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SUMMARY

Neurogenesis in specific brain regions in adult mammals decreases with age. Progressive reduction in the proliferation of neural stem and
progenitor cells (NS/PCs) is a primary cause of this age-associated decline. However, the mechanism responsible for this reduction is
poorly understood. We identify p38 MAPK as a key factor in the proliferation of neural progenitor cells (NPCs) in adult neurogenic niches.
p38 expression in adult NS/PCs is downregulated during aging. Deletion of p38« in NS/PCs specifically reduces the proliferation of NPCs
but not stem cells. Conversely, forced expression of p38a in NS/PCs in the aged mouse subventricular zone (SVZ) restores NPC prolifer-
ation and neurogenesis, and prevents age-dependent SVZ atrophy. We also found that p38 is necessary for suppressing the expression of
Wnt antagonists DKK1 and SFRP3, which inhibit the proliferation of NPCs. Age-related reduction in p38 thus leads to decreased adult

neurogenesis via downregulation of Wnt signaling.

INTRODUCTION

Neurogenesis persists mainly in two brain regions, the
subventricular zone (SVZ) of the lateral ventricle and
the subgranular zone (SGZ) of the dentate gyrus,
throughout adulthood in mammals (Ming and Song,
2011). In these regions, slowly dividing quiescent neural
stem cells (NSCs) give rise to activated NSCs, which
rapidly differentiate into transit-amplifying cells (TACs)
and subsequently into immature neurons (Encinas
et al.,, 2011; Ming and Song, 2011; Obernier et al.,
2018). Adult neurogenesis in these neurogenic niches
declines with aging (Capilla-Gonzalez et al., 2015; Enci-
nas et al., 2011), largely due to the reduced proliferation
of neural stem and progenitor cells (NS/PCs). Several
studies have reported that this reduction is likely to be
caused by declines in extrinsic signals that support the
proliferation of NS/PCs, including mitotic signals such
as epidermal growth factor (EGF) and fibroblast growth
factor 2 (FGF-2) (Conover and Todd, 2017; Seib and Mar-
tin-Villalba, 2015) and increases in systemic pro-aging
factors (Bond et al., 2015). Moreover, it has recently
been suggested that mitochondrial dysfunction is a
cause of the age-related decline in neurogenesis in the
SGZ (Beckervordersandforth et al.,, 2017). In these
studies, exposure of the SGZ or SVZ to mitogens or
enhancement of mitochondrial function restored neuro-
genesis; however, the specific cell types targeted by these
interventions were not clearly identified, and the under-
lying age-associated processes have not been studied in
detail.
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The p38 MAPKs (mitogen-activated protein kinases)
include four family members: p38a (MAPK14), p38p
(MAPK11), p38y (MAPK12), and p383 (MAPK13). p38a
was first identified as a stress-activated protein kinase asso-
ciated with inflammation (Ashwell, 2006). The p38 MAPK
signaling pathway mediates a range of extrinsic signals,
including environmental stressors, growth factors, and cy-
tokines, to ensure appropriate cellular outputs (Cuadrado
and Nebreda, 2010). Although many studies have reported
the involvement of p38 MAPK signaling in the prolifera-
tion, differentiation, migration, and apoptosis of NS/PCs,
the results reported to date have been disparate (Cheng
et al., 2001; Faigle et al., 2004; Wang et al., 2017). Specif-
ically, different groups using various experimental systems
have reported both positive and negative effects of p38
MAPK signaling on the proliferation and apoptosis of NS/
PCs (Kim et al., 2008; Kim and Wong, 2009; Sato et al.,
2008; Yoshioka et al., 2015).

In the present study, we report that p38 MAPK signaling
is required for the sustained proliferation of neural progen-
itor cells (NPCs) in the adult neurogenic niche via modula-
tion of Wnt signaling and that decreased p38 MAPK
signaling is responsible for the age-related decline in adult
neurogenesis. Moreover, we found that forced expression
of p38a in NS/PCs in the SVZ of aged mice prevented the
decline in adult neurogenesis and inhibited age-related
SVZ atrophy without exhaustion of NSCs. Our findings
provide new mechanistic insights into the aging of neuro-
genic niches and a new molecular target for inducing
regeneration of the aged brain via the mobilization of
NPCs.
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RESULTS

P38 Expression in Adult Neurogenic Niches Decreases
with Aging

We previously reported that p38 is essential for the gener-
ation of large numbers of glial cells during late embryonic
development (Naka-Kaneda et al., 2014). In contrast, NS/
PCs mainly generate neurons in adult neurogenic niches
(Ming and Song, 2011). This neurogenesis declines with
aging (Figure S1), which prompted us to ask whether
p38 facilitates the age-dependent reduction in adult neu-
rogenesis by increasing gliogenesis. We immunohisto-
chemically analyzed the expression of p38 and its acti-
vated form, phosphorylated p38 (P-p38), in the SVZ and
SGZ of postnatal mice at various ages. Unexpectedly, the
expression levels of both p38 and P-p38 decreased with
aging (Figures S2A-S2D). Further immunohistochemical
analyses using markers for NSCs (SOX2"/GFAP" cells)
and for TACs (ASCL1* cells) (Ming and Song, 2011) re-
vealed that P-p38 is expressed in most NSCs and TACs
in young animals. However, the proportion of P-p38* cells
in these cells decreased with age (Figures 1A-1D and 1I;
Table S1). This age-related decrease in P-p38* NSCs was
more pronounced in the SGZ than in the SVZ. Decreases
in the P-p38* population of NSCs in the SVZ in the
maturing mouse brain were significant but slight, and
the P-p38 levels in NSCs of the SVZ did not show dramatic
declines, even in aged mice. In TACs, on the other hand,
the P-p38* population dramatically decreased with aging
in both the SVZ and SGZ (Figures 1E-1H and 1J; Table
S1). The spatiotemporal pattern of changes in P-p38
expression appears to be correlated with the age-depen-
dent reduction of NSCs and TACs in the SVZ and SGZ
(Figure S1).

