 4.87%). However,
at 100 nM and 1 pM, ABT-263 reduced SA-B-Gal-positive

cells in camptothecin-treated cultures from 28% down to
levels similar to vehicle-treated cultures (Figure 3H)
(100 nM—control, 3.3% =+ 0.63%; camptothecin plus
ABT-263, 6.3% + 0.78%; 1 uM—control, 3.5% =+ 0.15%;
camptothecin plus ABT-263, 6.5% =+ 1.21%). To ask if
ABT-263 was inducing apoptosis of senescent cells, as pre-
dicted, we quantified condensed, apoptotic nuclei. With
100 nM and 1 uM ABT-263, there were 27.2% + 4.3% and
39.3% =+ 0.5% apoptotic camptothecin-treated neuro-
sphere cells compared with 7.3% + 0.4% and 10.5% =+
0.4% apoptotic cells with vehicle treatment (Figure 3I).
Thus, senescent NPCs were preferentially sensitive to the
cytotoxic effects of ABT-263.

We next asked if ABT reduced senescent NPCs in vivo.
We injected 3 month old mice intraperitoneally with
0.5 mg/kg ABT-263, a lower concentration than used in
many other studies (Bussian et al.,, 2018; Chang et al.,
2016). Analysis 5 days later showed that ABT-263 treat-
ment decreased SA-B-Gal-positive SGZ cells by about
45% (Figures 3] and 3K) (vehicle, 625 + 37.9; ABT-263,
339.2 + 8.2) and SA-B-Gal-positive V-SVZ cells by about
35% (Figure 3L) (vehicle, 481.7 + 26.2; ABT-263, 306.7 +
34.9).

This ABT-263-mediated decrease in senescent SGZ NPCs
was confirmed in two ways. First, immunostaining showed
that ABT-263 caused a 50% reduction in the proportion of
SOX2-positive SGZ cells that were negative for perinuclear
LAMIN B1 (Figures 3M and 3N) (vehicle, 24.1% =+ 2.7%;
ABT-263, 11.7% =+ 2.4%). Second, immunostaining and
FISH showed that ABT-263 significantly decreased the pro-
portion of SOX2-positive SGZ cells positive for the senes-
cence-associated mRNA P15ink4b (Figure 30) (vehicle,
15.7% + 1.7%; ABT-263, 6.9% = 0.3%). Thus, ABT-263
significantly reduced senescent NPCs in the adult
hippocampus.

neurospheres from the 20 month old V-SVZ were also analyzed (B).(C and D) Western blots of SI or Ctrl neurospheres probed for P16™4* (C,
top) and reprobed for total ERK (bottom; molecular weight markers are shown to the right). P16™*“* levels were normalized to the ERK
loading control and expressed as a fold change in SI versus Ctrl cultures (D).(E) gPCR of RNA isolated from SI or Ctrl neurospheres, analyzed
forIl6, Adam10, or Adam17 mRNAs. Values were normalized to Gapdh mRNA levels in the same samples and expressed as a fold change in SI
versus Ctrl cultures.(F and G) Neurospheres were immunostained, counterstained with Hoechst 33258, and quantified for the percentage of
S0X2-positive cells (F) and cells with condensed apoptotic nuclei (G).

(H and I Cultures as in (A) were treated with varying ABT-263 concentrations for 24 h, stained, and analyzed for the percentages of cells
that were SA-B-Gal-positive (H) or had condensed, apoptotic nuclei (I).

(3-0) Three month old mice were injected with ABT-263 or vehicle, and DG (J, K, M-0) or V-SVZ (L) sections were analyzed 5 days later.(J
and K) DG sections were stained for SA-B-Gal (J, black; arrows denote positive cells), and total SGZ SA-B-Gal-positive cells were quantified
(K). Dashed lines indicate the hilus/SGZ border.

