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p57 controls adult neural stem cell quiescence and
modulates the pace of lifelong neurogenesis
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Throughout life, neural stem cells (NSCs) in the adult
hippocampus persistently generate new neurons that
modify the neural circuitry. Adult NSCs constitute a rela-
tively quiescent cell population but can be activated by
extrinsic neurogenic stimuli. However, the molecular me-
chanism that controls such reversible quiescence and its
physiological significance have remained unknown. Here,
we show that the cyclin-dependent Kkinase inhibitor
p57¥iP2 (p57) is required for NSC quiescence. In addition,
our results suggest that reduction of p57 protein in NSCs
contributes to the abrogation of NSC quiescence triggered
by extrinsic neurogenic stimuli such as running.
Moreover, deletion of p57 in NSCs initially resulted in
increased neurogenesis in young adult and aged mice.
Long-term pS7 deletion, on the contrary, led to NSC ex-
haustion and impaired neurogenesis in aged mice. The
regulation of NSC quiescence by p57 might thus have
important implications for the short-term (extrinsic stimu-
li-dependent) and long-term (age-related) modulation of
neurogenesis.
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Introduction

In the subgranular zone (SGZ) of the dentate gyrus (DG) of
the mammalian hippocampus, new neurons are continuously
generated throughout adult life. New neurons migrate to the
granule cell layer (GCL) of the DG where they develop the
morphological and functional properties of granule neurons,
and then integrate into and modify the existing neural
circuitry (van Praag et al, 2002; Zhao et al, 2008).
Therefore, the neurogenesis in the adult hippocampus has
been implicated in cognitive functions. Indeed, inhibition of
neurogenesis in the DG of adult mice impaired pattern
separation, learning and memory, recovery of stress
response, and certain behavioural effects of antidepressants
(Shors et al, 2001; Santarelli et al, 2002; Imayoshi et al, 2008;
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Zhao et al, 2008; Clelland et al, 2009; Snyder et al, 2011).
Conversely, an increase in the number of newborn neurons
induced by preventing their apoptosis resulted in improved
pattern separation (Sahay et al, 2011). These properties of
adult neurogenesis indicate its critical roles in the lifelong
plasticity of brain functions. Adult neural stem cells (NSCs)
provide the capacity for this continuous neurogenesis in
the adult brain (Seri et al, 2001; Bonaguidi et al, 2011).
Adult NSCs undergo self-renewal throughout adult life
and continuously generate new neurons, although they
constitute a relatively quiescent cell population (Ahn
and Joyner, 2005; Lugert et al, 2010). Then, what is the
physiological significance of NSC quiescence?

NSC quiescence may be significant in providing a reserved
pool for supplying new neurons on demand in response to
various extrinsic neurogenic stimuli. Promotion of NSC
division has been observed in response to neurogenic
stimuli that enhance production of new neurons, such as
running and seizures (van Praag et al, 1999; Lugert et al,
2010). Once activated, NSCs differentiate into intermediate
progenitor cells (IPCs), which then go through several
rounds of cell division. The frequency of NSC division is
thus expected to have a large impact on the number of
new neurons. However, whether NSC quiescence indeed
modulates the rate of neurogenesis and how NSC
quiescence is abrogated in response to neurogenic stimuli
have remained unknown.