Adult Neurogenesis Is Impaired in p38a Conditional
Knockout Mice

To determine the role of p38 in adult neurogenesis, we
analyzed p38a (Mapkl4) conditional knockout mice
(p38a CKO mice) because p38a is the major isozyme of

the p38 MAPK family (Ashwell, 2006). To generate the
p38a. CKO mice, in which an exon of p38a is selectively
deleted in adult NS/PCs at specific time points, we crossed
p38a/"%/Mox mice (Nishida et al., 2004) with transgenic mice
expressing CreERT2 recombinase under the control of the
Nestin gene enhancer/promoter (Nes-creER mice) (Imayoshi
et al., 2006). Selective deletion was induced by intraperito-
neal (i.p.) injection of tamoxifen (TAM) (75 mg/kg) for 5
consecutive days, followed 4 weeks later by the injection
of 5-ethynyl-2'-deoxyuridine (EAU) (50 mg/kg, i.p.) 2 h
prior to brain fixation to assess NS/PC proliferation (Fig-
ure 2A). To confirm the conditional deletion, we crossed
P38/ Nes-creER mice with a reporter mouse line that
expresses monomeric teal fluorescent protein 1 (mTFP1)
in a Cre-dependent manner from the ROSA26 locus (Im-
ayoshi et al., 2012). As expected, we detected the expres-
sion of mTFP1 in SOX2*/GFAP* NSCs in the SVZ and SGZ
(Figures S3A and S3B). We also confirmed that TAM has
no detrimental effect on the proliferation of NS/PCs in
the SVZ and SGZ of either wild-type or Nes-creER mice
(Figure S3C).

There was no significant difference between control
(without TAM) and p38« CKO mice regarding the number
of NSCs in the SVZ and SGZ at 10 weeks and 65 weeks (Fig-
ures 2B, 2C, and S3D). In contrast, the number of ASCL1"
TACs was significantly lower in both SVZ and SGZ in
p38a CKO mice at 10 weeks compared with that in control
mice; however, no significant difference was observed at
65 weeks (Figures 2D, 2E, and S3E). We observed similar re-
ductions of EAU incorporation in p38« CKO mice, even at
65 weeks, in the SVZ (Figures 2F-2I). Moreover, the number
of TBR2 (T-box brain gene 2) expressing intermediate pro-
genitor cells, a type of TAC in SGZ (Hodge et al., 2008),
were also significantly reduced in p38a« CKO mice
compared with control mice at 10 weeks (Figures 2J and
2K). There was no significant difference in the number of
apoptotic cells detected by TUNEL staining between con-
trol and p38« CKO mice, and this number increased with
age in both groups (Figures S3]-S3M). These results suggest
that p38a is required for the amplification of TACs. The
number of DOUBLECORTIN (DCX)-expressing immature

Figure 1. Age-Dependent Reduction in the Phospho-p38 and p38 Expression Levels in the SVZ and SGZ

(A-D) Representative confocal images of the SVZ (A and B) and SGZ (C and D) from 3- and 77-week-old mice, immunostained with an-
tibodies raised against markers for NSCs (SOX2* [magenta]/GFAP* [cyan] cells) and P-p38 (green).

(E-H) Representative confocal images of the SVZ (E and F) and SGZ (G and H) from 8- and 28-week-old mice, immunostained with an-
tibodies raised against markers for TACs (ASCL1" cells [magenta] and P-p38 [green]).

(I) Percentages of phospho-p38 (P-p38)-positive cells in SOX2*/GFAP* NSCs in the SVZ (red line) and SGZ (blue line), which decreased with

aging.

(J) Percentages of phospho-p38 (P-p38)-positive cells in ASCL1" TACs in the SVZ (red line) and SGZ (blue line), which also decreased with

aging.

Values in the line graphs represent the mean + SD (n = 3 mice). Nuclei were stained with Hoechst (gray). LV, lateral ventricle. Scale bars,

50 pm.
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neurons, which are progeny cells of TACs (Ming and Song,
2011), was also significantly reduced in both SVZ and SGZ
in 10-week-old mice through p38« deficiency (Figures 2L-
20). The reduction in the number of TACs should cause
the subsequent reduction in the number of newborn neu-
rons. Indeed, EAU pulse-chase experiments revealed that
p38a deletion results in significant reductions of EAU"/
NeuN* newborn neurons in the olfactory bulb (OB) and
granule cell layer in the dentate gyrus (DG) after a 4-week
chase at 14 weeks (Figures S3F-S3I). The reduction rates
of the EAU* newborn neurons by p38« deletion in both re-
gions were not significantly different from that of DCX*
immature neurons in SVZ and SGZ (DCX* cells: 0.546 +
0.011 in SVZ, 0.720 + 0.074 in SGZ; EAU*/NeuN" cells:
0.486 = 0.106 in OB, 0.626 + 0.151 in DG, relative to con-
trol mice), indicating that p38a is not involved either in
differentiation or survival of adult-born neurons in these
regions.