(L) Quantification of stained V-SVZ sections for total SA-B-Gal-positive cells.(M and N) DG sections were immunostained for SOX2 (M,
green) and LAMIN B1 (LMNB1) (red; arrows indicate SOX2-positive, LMNB1-negative cells, and arrowheads double-positive cells),
and the percentage of SOX2-positive SGZ cells negative for LMNB1 was determined (N). Dashed lines indicate the SGZ/hilus bor-
der.(0) Sections were analyzed by immunostaining for SOX2 and FISH for P15ink4b mRNA and quantified for the percentage of SOX2-
positive SGZ cells that were P15ink4b positive. In all cases, error bars indicate SEM. ns, not significant; *p < 0.05, **p < 0.01, ***p <
0.001.

In (B and D-I), n > 3 independent cultures per condition. In (K, L, N, and 0), n = 3 mice/condition. Scale bars: 20 um.
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Figure 4. ABT-263 administration enhances hippocampal neurogenesis in adult mice

Also see Figure S2. Three month old mice were injected with ABT-263 or vehicle and sections were analyzed 5 days later. In (D and L) mice
were also injected with BrdU 4 days post-ABT-263 and analyzed 24 h (L) or 30 days (D) later.

(A and B) Sections were immunostained for DCX (A, green, arrows), and total positive DG cells were quantified (B).

(legend continued on next page)
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ABT-263-mediated ablation of senescent cells

enhances adult hippocampal neurogenesis

We next asked if the ABT-263-mediated decrease in senes-
cent cells in 3 month old mice affected SGZ neurogenesis
using two approaches. First, we analyzed hippocampal sec-
tions 5 days following ABT-263 injection; immature DCX-
positive neurons were increased almost 50% (Figures 4A
and 4B; Figure S2) (vehicle, 14,376.7 + 628.3; ABT-263,
20,641.7 + 819.2). Second, we injected mice with vehicle
or ABT-263 and S days later with BrdU, and then analyzed
sections after a further 30 days. ABT-263 increased BrdU-
positive, NeuN-positive adult-born dentate granule neu-
rons by 48% (Figure 4C) (vehicle, 280 + 27.5; ABT-263,
413.3 + 18.6). By contrast, ABT-263 had no effect on V-
SVZ neurogenesis, as measured by quantifying BrdU-posi-
tive, NeuN-positive olfactory bulb neurons in the same
mice (Figure 4D) (vehicle, 7,785 + 199.4; ABT-263,
7,786.7 + 47.8).

We also analyzed SGZ NPCs following ABT-263 treat-
ment. Immunostaining showed that SOX2-positive SGZ
cells were increased 66% (Figures 4E and 4F) (vehicle,
13,353.3 + 855.3; ABT-263, 22,150 + 580.2). However, the
number of SGZ NSCs was unaltered, as indicated by immu-
nostaining for the NSC marker combinations SOX2, GFAP,
and VIMENTIN (Figures 4G and 4H) (vehicle, 3,280 +
215.2; ABT-263, 3,280 + 117.9) or SOX2 and GFAP (Fig-
ure 4I) (vehicle, 4,240 + 150.4; ABT-263, 4,310 + 194.0).
By contrast, SOX2-positive, ASCL1-positive TA cells were
significantly increased (Figure 4]) (vehicle, 346.7 + 3.4;
ABT-263, 526.3 = 50.4).

We also characterized NPC proliferation. Mice were in-
jected with ABT-263 and 4 days later with BrdU, and the
hippocampus was analyzed 24 h later. ABT-263 led to an
89% increase in BrdU-positive SGZ cells (Figures 4K and
4L) (vehicle, 1,403.3 + 364.5; ABT-263, 2,648.3 = 167.4).
Moreover, GFAP-positive, KI67-positive SGZ NSCs were
also increased by about 2-fold when normalized to total
GFAP-positive, SOX2-positive SGZ cells (Figure 4M) (total
GFAP-positive, KI67-positive cells—vehicle, 426.7 + 40.4;
ABT-263, 960.0 = 17.3; proportion of proliferating

NSCs—vehicle, 10.1% + 0.7%: ABT-263, 22.4% + 1.0%).
Thus ABT-263 depletes senescent SGZ cells, and this results
in enhanced proliferation of non-senescent NPCs and
increased neurogenesis.