The importance of lifelong NSC maintenance has been
suggested by the observation that cognitive impairment of
aged mammals occurs in parallel with a reduction in NSCs
and neurogenesis (Kuhn et al, 1996; Kempermann et al, 1998;
Santarelli et al, 2002; Bondolfi et al, 2004; Driscoll et al, 2006;
Manganas et al, 2007; Ben Abdallah et al, 2010). The relative
quiescence of diverse adult tissue stem cells is thought to
contribute to lifelong stem cell maintenance, perhaps by
preventing the exhaustion of their capacity for proliferation.
In the haematopoietic system, for example, a highly quiescent
population of haematopoietic stem cells (HSCs) appears to
possess the highest self-renewal potential, and forced
proliferation of HSCs might result in their depletion (Cheng
et al, 2000; van Os et al, 2007; Foudi et al, 2009; Matsumoto
et al, 2011; Zou et al, 2011). With regard to NSCs, several
studies have suggested a correlation between abrogation of
quiescence and impaired maintenance of NSCs (Kippin et al,
2005; Mira et al, 2010; Bonaguidi et al, 2011), although a
direct causal relationship has not been demonstrated. For
example, NSC quiescence has been implicated in lifelong NSC
maintenance based on the experiments using p21-deficient
mice, although the proliferation of NSCs in mice deficient in
p21 was altered only under ischaemic or in vitro conditions
(Qiu et al, 2004; Kippin et al, 2005). The identification of the
cell-cycle machinery responsible for NSC quiescence in vivo
and the modulation of this machinery are expected to provide
insight into the potential role of NSC quiescence in lifelong
NSC maintenance.
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Cyclin-dependent kinase inhibitors (CKIs) play a primary
role in the inhibition of cell-cycle progression. CKIs are
categorized into two classes: the Ink4 family (p16™*3,
p16™P p1g™kic and p19'™4d) and the Cip/Kip family
(p21€PL, p275iPl and p57¥iP2). Deletion of either p2I or p27
in mice results in increased progenitor proliferation in the
hippocampus in normal or ischaemic condition. However,
these CKIs appear to be expressed in differentiating cells rather
than in quiescent NSCs (Qiu et al, 2004, 2009; Pechnick et al,
2008), suggesting the involvement of an unrecognized
regulator in the cell-cycle regulation of NSCs. Recently, p57
was shown to be a key regulator of HSCs (Cheng et al, 2000;
van Os et al, 2007; Foudi et al, 2009; Matsumoto et al, 2011;
Zou et al, 2011), although its function in NSC quiescence has
remained uncharacterized (Pateras et al, 2009).

We now show that, in the SGZ of the adult mouse hippo-
campus, p57 is expressed in quiescent radial NSCs, but not in
rapidly dividing progenitors. Deletion of p57 in adult NSCs
abrogates their quiescence and activates their proliferation. In
addition, our results suggest that reduction of p57 protein in
NSCs contributes to the abrogation of NSC quiescence trig-
gered by running. We also found that the loss of p57 initially
increased the number of new neurons, but subsequently
leads to excessive reduction of NSCs and neurogenesis in
the aged brain.

Results

Adult hippocampal radial NSCs express p57

We first examined p57 expression in the DG of the adult
mouse hippocampus using immunohistochemical analysis.
Previous studies have suggested that radial glia-like cells,
which are characterized by a radial fibre that spans the
GCL and the expression of both glial fibrillary acidic
protein (GFAP) and Nestin, are NSCs of the hippocampal
SGZ (Bonaguidi et al, 2011). Significantly, we detected p57
signal in the nucleus of 74.4+0.6% (meanz*s.em.) of
radial NSCs (GFAP* Nestin® radial fibre™ cells) in the
SGZ of the DG (Figure 1A). In contrast, only a small propor-
tion of cells positive for Ascll, a marker for IPCs in the
neuronal lineage (Hodge et al, 2008; Roybon et al, 2009),
expressed p57 (13.5+6.0% of Ascll ™ cells, Figure 1B).
Moreover, cells positive for bromodeoxyuridine (BrdU,
2h pulse) showed weak (48.3+5.7% of BrdU" cells) or
undetectable (51.7+5.7%) pS57 signals (Figure 1C).
Consistently, radial NSCs positive for proliferating cell
nuclear antigen (PCNA) (GFAP™ Nestin™ radial fibre™
PCNA™ cells) expressed lower levels of p57 than PCNA ~
radial NSCs (GFAP' Nestin ™ radial fibore® PCNA ™~ cells)
(Supplementary Figure S1). These results suggest that the
expression of p57 is diminished in proliferating (active) radial
NSCs. In addition to radial NSCs in the SGZ, most
(98.24£0.5%) immature neurons positive for doublecortin
(DCX) in the DG were also positive for p57 (Figure 1D).
Furthermore, high levels of p57 staining were observed in
mature astrocytes, identified by expression of S100p, with
68.7+4.7% of S1I00B " cells positive for p57 (Figure 1F), but
not in NeuN™ mature neurons in the GCL (Figure 1E).
Together, these results indicate that p57 is expressed at high
levels in hippocampal radial NSCs as well as in immature
neurons and mature astrocytes, but not in IPCs and mature
neurons in the SGZ/GCL.
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p57 regulates radial NSC quiescence