Specific Requirement of p38 for Proliferation of TACs
To determine how p38a functions in NS/PCs, we
assessed the proliferation of TACs by quantification of
ASCL1"EdU*/ASCL1" cells and the activation of NSCs as
defined by Ki-67 expression within the GFAP*/SOX2" pop-
ulation (Kawaguchi et al., 2013) in the SVZ and SGZ at 6
and 10 weeks. Conditional disruption of p38«a and EdU
labeling was carried out as described above (Figure 2A).
The proliferation of TACs was significantly reduced by
the disruption of p38« in both the SVZ and SGZ (Figure 3),
whereas there was no change in the activation of NSCs
(Figure S4).

To examine whether the altered proliferation of TACs by
p38a deletion was due to an environmental change within
the neurogenic niche, we conducted a neurosphere assay
(Figure 4A) in which TACs were specifically amplified to
form clonally derived cell clusters composed mainly of
proliferating NPCs in the presence of FGF-2 and EGF
in vitro (Mich et al., 2014). Owing to difficulty in obtaining
a sufficient volume of neurospheres from SGZ of aged mice
to enable a detailed analysis, we analyzed neurospheres
derived from adult SVZs in the following in vitro studies.
Pan-p38, p38a, and P-p38 immunoreactivities detected in
control neurospheres were barely detectable in neuro-
spheres derived from p38a CKO mice (Figures 4B and
4C), which strongly indicated that p38a. is a major isozyme
in NPCs. To assess NPC self-renewal and proliferation, we
measured the number, size, and EdU incorporation of
secondary neurospheres after a passage of primary neuro-
spheres. EAU (10 pM) was administered 30 min before
fixation of the neurospheres. The disruption of p38«
resulted in a significant reduction in the total number of
neurospheres, a significant population shift to smaller sizes
of neurospheres, and a significant reduction in EdU incor-
poration (Figures 4D—4F). These results suggest that p38a
plays a crucial role in the self-renewing expansion of
NPCs and that p38 is required to support the full prolifera-
tion of TACs in the adult brain.

The age-dependent decline in p38 expression by TACs in
the SVZ and SGZ (Figure 1) is strongly correlated with
similar decreases in TACs (Figure S1), raising the possibility
that the reduction in p38a induces cellular senescence. To
test this possibility, we measured senescence-associated

Figure 2. Reduction of TACs and Neurogenesis in the SVZ and SGZ of p38«a CKO Mice

(A) Strategy for inducible conditional deletion of p38a in p38a/°/°%;Nes-creER mouse and EdU labeling of cycling NS/PCs. Tamoxifen
(TAM) was injected intraperitoneally (i.p.) for five consecutive days. EdU was injected i.p. 2 h before perfusion.

(B and C) There was no significant difference in the number of SOX2*/GFAP* NSCs in the SVZ (B) and SGZ (C) between control floxed p38a
and p38a CKO mice at 10 or 65 weeks (n = 5 mice).

(D and E) ASCL1" TACs in the SVZ (D) and SGZ (E) were significantly lower in p38« CKO mice than in control mice at 10 weeks but not at
65 weeks (n =5 mice).

(F) EdU* cycling cells in the SVZ were also significantly lower in p38« CKO mice compared with control mice at both 10 and 65 weeks
(n =5 mice).

(G) EdU™ cycling cells in the SGZ were also significantly lower in p38« CKO mice than in control mice at 10 weeks but not at 65 weeks
(n =5 mice).

(H and I) Representative confocal images of EdU* cells (magenta) in the SVZ (H) and SGZ (I) of control and p38« CKO mice at 10 weeks.
Scale bars, 100 pm.

(J and K) TBR2" intermediate progenitor cells in SGZ were significantly reduced in p38« CKO mice compared with control mice at 10 weeks
(n =3 mice). Scale bars in (K), 50 pum.

(L and M) DCX" immature newborn neurons (red) in the SVZ were significantly lower in p38a CKO mice compared with control mice at
10 weeks (n =5 mice). Lower panels of (M) are the higher-magnification images corresponding to dashed-line squares in the upper panels.
Scale bars, 200 pm.

(N and 0) DCX* immature newborn neurons (red) in the SGZ were also significantly lower in p38«a CKO mice compared with control mice at
10 weeks (n = 5 mice). Scale bars in (P), 100 um.

Statistical analysis was performed with an unpaired two-tailed Student’s t test. Values in the bar graphs represent the mean + SD. **p <
0.01, ***p < 0.001. NS, not significant; LV, lateral ventricle.
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Figure 3. Specifically Impaired Proliferation of TACs in p38«a CKO Mice
(A) The EdU* population (magenta) within ASCL1" TACs (green) in the SVZ was significantly lower in p38a CKO mice than in control mice at

6 and 10 weeks (n = 3 mice).

(B) Representative confocal images of ASCL1* TACs (green) and EdU* cells (magenta) in the SVZ of control and p38a CKO mice (10 weeks

old). Arrows indicate ASCL1"/EdU" cells.

(C) The EdU* population (magenta) within ASCL1* TACs (green) in the SGZ was significantly lower in p38a CKO mice than in control mice at

6 and 10 weeks (n = 3 mice).

(D) Representative confocal images of ASCL1* TACs (green) and EdU™ cells (magenta) in the SGZ of control and p38a CKO mice (10 weeks

old). Arrows indicate ASCL1*/EdU* cells.

Statistical analysis was performed with an unpaired two-tailed Student’s t test. Values in the bar graphs represent the mean + SD. **p <

0.01, ***p < 0.001. LV, lateral ventricle. Scale bars, 100 pum.