ABT-263-mediated ablation of senescent cells
enhances hippocampal neurogenesis in 12 month old
mice

We asked if senescent cell ablation had similar effects in
older mice. We treated 12 month old mice with ABT-263
and 5 days later characterized senescent SGZ cells by SA-
B-Gal staining (Figure 5A). ABT-263 decreased SA-B-Gal-
positive cells by about 40% (Figure 5B) (vehicle, 1,513.3 =
63.0; ABT-263, 938.3 + 56.3), as observed at 3 months (Fig-
ure 3K). This decrease was almost entirely due to a decrease
in senescent SOX2-positive NPCs as opposed to astrocytes
or microglia, as indicated by co-labeling sections for SA-
B-Gal and for SOX2, S100B, or IBA1 (Figure 5C) (SA-B-Gal
cells—vehicle, 1,840 + 68.5; ABT-263, 1,382 + 108.1; p <
0.01; SA-B-Gal-positive, SOX2-positive NPCs—vehicle,
1,565.2 + 81.4; ABT-263, 921.2 + 57.5; SA-B-Gal-positive,
S100B-positive astrocytes—vehicle, 281.6 + 12.2; ABT-
263, 265 + 13.4; SA-B-Gal-positive, IBAl-positive micro-
glia—vehicle. 118 + 18.3; ABT-263, 93 + 6.6). Consistent
with this, the total numbers of IBAl-positive microglia
were unaffected by ABT-263 treatment (Figures 5D and
5E) (vehicle, 1,566.7 + 148.4; ABT-263, 1,596.7 + 143.1).

We confirmed the SGZ senescent cell depletion using
qRT-PCR to analyze 1l6 and Mmp2 in RNA isolated from
the 12 month DG 5 days post-treatment; both mRNAs
were significantly decreased by ABT-263 (Figure 5F) (Il6—
vehicle, 1.0 + 0.07; ABT-263, 0.7 + 0.10; p < 0.05;
Mmp2—vehicle, 1.0 + 0.11; ABT-263, 0.5 + 0.10).

ABT-263 treatment also increased neurogenesis in the
12 month SGZ, as shown two ways. First, DCX-positive
SGZ neurons were increased about 2.6-fold 5 days
following ABT-263 treatment (Figure 5G) (vehicle, 1,150
+ 98.7; ABT-263, 3,046.7 + 114.6). Second, BrdU-positive,
NeuN-positive dentate granule neurons were also increased
about 1.8-fold 35 days following ABT-263 treatment (BrdU

(C and D) Quantification of DG (C) or olfactory bulb (D) sections of ABT-263 or vehicle-treated mice injected with BrdU and analyzed

30 days later. Shown are total BrdU-positive, NeuN-positive cells.

(E and F) DG sections were immunostained for SOX2 (E, green, arrows), and total SGZ SOX2-positive cells were quantified (F).

(G and H) DG sections were immunostained for SOX2 (G, red), GFAP (G, green), and VIMENTIN (G, white), and total triple-positive SGZ cells
(arrows) were quantified (H).

(T and J) Immunostained DG sections were quantified for total SOX2-positive SGZ cells that were also positive for GFAP (I) or ASCL1 (J).
(K'and L) DG sections from mice injected with ABT-263/vehicle and then BrdU were immunostained 24 h post-BrdU to identify (K, green,
arrows) and quantify (L) total BrdU-positive SGZ cells.