Given the expression of p57 in radial NSCs, we examined
whether p57 plays a role in regulating the proliferation of
these cells using conditional deletion of p57 in the NSCs. To
this end, we crossed Nestin-CreER™ mice, which express a
tamoxifen (Tam)-sensitive gene for Cre recombinase in NSCs
(Imayoshi et al, 2008), with mice harbouring a floxed allele of
p57 (Matsumoto et al, 2011). Given that the paternal p57
locus undergoes genomic imprinting and only the maternal
allele is expressed (Matsuoka et al, 1995), we used
Netin-CreER™ p57”" mice and/or Nestin-CreER™® p57+/f
for p57 deletion in this study. Administration of tamoxifen
in the resulting offspring resulted in a marked decrease in the
number of p57 " cells in the SGZ (Supplementary Figure S2).
The remaining p57* cells in the SGZ were probably due to
incomplete recombination of the floxed sequence induced by
CreER™/tamoxifen and to the existence of p57 " differen-
tiated cells. Examination of 2-month-old animals 4 days after
the first of 4 daily tamoxifen administration (Figure 2A)
revealed a greater number of radial NSCs positive for
PCNA, a marker for proliferating cells, in the hippocampal
SGZ of the p57 conditional knockout (cKO) mice compared
with control mice (Figure 2B). This increase could be an
underestimation since the p57 gene deletion took place only
in a partial radial NSC population (~48%). In addition, the
proportion of radial NSCs that were PCNA © was also higher
in p57 cKO mice than in control mice (Figure 2C). Although
the total number of PCNA™ cells in the SGZ/GCL was not
affected in p57 cKO mice at 4 days after the first tamoxifen
administration (Figure 2D), examination of mice at 17 days
after the first tamoxifen administration (day 18) revealed
that the total number of PCNA™ cells in the SGZ/GCL
was increased in p57 cKO mice as compared to controls
(Figures 2E and F). These results suggest that p57 deletion
induced the proliferation of NSCs, which subsequently
increased the number of proliferating progeny in the young
adult hippocampus.

To further examine whether the conditional deletion of p57
activates radial NSCs, we ablated mitotic cells by infusing the
antimitotic drug cytosine-p-D-arabinofuranoside (AraC) into
the brains of p57 cKO and control mice and then determined
the number of remaining radial NSCs (Figure 2G). AraC
infusion for 6 days has previously been shown to kill mitotic
cells while leaving quiescent NSCs largely unaffected
(Doetsch et al, 1999; Lugert et al, 2010). To verify the
ablation of mitotic cells by AraC treatment, we injected
BrdU 2h before the animals were sacrificed for analysis.
AraC treatment eliminated almost all of the BrdU ™ cells in
the hippocampal SGZ in both p57 cKO and control mice,
demonstrating successful ablation of mitotic cells
(unpublished observations). The number of radial NSCs in
the SGZ of the control mice was not reduced immediately
after AraC infusion (Figures 2H and I), suggesting that most
radial NSCs are quiescent and therefore survive the antimi-
totic treatment. However, in p57 cKO mice, fewer radial NSCs
remained in the SGZ after AraC treatment as compared to
controls, supporting the notion that p57 is required for the
maintenance of quiescence in hippocampal NSCs (Figures 2H
and I). Next, we further confirmed our findings using S-phase
label retention analysis. We investigated the number of
relatively infrequently dividing radial NSCs by examining
BrdU label-retaining radial NSCs (Figure 2J). Conditional
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Figure 1 Radial NSCs in the adult hippocampus express pS7. (A) p57 is expressed in adult hippocampal radial NSCs. Immunohistochemistry
on brain sections of 3-month-old mice showing GFAP (blue), Nestin (red), and p57 (green) triple-labelled cells projecting radially from the SGZ
of the DG (arrowhead). Nuclei were counterstained with Hoechst. Scale bar, 5 um. (B-F) Expression of p57 in differentiated cell populations in
the SGZ/GCL. Strong p57 staining was detected in DCX ™ cells (D) and some S1008™ cells (F), but not in the majority of Ascl1* IPCs (B),
BrdU™* proliferating cells (2h pulse, C) and NeuN " mature neurons (E). Arrowheads indicate differentiated cell populations. Nuclei were
counterstained with Hoechst (blue). Scale bar, 10 um.
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Figure 2 Conditional deletion of pS7 promotes radial NSC proliferation. (A) Experimental design employed for the selective deletion of p57.
A pS57-floxed mouse and a Nestin-CreER'® mouse were crossed to conditionally knockout p57 in the adult hippocampal NSCs. Two-month-old
mice were administered with tamoxifen for 4 days and then sacrificed at day 5. pS7 f/f; Nestin-CreER"? mice and/or p57 + /f; Nestin-CreER™
mice were used for p57 deletion. (B-D) Acute activation of hippocampal radial NSCs after pS7 conditional deletion. The numbers of PCNA ™
radial NSCs (B), the proportion of PCNA™ cells among radial NSCs (C), and the PCNA™* cells in the SGZ/GCL (D) are shown. n=5 and 4
animals for control and p57 cKO, respectively. (E) Experimental design for quantification of the PCNA ™ cells in the SGZ/GCL at 17 days after
p57 deletion. (F) The number of PCNA ™ cells in the SGZ/GCL was increased in pS7 cKO mice at day 18 (n=5 and 4 animals for control and
pS7 cKO, respectively). (G) Experimental design for the quantification of quiescent radial NSCs. (H) Quantification of remaining radial NSCs
immediately after AraC infusion. Four control and three p57 cKO mice were infused with AraC. As a control, three control and three p57 cKO
mice were infused with PBS. (I) Representative images used in visualization and quantification of remaining radial NSCs after AraC treatment
in (H) are shown. Scale bar, 25 pm. (J) Experimental design for the quantification of infrequently dividing radial NSCs. BrdU was injected 10
days after the administration of tamoxifen. Animals were sacrificed 36 days later. (K) Quantification of label-retaining radial NSCs. The number
of BrdU™" radial NSCs (BrdU* GFAP" Nestin® Radial fibre™) from SGZ in control (n=3) and pS57 cKO mice (n=4) is shown.
(L) Representative images used in visualization and quantification of label-retaining radial NSCs in (K) are shown. Arrowheads indicate
BrdU * radial NSCs. Close-ups are shown in the bottom. Asterisk indicates non-specific signal caused by cross-reaction of secondary antibody.
Scale bar, 50 um. (M) Experimental design for the quantification of the size of radial NSC pool at various time points after p57 deletion.
(N) Transient expansion of radial NSCs after p57 deletion. The number of radial NSCs at various time points after pS7 deletion is shown.
Note that p57 deletion increased radial NSCs (left), but this expansion was transient (middle and right). Values represent mean *s.e.m.
***P<0.001; **P<0.01; *P<0.05; Student’s t-test.