B-galactosidase (SA-B-gal) activity (Dimri et al., 1995).
Although it has been shown that SA-B-gal activity is not
specific to cellular senescence (Yang and Hu, 2005), such
activity remains useful as a marker of cell-cycle arrest.
Compared with neurospheres derived from control mice,
SA-B-gal activity was significantly increased in those from
p38a CKO mice (Figures 4G and 4H), which indicated a
role of p38a in supporting the proliferation of NPCs and
raising the possibility that p38 regulates the timing of
cellular senescence in TACs. We also examined whether
p38c deletion alters the expressions of two senescence-
associated genes, p16INK4a, whose expression in NS/PC

1318 Stem Cell Reports | Vol. 12 | 13131328 | June 11,2019

in the SVZ increases with age (Daynac et al., 2016), and
P19ARF, which regulates NSC self-renewal in the SVZ
(Nishino et al., 2008), in neurospheres from the SVZ. How-
ever, no significant change was observed in their expres-
sions (Figure S6A). This suggests that these factors are not
involved in the regulation of TAC proliferation down-
stream of p38.

Reduction in p38 Is a Major Cause of Age-Related
Decline in Adult Neurogenesis

Given its activity and expression pattern, p38 may regulate
the aging of NS/PCs in adult neurogenic niches. To test this
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(A) Strategy for inducible conditional deletion of p38a in p38a/ /"%, Tg (Nes-cre/ERT2) mice for an in vitro NPC proliferation assay via
neurosphere formation. Four-week-old mice were injected i.p. with TAM for 5 consecutive days and processed for neurosphere formation
7 days after injection.

(B and C) Representative confocal images of pan-p38, p38c, P-p38 (all green), and NESTIN (red) reactivities in neurospheres from control
(B) and p38a CKO mice (C) (6 weeks old). Nuclei were counterstained with Hoechst (blue). Scale bars, 100 um.

(legend continued on next page)
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hypothesis, we first examined self-renewing expansion and
p38 expression in NPCs derived from the SVZ of young
(6-week-old) and aged (6-month-old) mice by using a neu-
rosphere assay in vitro. In comparison with young mice, in
aged mice the numbers of secondary neurospheres or de-
gree of EAU incorporation were significantly lower (Figures
4]-4K). Moreover, the p38 mRNA expression in neuro-
spheres was significantly decreased in an age-dependent
manner (Figure 4L). Pan-p38, p38a, and P-p38 immunore-
activity was barely detectable in neurospheres from aged
mice, whereas such immunoreactivity was clearly detect-
able in neurospheres from young mice (Figures 4M and
4N). These age-dependent differences in the characteristics
of NPCs in vitro resemble those in vivo (Figures 1 and S1),
suggesting that the reduction of p38 expression in NS/
PCs are largely responsible for the decline in adult neuro-
genesis with age.

Forced Expression of p38a Restores the Proliferative
Capacity of NPCs and Prevents Age-Related SVZ
Atrophy without Exhaustion of NSCs

We next asked whether forced expression of p38 would
rescue the age-dependent decline in NPC proliferation.
Forced expression of p38a in secondary neurospheres
derived from aged (6-month-old) mice via a lentiviral vec-
tor (Naka-Kaneda et al., 2014) resulted in an approximately
2-fold increase in EAU incorporation compared with that
via a control VENUS-expressing vector (Figures 5A-5C).

Similarly, infusion of the p38a-expressing lentiviral vector
in the lateral ventricles of the 6-month-old mice signifi-
cantly increased the number of ASCL1" TACs and the
EdU incorporation in the SVZ at 7 days post infection
compared with the corresponding levels in the control
brain infected with the VENUS-expressing lentiviral vector
(Figures 5D-5G), whereas no significant changes were
observed in EAU incorporation in SOX2*/GFAP* NSCs (Fig-
ures SH and SI). Moreover, forced expression of p38a in
SVZ restored the number of DCX" immature neurons to
the level of 10-week-old mice (Figures 5] and 5K). These
findings indicated that the reduction of p38 in NPCs, but
not in NSCs, is largely responsible for the age-dependent
decline in adult neurogenesis.

We further analyzed 18-month-old mice infused with the
p38a-expressing lentiviral vector in the lateral ventricles at
the age of 6 months to determine whether the increase in
NPC proliferation driven by the forced expression of
p38a induces exhaustion of NSCs. Compared with
VENUS-expressing control mice, mice with the forced
expression of p38a exhibited significant increases in
ASCL1* TACs, EdU incorporation, and DCX* immature
neurons in the SVZ (Figures 5L-5Q and S5A), while the
transgene expression decreased significantly, which neces-
sitated an enhancement of the signal to detect hemaggluti-
nin (HA) immunoreactivity (Figure S5B). Moreover, the size
of the lateral ventricle in the p38a-overexpressing (OE)
mice was significantly smaller than that in the control

(D) Distribution of the different sizes of secondary neurospheres and their total numbers between control and p38a CKO mice (n = 3
independent cultures). The p38a CKO neurospheres were relatively smaller and less expandable.

(E) Representative confocal images of EdU* cells (red) in control and p38a CKO neurospheres. EdU (10 uM) was administered 30 min before
fixation of neurospheres. Nuclei were stained with Hoechst (blue). Scale bars, 100 pum.

(F) EdU incorporation into the neurospheres was significantly reduced by p38« deletion (n = 6 independent cultures; at least 1,500 cells
were analyzed).

(G) SA-B-gal staining of control and p38« CKO neurospheres in blue. The color is darker in the p38« CKO neurosphere than in the control
neurosphere. Scale bars, 100 pm.