(M) Immunostained DG sections were analyzed for GFAP-positive, KI67-positive SGZ cells, and numbers were expressed as a percentage of
total GFAP-positive, SOX2-positive SGZ cells as determined in (I). In all cases, error bars indicate SEM. *p <0.05, **p <0.01, ***p<0.001.
n = 3 mice/condition except in (B), where n = 6 mice/condition. In (A, E, G, and K) sections were counterstained with Hoechst 33258
(blue). Scale bars: 50 pum.
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Figure 5. ABT-263 administration enhances neurogenesis and NPCs in 12 month old mice

(A-N) 12 month old mice were injected with ABT-263 or vehicle and the DG was analyzed 5 days later. In (H and M) mice were also injected
with BrdU 4 days post-ABT-263 and analyzed 24 h (M) or 30 days (H) later. (A and B) DG sections were stained for SA-B-Gal (A, black,
arrows), and total SA-B-Gal-positive SGZ cells were quantified (B). Dashed lines indicate the SGZ/hilus border. (C) DG sections were stained
for SA-B-Gal and immunostained for SOX2, S100B, or IBA1 (as in Figures 2C-2E), and total SA-B-Gal-positive SGZ cells co-expressing each
of these markers were quantified. Also quantified were total SA-B-Gal-positive cells. (D and E) DG sections were immunostained for SOX2

(legend continued on next page)
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was injected 5 days after ABT-263) (Figure SH) (vehicle,
78.3 £ 10.1; ABT-263, 143.3 + 12.0).

We next analyzed NPCs in these ABT-treated aging mice.
Immunostaining 5 days post-treatment showed that ABT-
263 increased SOX2-positive SGZ cells by 76% (Figures SI
and 5]J) (vehicle, 6,876.7 + 134.8; ABT-263, 12,070 + 141.1)
without affecting the number of GFAP-positive, SOX2-posi-
tive NSCs (Figure 5K) (vehicle, 3,740 + 153.9; ABT-263,
3,873.3 + 97.7). We also asked about proliferation; mice
were injected with ABT-263 and 4 days later with BrdU,
and hippocampi were analyzed 24 h later. BrdU-positive
SGZ cells were increased 2.7-fold (Figures SL and 5M)
(vehicle, 116.7 + 14.5; ABT-263, 311.7 + 59.3). This increase
was due, in part, to NSCs, since GFAP-positive, KI67-positive
SGZ cells were increased 2.3-fold when normalized to total
GFAP-positive, SOX2-positive cells (Figure SN) (vehicle,
1.8% + 0.40; ABT-263, 4.1% = 0.41).

Similar increases in NPC proliferation and hippocampal
neurogenesis were seen when ABT-263 was directly injected
into lateral ventricles of 12 month old mice. Analysis 5 days
after intracerebroventricular (ICV) injection of ABT-263
showed that SA-B-Gal-positive SGZ cells were decreased (Fig-
ure 50) (vehicle, 1,416.5 + 91.2; ABT-263, 1,045 + 49.3),
while newborn DOUBLECORTIN-positive neurons were
increased more than 2-fold (Figure 5P) (vehicle, 1,173.3 +
170.7; ABT-263, 2,510 + 214.6). Thus, ABT-263 pro-neuro-
genic effects can be mediated directly within the brain.

Genetic ablation of senescent cells in the aging SGZ
increases NPC proliferation

Small molecules like ABT-263 can have off-target effects, so
we also used a senescent-cell genetic-ablation approach,
the P16-3MR mouse (Chang et al., 2016; Childs et al.,
2016; Demaria et al., 2014). These mice carry a transgene
wherein the Pl6ink4a promoter drives expression of
thymidine kinase (TK) and mRFP; P16ink4a-positive senes-
cent cells express this transgene and die when exposed to
ganciclovir. Initially, we confirmed transgene expression
in the aged SGZ by treating 12 month old mice with ABT-

263 or vehicle, and performing qRT-PCR for mRfp mRNA
in the DG 5 days later. mRfp mRNA was expressed and
ABT-263-mediated senescent cell depletion caused a 4-
fold decrease in its levels (Figure 6A) (vehicle, 1.00 + 0.26;
ABT-263, 0.24 + 0.11).