deletion of pS7 resulted in a significant decrease in the results indicate that p57 is required for the maintenance of
number of label-retaining radial NSCs (Figures 2K and L), radial NSC quiescence.
also indicating that the loss of p57 reduces infrequently We next investigated the short-term impact of conditional

dividing quiescent radial NSCs in the DG. Together, these p57 deletion in the size of the radial NSC pool (Figure 2M).
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p57 controls NSC qui
S Furutachi et al

and neurog

Analysis performed 4 days after the first of 4 tamoxifen
administration (day 5) revealed more radial NSCs in the
SGZ of p57 cKO mice than in that of control mice
(Figure 2N). In contrast, analysis performed 19 or 59 days
after the first of 4 tamoxifen administration (day 20 or 60,
respectively) showed no substantial difference in the number
of radial NSCs between p57 cKO and control mice (Figure 2N;
Supplementary Figure S3), suggesting that deletion of p57
results in a transient expansion of the radial NSC pool.

Reduction of p57 in radial NSCs contributes to NSC
activation induced by running

Previous studies have shown that NSC quiescence is abro-
gated by extrinsic neurogenic stimuli initiated by an animal’s
experience, for example, by running (Hiittmann et al, 2003;
Steiner et al, 2008; Lugert et al, 2010). To investigate the
mechanism of this abrogation, we investigated whether p57
expression in the nucleus of radial NSCs is reduced in
response to running and whether this reduction, if any,
contributes to the activation of radial NSCs. Mice initially
housed in small cages without a running wheel were exposed
to spacious housing conditions with running wheels (run) or
small housing (control) for 12 days, and p57 staining
intensity in the nucleus of radial NSCs was quantified after
this period (Figure 3A). We found that running reduced the
staining intensity of p57 in the nucleus of radial NSCs in a
statistically significant manner (Figure 3B; Supplementary
Figure S4A). Given that deletion of p57 was found to be
sufficient to promote radial NSC proliferation (Figure 2), the
decrease in p57 levels induced by running may contribute to
the recruitment of radial NSCs to the cell cycle. To investigate
this, we examined the effects of running in p5S7 cKO mice. p57
cKO and control mice were housed in running and control
conditions for 12 days, and then the animals were sacrificed
(Figure 3C). Running resulted in significantly more PCNA "

radial NSCs in the SGZ of control mice (Figures 3C and D;
Supplementary Figure S4B). On the other hand, it had a
smaller effect on the number of these cells in p57 cKO
mice, although running still tended to increase the number
of these cells in p57 cKO mice probably due to incomplete
loss of p57 (Figures 3C and 3D; Supplementary Figure S4B).
These results support the notion that p57 reduction in
runners contributes to the activation of radial NSCs, and
therefore running has a smaller effect on NSC proliferation
in p57 cKO mice. However, this lack of significant prolifera-
tion increase could also be due to a ceiling effect since there
was already an increased level of PCNA " radial NSCs in the
pS57 cKO mice without running. Moreover, we found that
kainic acid (KA)-induced seizure also reduced the level of p57
in radial NSCs, and that p57 cKO dampened this KA-induced
NSC activation (unpublished observations). Together, these
results suggest that reduction of p57 protein in the nucleus of
radial NSCs contributes to the activation of NSCs in response
to extrinsic stimuli.