(H) Quantitative analysis of SA-B-gal activity. SA-B-gal activity was significantly increased in p38a CKO neurospheres compared with that
in control neurospheres (n = 3 independent cultures). RFU, relative fluorescence units.

(I) The number of secondary neurospheres from aged mice (6 months old) was significantly lower than that of young mice (6 weeks old)
(n = 6 independent cultures).

(J) Representative confocal images of EdU" cells (red) in neurospheres from young and aged mice. EdU labeling was performed as
described. Nuclei were counterstained with Hoechst (blue). Scale bars, 100 um.

(K) EdU incorporation in the neurospheres was significantly reduced in aged mice (n = 6 independent cultures; at least 600 cells were
analyzed).

(L) Quantitative analysis of the p38 mRNA expression in secondary neurospheres. The relative expression of p38 mRNA decreased with age
(n = 6 independent experiments).

(M and N) Significant reduction of p38 expression in the neurospheres from aged mice. Pan-p38, p38a, and P-p38 immunoreactivities
(green) were barely detected in neurospheres from aged mice (N), whereas all of these immunoreactivities were clearly detected in the
neurospheres from young mice (M). There was no significant difference in NESTIN expression (red) between neurospheres from young and
aged mice. Nuclei were stained with Hoechst (blue). Scale bars, 100 pm.

Statistical analysis was performed with an unpaired two-tailed Student’s t test (D, F, H, I, and K) or one-way ANOVA, Tukey-Kramer post hoc
test (L). Values in the bar graphs represent the mean + SD. *p < 0.05, **p < 0.01, ***p < 0.001. NS, not significant; 6W, 6 weeks old; 6M,
6 months old, 8M, 8 months old; TAM, tamoxifen.
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mice (Figures S5C and S5D), and the SVZ defined by SOX2*
cell layers was significantly thicker in the p38a OE mice
compared with the control mice (Figures SS5E and SSF).
Thus, sustained expression of p38 prevented the age-
related decline in neurogenesis and the progression of atro-
phy in SVZ without exhaustion of NSCs.

p38 Regulates NPC Proliferation via the Modulation of
Wnt Signaling in the Adult SVZ

We next sought to determine how the p38 MAPK pathway
facilitates NPC proliferation. We first screened 28 genes
that are reportedly involved in NS/PC proliferation in the
adult brain as candidate downstream effectors of the p38
MAPK pathway. We analyzed the expression levels of these
genes in neurospheres (derived from the SVZ of 10-week-
old mice) transduced with a lentiviral vector expressing
small hairpin RNA (shRNA) targeting p38a (p38«a KD) or
control shRNA (sh Control) (Naka-Kaneda et al., 2014) by

using qQRT-PCR (Figure S6A). We found that the expression
levels of Dickkopf-1 (Dkk1) and secreted frizzled-related pro-
tein 3 (Sfrp3), which are antagonists of canonical Wnt
signaling (Niehrs, 2006; Jones and Jomary, 2002), were
significantly increased in the p38a KD neurospheres
compared with the corresponding levels in the sh Control
neurospheres (Figure S6B). DKK1 and SFRP3 have been
shown to attenuate NS/PC proliferation and adult neuro-
genesis (Jang et al.,, 2013; Seib et al., 2013). We also
confirmed significant increases in the expression levels of
these genes in p38«a CKO neurospheres derived from the
SVZ of 6-week-old mice compared with those of control
neurospheres (Figure 6A). Additionally, expression levels
of DKK1 and SFRP3 in SGZ at 14 weeks also significantly
increased in p38a CKO mice compared with the control
mice (Figure S6C).

Next, we examined whether the impaired NPC prolifera-
tion caused by the loss of p38 is due to increases in DKK1

Figure 5. Forced Expression of p38a Restores the Proliferative Capacity of NPCs and Neurogenesis in Aged Mice without
Exhaustion of NSCs

(A) EdU incorporation in the neurospheres was significantly increased by p38a overexpression (OE) (n = 3 independent cultures; at least
700 cells were analyzed).

(B and C) Representative confocal images of EdU* cells (magenta) in neurospheres from aged mice (6 months old) transduced with
lentiviral vectors expressing VENUS or p38a.. VENUS-expressing (green) control vector. HA staining (green) for detecting the exogenous
expression of p38a. (B). P-p38 staining (green) for confirmation of p38 activation (C). Nuclei were stained with Hoechst (blue). Scale bars,
100 pm.

(D and E) p38a. OE via infusion of a lentiviral vector significantly increased the number of ASCL1" cells in the SVZ of aged mice (n = 6 mice)
(D). Representative confocal images of ASCL1* cells (magenta) in the SVZ of aged (6-month-old) mice infected with lentiviruses (E).
VENUS-expressing (green) control vector. p38a OE was detected by HA staining (green). Only VENUS™ or HA™ cells are counted. Scale bars,
50 pum.

(Fand G) p38a OF via infusion of a lentiviral vector significantly increased EdU incorporation into the SVZ of aged (6-month-old) mice (F).
EdU labeling was performed as described in Figure 2A (n = 6 mice). Representative confocal images of EdU* cells (magenta) in the SVZ of
aged (6-month-old) mice infected with lentiviruses (G). VENUS-expressing control vector (green). p38a. OE was detected by HA staining
(green). Only VENUS™ or HA™ cells are counted. Scale bars, 100 pum.

(HandI) p38a. OE did not alter the number of SOX2*/EdU*/GFAP* cells in the SVZ of aged mice (H). EdU labeling was performed as described
in Figure 2A (n = 6 mice). Representative confocal images of activated NSCs defined as SOX2* (pseudocolored green)/EdU* (magenta)/
GFAP* (cyan) cells in the SVZ of aged mice infected with control and p38a OE lentiviruses (I). Only VENUS* or HA™ cells are counted. Scale
bars, 50 pm.