We therefore treated 12 month old P16-3MR mice with
either ganciclovir or PBS via continuous minipump-medi-
ated infusion into the lateral ventricles for 7 days. Ganci-
clovir decreased SA-B-Gal-positive cells in the SGZ by
approximately 33% (Figures 6B and 6C) (PBS, 1,515 +
27.8; ganciclovir, 1,013.3 + 23.3). Coincident with this,
SOX2-positive SGZ cells were increased about 2-fold (Fig-
ures 6D and 6E) (PBS, 7,896.7 + 127.3; ganciclovir, 13,400
+ 645.3), with no change in GFAP-positive, SOX2-positive
NSCs (Figure 6F) (PBS, 3,893.3 + 104.8; ganciclovir, 3,843.3
+ 64.9). To ask if NPC proliferation was increased, mice
were also injected with BrdU on the sixth day of infusion.
Relative to PBS, ganciclovir significantly increased both
BrdU-positive SGZ cells (Figures 6G and 6H) (PBS, 183.3 +
37.2; ganciclovir, 305 + 23.1) and the ratio of GFAP-posi-
tive, KI67-positive SGZ cells to total GFAP-positive, SOX2-
positive SGZ cells (Figure 61) (PBS, 0.85% + 0.16%: ganciclo-
vir, 1.9% + 0.29%). Thus, genetic ablation of senescent cells
has the same effect on SGZ NPCs as does ABT-263.

Administration of ABT-263 to12 month old mice
improves spatial memory

We next asked whether the ABT-263-induced increase in
hippocampal neurogenesis was sufficient to enhance
hippocampus-dependent spatial memory. We treated
12 month old mice with ABT-263 or vehicle, and 30 days
later trained them (three trials per day for 6 days) to find a
submerged platform in the Morris water maze. Both groups
learned to locate the platform more efficiently across
training (Figure 7A). One day following the training period,
mice were evaluated in a probe test where the platform was
removed, and the amount of time spent searching each zone
was determined. Notably, compared with vehicle-treated
mice, ABT-263-treated mice spent significantly more time

(D, red, arrowheads) and IBA1 (D, green, arrows), and total IBA1-positive SGZ cells were quantified (E). The dashed line indicates the
hilus/SGZ border. (F) qPCR for Il6 and Mmp2 mRNAs in total DG mRNA. Values were normalized to Gapdh mRNA levels in the same samples
and expressed as a fold change in ABT-263 versus vehicle-treated samples. (G) Quantification of immunostained sections for total DCX-
positive cells in the DG. (H) Quantification of total BrdU-positive, NeuN-positive cells in the DG of ABT-263 or vehicle-treated mice
injected with BrdU and analyzed 30 days later. (I and J) DG sections were immunostained for SOX2 (I, green, arrows), and total SGZ SOX2-
positive cells were quantified (J). (K) Quantification of immunostained sections for total GFAP-positive, SOX2-positive SGZ cells. (L and M)
DG sections from mice injected with ABT-263/vehicle and then BrdU were immunostained 24 h post-BrdU to identify (L, green, arrows) and
quantify (M) total BrdU-positive SGZ cells. (N) Quantification of immunostained DG sections for GFAP-positive, KI67-positive SGZ cells,
expressed as a percentage of total GFAP-positive, SOX2-positive SGZ cells as determined in (K).

(0 and P) 12 month old mice were injected ICV with 50 ng of ABT-263 or vehicle, and coronal DG sections were analyzed 5 days later for
total SA-B-Gal-positive SGZ cells (0) or total DCX-positive DG cells (P). In all cases, error bars indicate SEM. *p < 0.05, **p <0.01, ***p <
0.001. n=3 mice/condition in all cases, except for (C), where n =5 mice/condition, and (F), where n =6 mice/condition. Scale bars: 50 um
(A, I), 25 um (D), 20 um (L). In (I and L) sections were counterstained with Hoechst 33258 (blue).
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Figure 6. Genetic reduction of senescent cells in aged p16-3MR mice enhances hippocampal precursor proliferation and numbers
(A) gPCR for mRfp mRNA in total mRNA from the DG of 22 month old P16-3MR mice 5 days after intraperitoneal (i.p.) injection with ABT-
263 or vehicle. Values are normalized to Gapdh mRNA in the same samples and expressed as a fold change relative to vehicle-injected mice.
(B-TI) Twelve month old P16-3MR mice were infused ICV for 7 days with PBS or ganciclovir (GCV), and DG sections were analyzed. In (H)
mice were also injected with BrdU after 6 days of infusion.