Conditional deletion of p57 promotes neurogenesis in
young adult mice

To test whether the activation of NSCs by the reduction of p57
indeed enhances neurogenesis, we next examined the impact
of conditional p57 deletion on hippocampal neurogenesis.
First, after administration of tamoxifen, we counted neuronal
IPCs and immature neurons, identified by their positivity for
Tbr2 and DCX, respectively (Figure 4A). We observed sig-
nificantly more Tbr2* neuronal IPCs in pS57 cKO mice
compared with control mice (Figure 4B). Moreover, condi-
tional deletion of pS7 resulted in significantly more DCX*
immature neurons compared with controls (Figures 4D and
F). These results suggest that conditional deletion of p57
promotes hippocampal neurogenesis in young adult mice. In
order to examine the possibility that the greater number of
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Figure 3 Reduction of p57 contributes to radial NSC activation induced by running. (A) Two-month-old female mice initially housed in small
cages without a running wheel were exposed to spacious housing with running wheels (run) or small housing (control) for 12 days and
then sacrificed. (B) The staining intensity of p57 was measured in the nucleus of radial NSCs identified by their radial morphology and
expression of GFAP and Nestin. The intensity of each nucleus was plotted for comparison. Red horizontal bar represents average staining
intensity. n=3 for both control and run. (C) Two-month-old female mice initially housed in small cages without a running wheel were
administered with tamoxifen and then exposed to spacious housing with running wheels (run) or small housing (control) for 12 days and then
sacrificed. (D) Quantification of PCNA™ radial NSCs in the SGZ. Three control and p57 cKO mice were exposed to small housing and four
control and three p57 cKO mice were exposed to spacious housing with running wheels. Values represent mean *s.e.m. ***P<0.001; *P<0.05;
Student’s t-test.
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Figure 4 Enhanced hippocampal neurogenesis by conditional deletion of p57. (A) Experimental design for the quantification of IPCs and
neuroblasts/immature neurons after p57 deletion. Asterisk indicates time point of sacrifice. (B-E) Quantification of number of Tbr2 ™ IPCs (B)
and DCX ™" neuroblasts/immature neurons (D) in the SGZ/GCL of control (n=5) and p57 cKO mice (n=3). The proportion of Ki67 * cells
among Tbr2 ™ cells (n=3, 3, C) and PCNA* cells among DCX " cells (n =5, 3, E) are shown. (F) Representative images of DCX ™" cells in pS7
cKO and control mice. Scale bar, 100 pum. (G) Experimental design for the quantification of newly generated mature neurons and astrocytes after
pS57 deletion. BrdU was injected 10 days after the administration of tamoxifen. Animals were sacrificed 36 days later. (H, I) Quantification of the
number of BrdU™ cells expressing NeuN (H) and S1008 (I) in the SGZ/GCL of control (n=3) and p57 cKO mice (n=4). Values represent
mean ts.em. ***P<0.001; **P<0.01; Student’s t-test. See also Supplementary Figure S5.

Tbr2 " cells and DCX ™" cells induced by deletion of p57 in
NSCs was due to activation of the proliferation of these cell
populations, we determined the proportion of each made up
of dividing cells. However, we did not detect a greater
proportion of Ki67" cells among Tbr2* cells nor of
PCNA ™ cells among DCX " cells in p57 cKO mice compared
to controls (Figures 4C and E). It has previously been
reported that the CDK inhibitors such as p21 and p27 are
abundantly expressed in this population (Qiu et al, 2004,
2009; Pechnick et al, 2008) and they share with p57 a
conserved CDK inhibitory domain in their NH2 terminus
and therefore a similar CDK-binding activity (Pateras et al,
2009). Thus, the lack of p57 requirement in the cell-cycle
regulation in DCX™" population, despite the high p57
expression in this population, may be due to functional
compensation of p57 by p21 and p27. The higher numbers
of these populations in pS7 cKO mice were therefore not

©2013 European Molecular Biology Organization

attributable to enhanced proliferation of Tbr2 ™ cells and
DCX ™" cells, although a detailed analysis to strictly examine
the cell-cycle length of these populations in p57 cKO and
control mice would be helpful in more fully supporting this
conclusion (Artegiani and Calegari, 2012).