(J and K) p38a OE restored neurogenesis in the SVZ of aged mice. The number of DCX* immature neurons in the SVZ of the aged mice was
increased to the level of that in young mice by p38a OE (n = 6 mice) (J). Representative confocal images of DCX* cells (red) in the SVZ of
aged mice infected with lentiviruses and in the SVZ of 10-week-old wild-type mice (K). Only VENUS* or HA™ cells are counted. Scale bars,
200 pm.

(Land M) A significant increase in the number of ASCL1* TACs in the SVZ of 18-month-old mice by p38a OE (n =4 mice) (L). Representative
confocal images of ASCL1"™ (magenta) cells in the SVZ of 18-month-old mice (M). Control VENUS-expressing lentiviruses or p38a. OE
lentiviruses were infused into the lateral ventricles of 6-month-old mice, followed by analysis at 18 months of age. Scale bars, 50 um.
(N and 0) A significant increase in EdU incorporation into the SVZ of 18-month-old mice by p38a OE (n = 4 mice) (N). Representative
confocal images of EdU* (red) cells in the SVZ of 18-month-old mice (0). Control VENUS-expressing lentiviruses or p38a. OF lentiviruses
were infused into the lateral ventricles of 6-month-old mice, followed by analysis at 18 months of age. Scale bars, 100 pum.

(P and Q) A significant increase in the number of DCX™ immature neurons in the SVZ of 18-month-old mice by p38a OE (n = 4 mice) (P).
Representative confocal images of DCX* (green) cells in the SVZ of 18-month-old mice (Q). Control VENUS-expressing lentiviruses or p38a
OE lentiviruses were infused into the lateral ventricles of 6-month-old mice, followed by analysis at 18 months of age. Scale bars: 100 pum.
Statistical analysis was performed with an unpaired two-tailed Student’s t test (A, D, F, H, L, N, and P) or one-way ANOVA, Tukey-Kramer
post hoc test (J). Values in the bar graphs represent the mean + SD. *p < 0.05, **p < 0.01, ***p < 0.001. NS, not significant; LV, lateral
ventricle.
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Figure 6. DKK1 and SFRP3 Regulate NPC Proliferation Downstream of p38
(A) Expression levels of DKK1 and SFRP3 increased in p38a CKO neurospheres. Neurospheres were obtained as described in Figure 4A (n =3

independent experiments).

(B) Decreased EdU incorporation into neurospheres by deletion of p38« was restored by knockdown (KD) of Dkk1 and Sfrp3 via a lentiviral
vector expressing specific sShRNAs targeting each mRNA (Dkk1 KD and Sfrp3 KD). EdU labeling was performed as described in Figure 4 (n=3

independent cultures; at least 1,000 cells were analyzed).

(C) Representative images of EdU (red) incorporation into each neurospheres. Nuclei were counterstained with Hoechst (blue). Scale bars,

100 pm.

(D) Distribution of the different sizes of secondary neurospheres and their total numbers. Decreased neurosphere formation by deletion of
p38a was canceled either by Dkk1 KD or Sfrp3 KD (n = 6 independent cultures).

Statistical analysis was performed with an unpaired two-tailed Student’s t test (A), one-way ANOVA and Tukey-Kramer post hoc test (B and
D). Values in the bar graphs represent the mean + SD. *p < 0.05, **p < 0.01, ***p < 0.001.

and SFRP3 expression. Individual knockdown of DkkI and
Sfrp3 by the lentiviral vector expressing shRNA targeting
each of these genes (Dkk1 KD and Sfrp3 KD) (Figure S7A)
in the p38a CKO neurospheres resulted in marked recov-

eries of NPC proliferation assessed by EAU incorporation
(Figures 6B and 6C) and neurosphere growth and self-
renewal ability assessed by the neurosphere formation effi-
ciency (Figure 6D) to the level of control neurospheres.
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These results indicated that the repression of DKK1 and
SFRP3 expression downstream of p38 supports the prolifer-
ation of NPCs.

We further examined whether DKK1 and SFRP3 are
responsible for the age-related decline in NPC proliferation
caused by the decrease in p38 expression in the adult SVZ.
The analyses of both DKK1 and SFRP3 expression in neuro-
spheres derived from mouse SVZs at various ages (3, 8, and
15 months old) by qRT-PCR revealed robust increases in
NS/PCs in an age-dependent manner (Figure 7A). Similar
age-dependent increases in DKK1 and SFRP3 expressions
were observed in the SGZ (Figure S6D). Moreover, both
Dkk1 KD and Sfrp3 KD in neurospheres derived from the
SVZ of 14-week-old mice caused significant increases in
EdU incorporation and neurosphere formation, while no
synergistic or additive effect was observed upon double
knockdown of Dkk1 and Sfip3 (Figures 7B, S7B, and S7C).
The Dkk1 KD and Sfrp3 KD in the SVZ of aged (6-month-
old) mice also caused a significant increase in the EdU-
incorporated dividing cells and DCX* immature neurons
compared with those in the control mice (Figures 7C, 7D,
and S7D-S7F).

Finally, we examined whether canonical Wnt signaling
in NS/PCs is modulated by the p38-DKK1/SFRP3 axis in
the adult SVZ. Western blotting and immunohistochem-
ical analyses of non-phosphorylated B-CATENIN, which
is induced to accumulate by canonical Wnt signaling
(Clevers and Nusse, 2012), showed that the level of non-
phosphorylated B-CATENIN was significantly decreased
in p38a CKO neurospheres (6-week-old) and SVZ cells of
p38a CKO (10-week-old) mice compared with those of con-
trol mice (Figures 7E and 7F).