(B and C) DG sections were stained for SA-B-Gal (B, black, arrows), and total SA-B-Gal-positive SGZ cells were quantified (C). Dashed lines
indicate the SGZ/hilus border.

(D and E) DG sections were immunostained for SOX2 (D, green, arrows), and total positive SGZ cells were quantified (E).

(F) Quantification of immunostained DG sections for total GFAP-positive, SOX2-positive SGZ cells.

(G and H) DG sections from mice injected with BrdU during GCV or PBS infusion were immunostained 24 h post-BrdU to identify (G, green,
arrows) and quantify (H) total BrdU-positive SGZ cells.

(I) Quantification of immunostained DG sections for GFAP-positive, KI67-positive SGZ cells, expressed as a percentage of total GFAP-
positive, SOX2-positive SGZ cells as determined in (F). In all cases, error bars indicate SEM and n > 3 mice/condition. In (D and G) sections
were counterstained with Hoechst 33258 (blue). Scale bars: 20 pm (B) and 50 um (D and G). *p < 0.05, **p < 0.01, ***p < 0.001.

searching in the target zone (Figures 7B and 7C) (vehicle— p < 0.05). Swim speed and total distance traveled were
trained, 14.6% + 3.3%; other, 8.9% + 0.8%; p < 0.05; n = similar for both groups, indicating that general motor per-
14; ABT-263—trained, 21% + 2.3%; other, 10.5% + 1.2%; formance was not altered (Figures 7D and 7E) (swim
p < 0.001; n = 14; vehicle-trained versus ABT-263-trained, speed—vehicle, 18.5 + 0.6; ABT-263, 19.2 + 0.5; distance
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Figure 7. A single injection of ABT-263 enhances spatial memory in 12 month old mice
Twelve month old mice were treated with ABT-263 or vehicle and 30 days later were trained for 6 days on the hidden platform version of the

Morris water maze.

(A) Average time to find the hidden platform on each day of training.

(B and C) Twenty-four hours following training, the platform was removed and a probe test performed to assess average amounts of time
spent in the trained zone versus the other three equal-sized zones (B). Also shown are density plots of grouped data (C) showing where
mice concentrated their searches, with the color scale representing average number of visits per mouse per 5 X 5 cm area. During training,

the platform was located in the top right quadrant (C, black circle).

(D and E) Quantification of total distance traveled (D) and average swim speed (E) during the probe test. All results are representative of three
independent experiments, and in all cases error bars indicate SEM. ns, not significant, p>0.05; *p<0.05; ***p<0.001. n =14 mice/condition.

traveled—vehicle, 1,106.0 + 34.8; ABT-263, 1,152.9 + 28.0;
for both, p > 0.05; n = 14 per group). Thus, ABT-263 admin-
istration in middle-aged mice improves spatial learning and
memory.

DISCUSSION

Our data show that the hippocampal neurogenic niche is
subject to aging-induced senescence and that senescent

SGZ cells, including senescent NPCs, interact with their
non-senescent neighbors to reduce stem cell proliferation
and neurogenesis. Our results provide further support for
the notion that excessive senescence is a driving factor
behind aging, and that midlife reduction of these cells
can rejuvenate and restore the function of the stem cell
niche. Collectively, these results indicate that senescent
cells directly contribute to neurogenic decline in the mid-
dle-aged hippocampus, and that clearance of these cells
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can partially restore hippocampal neurogenesis and
function.

These data provide a potential explanation for the previ-
ously observed age-related decreases in hippocampal NPCs
and neurogenesis (Ahlenius et al., 2009; Ben Abdallah
et al., 2010; Walter et al., 2011) that we have confirmed
here. Notably, we show that a substantive proportion of
NPCs become senescent, thereby making them unavailable
to generate new neurons, and that these senescent NPCs
likely adversely affect neurogenesis from their non-senes-
cent neighbors. Thus, our findings establish senescence,
including NPC senescence, as one potential cause of neuro-
genic decline during aging.