We next examined whether p57 deletion in NSCs promotes
the production of mature neurons in the hippocampus, given
that substantial cell death occurs during hippocampal neuro-
genesis (Sun et al, 2004; Sierra et al, 2010). We used BrdU
pulse-chase analysis to examine whether conditional deletion
of p57 actually increases the number of mature neurons
remaining at later time points compared with control mice
(Figure 4G). Deletion of p57 resulted in two-fold more BrdU-
labelled cells positive for neuron-specific nuclear protein
(NeuN), a marker for mature neurons, in the GCL of the
DG 36 days after the final BrdU administration (Figure 4H). In
contrast, there were fewer BrdU" S100B™ cells in p57 cKO
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mice compared with control mice (Figure 4I). Together, our
data thus support the notion that p57 does not regulate the
cell cycle of differentiated cell populations in the neuronal
lineage and suggest that p57 deletion enhances adult
neurogenesis through activation of radial NSCs.

Conditional deletion of p57 in NSCs of aged mice
reactivates radial NSC proliferation

We next examined whether the diminished proliferation of
radial NSCs and decreased neurogenesis in aged mice might

A

Young adult (2-month-old)
Aged (14- to 15- month-old)

be reactivated by p57 deletion. We administered with tamox-
ifen repeatedly to mice at 2 months (young adult) and at
14-15 months (aged) of age and examined the proliferation of
cells in the SGZ at 17 days after the first tamoxifen adminis-
tration (day 18, Figure 5A). Interestingly, compared with aged
controls, aged p57 cKO mice showed an increased number of
PCNA ™ radial NSCs like in young adult mice (Figure 5B).
Consistent with this, the proportion of proliferating (PCNA ™)
cells among radial NSCs was greater in the aged p57 cKO
mice compared to control aged mice (Figure 5C). Analysis
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Figure 5 Reactivation of radial NSC proliferation and hippocampal neurogenesis by conditional deletion of pS7 in aged mice. (A) Tamoxifen
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performed using aged mice revealed more radial NSCs in
the SGZ of p57 cKO mice than that of control mice
(Figure 5D). These results indicate that conditional deletion
of p57 in NSCs of aged mice reactivates radial NSC prolifera-
tion. In addition, the numbers of total PCNA™ cells
(Figure 5E), Tbr2 ™ IPCs (Figure 5F), and DCX" immature
neurons (Figures 5G and H) were also greater in aged
p57 cKO mice, suggesting that activation of radial NSCs by
p57 deletion results in increased neurogenesis even in the
aged brain. These results suggest that radial NSCs in the
aged mouse brain retain more proliferative and neurogenic
potential than is normally used and it can be reactivated
by p57 deletion.

p57 controls NSC qui and neurog
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Long-term deletion of p57 results in excessive loss of
radial NSCs and impaired neurogenesis

Lifelong neurogenesis requires lifelong maintenance of NSCs.
To assess the physiological relevance of radial NSC quies-
cence in the lifelong maintenance of the radial NSC pool and
neurogenesis in the adult hippocampus, we examined the
consequences of long-term p57 deletion in adult NSCs.
Beginning 1 month after birth, we repeatedly injected mice
with tamoxifen to achieve a higher and continuous p57
deletion and then examined the brain 24 months later
(Figure 6A). At this late time point, the number of radial
NSCs was significantly reduced in p57 cKO mice compared
with that in control mice (Figure 6B). We observed some
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Figure 6 Excessive loss of radial NSCs by long-term p57 deletion. (A) Experimental design for the quantification of the number and the
proliferation of radial NSCs and the generation of new neurons after long-term deletion of p57. Tamoxifen was administered repeatedly from 1
month to 17 months after birth, and then mice were sacrificed at 24 months after birth. (B-H) Quantification of the number of radial NSCs (B),
the number of PCNA " radial NSCs (C), the proportion of PCNA™* among radial NSCs (D), the number of PCNA™ cells (E), the number of
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PCNA ™ proliferating radial NSCs in control mice but could
not find any PCNA " radial NSCs in long-term p57 cKO mice
(Figures 6C and D). These losses of the radial NSC pool and
its proliferating proportion were accompanied by marked
decreases in the numbers of total proliferating (PCNA™)
cells (Figure 6E), Tbr2 " IPCs (Figure 6F), and DCX " im-
mature neurons (Figure 6G) in the SGZ/GCL in long-term p57
cKO mice, suggesting impaired neurogenesis in the absence
of p57. In contrast, long-term pS57 deletion did not signifi-
cantly affect the numbers of GFAP* S1008* astrocytes in the
SGZ/GCL (Figure 6H). To determine whether long-term p57
deletion affected the number of newborn mature neurons
which survived a substantial period in aged mice, we admi-
nistered with BrdU once a day for 10 days to 25- to 28-month-
old mice and examined BrdU" neurons 36 days later
(Figure 6I). We found that the number of BrdU" NeuN™
neurons in the GCL of aged (27- to 30-month-old) mice was
markedly fewer in long-term p57 cKO mice than in controls
(Figure 6J). In contrast, we observed very few BrdU™
S100B " cells in the SGZ/GCL of aged control mice and no
difference in the number of these cells between aged control
and long-term p57 cKO mice (Figure 6K). Together, these
results suggest that p57 plays a substantial role in lifelong
NSC maintenance as well as in preventing excessive loss of
neurogenesis in the hippocampus during adulthood.