These results collectively suggested that p38 MAPK pro-
motes NPC proliferation in the adult SVZ, primarily by pre-
venting the antagonism of canonical Wnt signaling by
DKK1 and SFRP3, which locally act via autocrine and/or
paracrine mechanisms. Age-dependent decreases in p38
cause increases in DKK1 and SFRP3, which is a major cause
of the age-dependent decrease in NPC proliferation at least
in the SVZ.

DISCUSSION

In this study, we provide evidence that downregulation of
p38 MAPK expression in NPCs during aging causes an
age-dependent decline in neurogenesis in neurogenic
niches in the adult brain. We found that the NS/PC-spe-
cific deletion of p38« in the adult mouse brain induces a
specific defect in the proliferation of NPCs in neurogenic
niches, resembling the age-dependent decline in NPC pro-
liferation in these regions, in which p38 expression also
decreases with age. We also showed that the age-depen-
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dent decline in adult neurogenesis and incidental SVZ at-
rophy can be rescued by forced expression of p38a. More-
over, we were able to recapitulate these in vivo phenotypes
in vitro, indicating that p38 is a major factor that modu-
lates the aging of NS/PCs in adult neurogenic niches.
The age-dependent decline in adult neurogenesis is
caused largely by a reduction of NS/PCs. The reduction
in NPC proliferation is particularly robust (Conover and
Todd, 2017; Encinas et al., 2011). Several extrinsic and
intrinsic factors have been shown to be involved in this
age-dependent decline (Conover and Todd, 2017; Gontier
et al., 2018; Seib and Martin-Villalba, 2015; Wyss-Coray,
2016). Although it has been suggested that combinatorial
effects of both intrinsic and extrinsic factors may give rise
to the aging-related phenotype, the underlying mecha-
nisms remain poorly understood.

In the present study, we found that the signal transducer
p38 MAPK modulates canonical Wnt signaling via the
repression of Wnt antagonists. Wnt signaling has been
shown to positively regulate adult neurogenesis in the
SGZ and SVZ at multiple levels of differentiation status:
from activation of stem cells to neuronal differentiation
(Adachi et al., 2007; Kuwabara et al., 2009). Moreover, a
decline in Wnt signaling caused by a decrease in Wnt3/3a
in astrocytes and an increase in DKK1 in granule neurons
has been shown to be associated with respect to the age-
dependent decline in neurogenesis in the SGZ (Lie et al.,
2005; Seib et al., 2013). Here, we also provide evidence indi-
cating that the age-dependent decrease in p38 leads to in-
creases in DKK1 and SFRP3 expressions in NS/PCs and their
differentiated progenies, which downregulate canonical
Wnt signaling via autocrine and/or paracrine mechanisms,
and that this effect is a major cause of age-related decline in
NPC proliferation in the adult SVZ. This may be the same in
the SGZ because the similar expression patterns of DKK1
and SFRP3 in response to p38« deficiency and aging were
observed.

The roles of the p38 MAPK pathway in the age-related
decline in stem cell function have been studied in several
tissues (Schultz and Sinclair, 2016). In most reports to
date, this pathway has been shown to transmit extrinsic
cues that induce age-related phenotypes, including cellular
senescence and reduced capacity for self-renewal. The func-
tions of p38 MAPK in NS/PCs reported to date, however,
have been more controversial. Groups using different
experimental systems have reported both positive and
negative roles for p38 MAPK signaling in the proliferation
of NS/PCs (Kim et al., 2008; Kim and Wong, 2009; Sato
et al., 2008; Yoshioka et al., 2015). However, the positive
function of p38 MAPK signaling has been observed
only in cell-culture conditions that facilitate the prolifera-
tion of NS/PCs (Kim et al.,, 2008, 2015; Kumar et al.,
2016). Other than these studies, the inhibitory role of
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Figure 7. Age-Dependent Increases in DKK1 and SFRP3 Cause a Decline in NPC Proliferation

(A) DKK1 and Sfrp3 mRNA expression levels in the secondary neurospheres from adult SVZs increased in an age-dependent manner (n =3
independent experiment). 3M, 3 month old; 8M, 8 months old; 15M, 15 months old.

(B) EdU incorporation into the secondary neurospheres from the SVZs of 14-week-old mice was significantly increased by Dkk1 KD and Sfrp3
KD compared with control shRNA (sh Control) (n = 3 independent cultures; at least 600 cells were analyzed), while neither an additive
effect nor a synergistic effect was observed upon double knockdown of these genes (n = 3 independent cultures).

(C) EdU incorporation into the SVZ of 6-month-old mice was significantly increased by Dkk1 KD and Sfrp3 KD compared with the sh Control.
Neither an additive effect nor a synergistic effect was observed by their double knockdown (n =5 mice).

(D) Lentiviral vectors were infused into the lateral ventricles of 6-month-old mice, and sections were processed for immunohistochemical
analyses 1 week after injection. Nuclei were counterstained with Hoechst (blue). Scale bars, 100 pum.