This impairment could be caused by a decrease in the
number of functional precursor cells (as we show here)
that occurs as a consequence of genotoxic and ER stress,
mitochondrial DNA damage, upregulation of cell-cycle in-
hibitors, and/or telomere erosion, all known to induce
senescence. Alternatively, it could be due to niche degrada-
tion by secretion of scenescence-associated secretory
phenotype (SASP) factors from senescent precursors them-
selves or other senescent niche cell types. In either case,
when senescent cells in the niche are cleared, as we have
done here, this could promote the rejuvenation and mobi-
lization of the remaining normal stem cells, ultimately
resulting in enhanced tissue function, maintenance, and
repair.

We show that ABT-263 administration in middle-aged
mice improves spatial learning and memory. The water
maze paradigm used here is sensitive to perturbations of
hippocampal neurogenesis in rodents. For example, inter-
ventions that suppress hippocampal neurogenesis impair
spatial memory (Martinez-Canabal et al., 2019), whereas
interventions that promote hippocampal neurogenesis
improve spatial memory (Stone et al.,, 2011; Wang et al.,
2012). One explanation for the ABT-263-mediated
improvement in spatial learning and memory is that it is
a consequence of the enhanced SGZ neurogenesis that oc-
curs following the clearance of senescent cells. We cannot,
however, rule out the possibility that systemic effects of
ABT-263 or effects in regions other than the DG contrib-
uted to this improvement.

A potential role for cellular senescence in the brain has
been most widely studied within the context of neurode-
generative disorders, with several publications reporting
that senescent microglia, oligodendrocyte progenitor cells,
and astrocytes are associated with neurodegenerative disor-
ders, and that clearance of these senescent cells can rescue
at least some of the adverse anatomical and behavioral
sequelae in mouse models of these disorders (Bussian
et al., 2018; Musi et al., 2018; Zhang et al., 2019, Ogrodnik
et al., 2021). While these studies did not examine normal
aging, it is possible that senescence of these other cell types

272 Stem Cell Reports | Vol. 17 | 259-275 | February 8, 2022

could contribute to deregulating aging NPCs and inhibit-
ing neurogenesis. This is particularly true for microglia
and astrocytes, which are locally present within the hippo-
campal SGZ niche. However, our data show that senescent
astrocytes and microglia together comprise only 21% of to-
tal senescent cells within the aging SGZ, and that ABT-263
treatment cleared 42% of senescent NPCs and only 12% of
senescent astrocytes and microglia, arguing that the latter
may play relatively minor roles in any local niche effects
mediated by senescent cells. This specific effect of ABT-
263 on NPCs and not microglia or astrocytes in the SGZ
niche may be due to the lower concentrations of ABT-263
used in our experiments than in previous studies.

Our data show that aging has two distinct effects on SGZ
stem cells. First, proliferation of NSCs was decreased, in part
likely due to increased senescence. Second, the non-senes-
cent NPCs that remained at 1 year of age were defective in
their ability to proliferate and make neurons. We propose
that senescent cells, including senescent NPCs, contribute
to this latter effect since they can secrete SASP factors that
reduce the proliferation and differentiation of their neigh-
boring non-senescent precursor cells. Relevant to this, a
report by Kalamakis et al. (2019) suggests that in the
V-SVZ, an increase in pro-inflammatory signaling results
in NSC quiescence and depletion during aging. We believe
a similar mechanism governs age-dependent NSC quies-
cence/depletion in the SGZ, with senescent NPCs a major
potential source of these quiescence-inducing factors,
rather than a more generalized pro-inflammatory environ-
ment as described for the V-SVZ. In support of this idea, we
found (data not shown) that camptothecin-treated and
senescent cultured NPCs express SASP factors known to
enforce the quiescence of other stem cell types, including
IGFBP3 and SDF1. Ablation of even half of the senescent
cells as we have done here would remove many of these
deleterious SASP factors from the niche, thereby allowing
NSCs to start to divide, resulting in a rapid restoration of
precursor numbers and the generation of new neurons.
This model is consistent with our data showing that one
application of ABT-263 in vivo was sufficient to stimulate
NPC proliferation after 5 days. The plethora of secreted
SASP factors likely has multiple effects on the stem cell
niche. Indeed, our data show that IL-6 is expressed by
senescent SGZ NPCs, and we previously showed that excess
IL-6 depletes the adult V-SVZ stem cell pool (Storer et al.,
2018). Alternatively, SASP factors such as secreted matrix
metalloproteinases (MMPs) might damage SGZ architec-
ture, but it is unlikely that this type of structural damage
could be reversed in such a short period of time.