Discussion

Our results have identified p57 as a key regulator of the
quiescence of radial NSCs in the DG of the adult mouse
hippocampus (Figure 7). While p57 is abundant in radial
NSCs, it is reduced when these cells are activated to become
IPCs and proliferate (Figure 1). These results are in contrast
to other CKIs p27 and p21, which are expressed preferentially
in DCX™" cells in the DG (Pechnick et al, 2008; Qiu et al,
2009). Such stem cell expression of p57, rather than p27 or
p21, is also observed in the haematopoietic system (Yamazaki
et al, 2006). Furthermore, we have now shown that deletion
of p57 in the young adult CNS results in the proliferation of
radial NSCs but not in that of IPCs or immature neurons.
These results indicate that the cell cycle of radial NSCs is
regulated by mechanisms distinct from those of their
descendants. Together, our present results as well as recent
findings in other adult tissue stem cells suggest a common
function for p57 in the maintenance of adult stem cell
quiescence (Matsumoto et al, 2011; Zacharek et al, 2011;
Zou et al, 2011).

Identifying p57 as a key regulator of NSC quiescence drove
us to test whether p57 participates in the extrinsic stimuli-
dependent abrogation of NSC quiescence. Our results now
indicate that the reduction of p57 protein, a brake of NSC
proliferation, in the nucleus contributes to trigger activation
of NSC proliferation in response to running (Figures 3 and 7).
Various external neurogenic stimuli may thus converge on
the reduction of p57 protein in the nucleus of radial NSCs to
activate NSC proliferation. Given that circulating insulin-like
growth factor-1 (IGF-1) has been suggested to mediate an
exercise-induced increase in the number of BrdU " cells in the
adult rat hippocampus and that p57 has been shown to be
downregulated by IGF-1 treatment in the rat primary neuro-
nal cell culture, IGF-1 is, for example, an possible candidate
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Figure 7 A model for the regulation and significance of hippocam-
pal NSC quiescence. (A) In wild-type mice, p57 restricts the
proliferation of hippocampal radial NSCs. Reduction of p57 protein
in NSCs contributes to the abrogation of NSC quiescence triggered
by various extrinsic neurogenic stimuli. (B) Selective deletion of
p57 in NSCs initially enhances NSC proliferation and neurogenesis
in young adult mouse, but later leads to the NSC exhaustion and
excessive reduction of neurogenesis in aged mice, suggesting that
regulation of NSC quiescence by p57 is significant in modulating the
pace of lifelong neurogenesis. (C) Acute p57 deletion in aged mice
reactivates hippocampal NSC proliferation and neurogenesis.

for the regulator of p57 reduction (Carro et al, 2000, 2001;
Mairet-Coello et al, 2009).