(E) Canonical Wnt signaling recognized by the accumulation of non-phospho B-CATENIN in the secondary neurospheres from the SVZ of 6-
week-old mice was reduced by p38« deletion. Western blot analysis of three independent cultures from three individual mice is shown.
(F) Accumulation of non-phospho B-CATENIN was significantly reduced in the p38a CKO (10-week-old) SVZ. Representative immuno-
histochemical micrographs of non-phospho B-CATENIN are shown. Nuclei were counterstained with Hoechst (blue). Scale bars, 50 pum.
Lentiviral infections for the knockdown of Dkk1 and Sfrp3 and EdU labeling were performed as described in Figures 2, 5, and 6. Statistical
analysis was performed with one-way ANOVA, and Tukey-Kramer post hoc test (A- C), or an unpaired two-tailed Student’s t test (B and E).
Values in the bar graphs represent the mean + SD. *p < 0.05, **p < 0.01, ***p < 0.001. NS, not significant; LV, lateral ventricle.

p38 MAPK signaling on NS/PC proliferation has been Wong, 2009). In the adult mouse SGZ, reduction or phar-
described, which is contrary to our results. In the adult macological inhibition of p38a facilitates the proliferation
mouse SVZ, p38 mediates the proliferation defect of ATM  of NS/PCs in vitro (Yoshioka et al., 2015). The role of p38 in
(ataxia telangiectasia mutated)-deficient NS/PCs (Kim and  NS/PC proliferation may differ depending on the cellular
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environment, which changes the activation levels of p38
and of other signaling pathways.

Since the forced mobilization of NSCs may result in their
exhaustion (Kippin et al., 2005; Porlan et al., 2013), new in-
sights into how NPCs regulate their proliferative capacity
will be necessary to enable the development of novel ther-
apies for neurodegenerative and cerebrovascular diseases,
which affect increasing numbers of individuals. Targeted
manipulation of p38 MAPK signaling may provide unique
opportunities for regenerative medicine approaches in dis-
eases of the CNS. Although there are intensive ongoing de-
bates regarding the persistence of postnatal neurogenesis
in the human brain (Kempermann et al., 2018; Sorrells
et al., 2018), our findings that forced expression of p38a
prevents age-related decline in the proliferative capacity
of NPCs and SVZ atrophy without exhaustion of NSCs
may specifically contribute to the development of strate-
gies for brain regeneration via the mobilization of adult
NS/PCs by supporting more efficient mobilization of NS/
PCs in the aged brain. The mobilization of endogenous
NS/PCs by the infusion of mitogens, neurotrophic factors,
and/or cytokines has been shown to ameliorate cerebral
ischemia-induced behavioral defects to some extent in ro-
dent models (Bacigaluppi et al.,, 2016), which suggests
that cerebral infarction may represent an ideal first target.
Alzheimer’s disease and psychiatric disorders, including
schizophrenia and depression, may also be viable therapeu-
tic candidates, as a significant decrease in hippocampal
neurogenesis is observed in these disorders (Hamilton
et al., 2015). Stress and depression have been shown to
reduce hippocampal neurogenesis, and the recovery of
neurogenesis by antidepressant treatment is required for
behavioral improvements in animal models (Morais et al.,
2017), suggesting that targeting of the p38 MAPK pathway
may show utility in the treatment of depression, especially
in aged patients.

For the discovery of new drug candidates that facilitate
adult neurogenesis in the aged brain, identifying direct
downstream targets of the p38 MAPK pathway in the regu-
lation of NPC proliferation is a key process. Elucidation of
the mechanisms of age-dependent decreases in p38 expres-
sion in adult NS/PCs is also important for a better under-
standing of NS/PC aging and to accomplish the restoration
of neurogenesis in the aged brain without genetic
manipulation.

EXPERIMENTAL PROCEDURES

Mice

All experimental procedures were approved by the ethics
committee of Keio University (Assurance No. 09091) and were
in accordance with the Guide for the Care and Use of Laboratory
Animals (U.S. National Institutes of Health). C57BL/6JJmsSlc mice
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were obtained from Japan SLC. B6.129-Mapkl4 <tm1.20tsu>
(Riken, RBRC02192) (p38aM%) C57BL/6-Tg(Nes-cre/ERT2)5-
1Imayo, and B6.129S6-GtROSA26Sor <tm1.1(CAG-mTFP1)>
(Riken, RBRC05147) mice were maintained C57BL/6]JmsSlc genetic
background and were intercrossed to generate an NS/PC-specific
p38a inducible CKO mouse line (Imayoshi et al., 2006, 2012; Nish-
ida et al., 2004). The mice were housed in groups under a 12-h
light/dark cycle with free access to food and water.

Conditional Deletion of p38«a

Genotyping to obtain the p38« CKO mouse line was performed as
described previously (Nishida et al., 2004). Males were used for the
experiments. The selective deletion was induced by an intraperito-
neal injection of tamoxifen (Sigma-Aldrich, T5648-1G) (75 mg/kg)
dissolved in corn oil (Sigma-Aldrich, C8267-500ML) for 5 consec-
utive days for in vivo experiments. For in vitro studies, tamoxifen
(37.5 mg/kg) was injected into the 4-week-old mice for 5 consecu-
tive days and subjected to neurosphere cultures 7 days after the
final injection. The control mice were injected with corn oil only.

Statistical Information

For each statistical analysis, at least three independent experi-
ments were carried out. Statistical significance was determined
by an unpaired two-tailed Student’s t test (two-sided) for compari-
son of two sets of data and one-way ANOVA with Tukey-Kramer
post hoc test. Throughout the study, p values of <0.05 were consid-
ered statistically significant. The following significance thresholds
were used throughout: *p < 0.05, **p < 0.01, ***p < 0.001; NS,
not significant. Values in the bar and line graphs represent the
mean =+ SD in all figures.
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Supplemental Information can be found online at https://doi.org/
10.1016/j.stemcr.2019.04.010.
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