Aging is associated with an increase in senescent cells
that disrupt tissue structure and function (Gorgoulis et
al., 2019). Safe-in-human senolytics such as ABT-263 (Navi-
toclax), developed for the treatment of cancer, are therefore



promising therapeutic agents to treat aging-associated con-
ditions, with several in clinical trials to ablate senescent
cells in osteoarthritis, diabetes complications, idiopathic
pulmonary fibrosis, and chronic kidney disease (Robbins
et al.,, 2021). Our findings suggest that senolytics may
also be considered for age-related cognitive decline.

EXPERIMENTAL PROCEDURES

Animals

This study was approved by the Hospital for Sick Children Animal
Care Committee, in accordance with Canadian Council on Animal
Care guidelines. Wild-type C57BL/6] male and female mice ages
6 weeks and 3 months were obtained from The Jackson Laboratory.
Twelve month old female mice were obtained as retired breeders
(age approximately 7-9 months) and maintained in-house until
the appropriate age. P16-3MR mice (Demaria et al., 2014) were
generously provided by Unity Biotechnology (Brisbane, CA,
USA), bred at the Hospital for Sick Children, and genotyped by
standard PCR. For ABT-263 administration, mice were injected
once intraperitoneally (i.p.) with 0.5 mg/kg ABT-263 (Selleck
Chemicals, Houston, TX, USA) suspended in 45% PEG-400, 45%
DDH,0, and 10% DMSO. Some mice received 50 ng ABT-263 (sus-
pended in 50% DMSO, 50% distilled H,O) via ICV microinjection,
as described below. For ganciclovir (GCV) administration, mice
were implanted with ICV minipumps filled with a solution of
2.5 mg/mL GCV (Santa Cruz Biotechnology, Santa Cruz, CA,
USA). For more details on ABT-263 and GCV administration, see
the supplemental experimental procedures.

Neuroanatomy and immunostaining
Details are presented in the supplemental experimental procedures.

BrdU/EdU labeling
Details are presented in the supplemental experimental procedures.

Single molecule fluorescence in situ hybridization
Details are presented in the supplemental experimental procedures.

Water maze training and test probes

Mice were trained in the hidden platform version of the water
maze. Details are presented in the supplemental experimental pro-
cedures. During training, we analyzed escape latency, distance
traveled, and swim speed. In the probe test, we quantified spatial
memory by measuring the amount of time the mice spent search-
ing in the target zone (20 cm radius, centered on location of plat-
form during training, corresponding to 11% of pool surface) versus
average time spentin three other equivalent zones in other areas of
the pool (Moser et al., 1998).

Western blots, qPCR, and neurosphere assays
Details are presented in the supplemental experimental procedures.

Quantification
Details are presented in the supplemental experimental procedures.

Statistics

Statistics were performed using the one-way ANOVA with Tukey’s
post hoc test or Student’s unpaired t test to test for significance as
appropriate and unless otherwise stated. For the drug treatment ex-
periments, significance between the two treatment groups was
determined using Student’s paired t test, and significance across ge-
notypes was determined with a two-way ANOVA with Tukey’s post
hoc test. All analyses were performed using Prism 5 (GraphPad, La
Jolla, CA, USA). Significance was defined as p < 0.05.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/
10.1016/j.stemcr.2021.12.010.
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