Considering that adult neurogenesis acts as a base for
plasticity that allows modulation of neural circuits in the
hippocampus, the rate of neurogenesis could be relevant to
the extent of the brain’s plasticity. We have now shown that
p57 plays a key role in determining that rate. Conditional
deletion of p57 resulted in an initial increase in the number of
DCX " immature neurons followed (~ 2 months later) by an
increase in the number of NeuN * mature neurons located in
the GCL (Figure 4). However, these findings lead to the
question of how pS57 deletion affects adult neurogenesis.
Whereas pS57 deletion may increase hippocampal neurogen-
esis simply through activation of NSC proliferation, it is
possible that p57 regulates the cell cycle of populations
other than radial NSCs in the DG. Expression of p57 in
DCX "' immature neurons may support this hypothesis.
However, since most DCX ™' immature neurons rarely divide
under normal conditions, and more importantly, since we did
not observe a significant increase in the number of proliferat-
ing DCX ™" cells after pS7 deletion (Figure 4E), the cell cycle of
DCX " cells does not appear to be a major target for p57 in the
regulation of adult neurogenesis. It remains possible, how-
ever, that p57 controls adult neurogenesis in part through its
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cell cycle-independent functions, given that p57 has been
shown to promote glial fate determination through direct
suppression of Ascll function during embryonic development
(Joseph et al, 2009). However, this hypothesis does not fit
well since the expression patterns of p57 and Ascll proteins
appear mutually exclusive in the DG (Figure 1B). It thus
appears likely that the impaired quiescence of p57-deficient
radial NSCs contributes to increased neurogenesis. Together,
these conclusions further support the notion that NSC quies-
cence is significant in providing a reserved pool or a backup
which can be activated on demand (short-term modulation of
the rate of neurogenesis) in response to an animal’s experi-
ence (Figure 7).

The mechanism that regulates NSC pool size has not been
fully elucidated. We found that deletion of p57 resulted in a
transient increase in the number of radial NSCs (Figure 2N).
This finding is intriguing, in particular because it suggests
that cell-cycle regulation might control the NSC pool size.
However, fate analysis of these expanded NSCs will be
necessary to examine whether these expanded GFAP™"
Nestin* radial fibre™ cells are bona fide NSCs. In addition,
it will be of interest to investigate the basis of the transient
nature of NSC expansion. However, the increasing rate of
divisions at 17 days post tamoxifen (Figure 5B) does not
produce an increase in NSC number at 19 days (Figure 2N),
suggesting that some other mechanisms may be involved in
regulation of NSC number, for example, a stem cell niche that
is able to support only a limited number of NSCs.

Our data also reveal the role of NSC quiescence in the long-
term (age-related) modulation of neurogenesis. This is based
on the observation that, although deletion of p57 initially
resulted in the recruitment of quiescent NSCs into the cell
cycle and stimulation of neurogenesis (Figures 2 and 4), it
later led to excessive reduction in NSC pool and impaired
neurogenesis (Figure 6). The regulation of NSC quiescence by
p57 might thus have important implications for the modula-
tion of the pace of lifelong neurogenesis (Figure 7). Excessive
reduction in NSC pool size after long-term p57 deletion might
be explained by the recently proposed ‘disposable model’,
which stipulates that radial NSCs that have been activated to
proliferate undergo several rounds of asymmetric cell divi-
sion to produce IPCs and then irreversibly differentiate into
mature astrocytes (Encinas et al, 2011). However, p57
deletion in the present study resulted in a reduction, rather
than an increase, in the number of S100B * mature astrocytes
(Figure 4). Our results are thus more consistent with the
classical view of stem cell exhaustion where cells achieve the
limit of their self-renewal capacity (Kippin et al, 2005).

In this study, we have shown that acute deletion of the p57
reactivates neurogenesis not only in young adult mice but
also in aged mice, suggesting that even the aged brain retains
a certain level of plasticity and that the reduced level of
neurogenesis apparent in the aged brain can be increased
through inhibition of p57 (Figures 5 and 7). Moreover, these
results raise a possibility that pharmacological p57 inhibition
may be beneficial in the medical treatment of neurodegen-
erative disease, mood disorders, and ageing-related cognitive
impairment. Previous studies have suggested that increased
neurogenesis in the DG resulting from inhibition of apoptosis
led to improved cognitive function such as pattern separation
(Sahay et al, 2011). However, inhibition of apoptosis might
not be appropriate for clinical application since it may result
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in inhibition of physiologically important cell death (Mouret
et al, 2009). Transient abrogation of NSC quiescence and
promotion of neurogenesis through inhibition of p57 is thus a
potential therapeutic approach to amelioration of mental
disorders and age-related impairment of cognition.

Materials and methods

Mice

All mice used in the study were backcrossed to the C57BL6 back-
ground. p57 cKO mice were obtained by crossing pS7-floxed mice
(Matsumoto et al, 2011) and Nestin-CreER™ mice (kindly provided
by R Kageyama and I Imayoshi). The resulting mice were treated
with tamoxifen to activate CreER'?. Mice were kept in standard
laboratory cages (31 cm x 19cm x 12 cm) and maintained in a 12-h
light/dark cycle with free access to food and water ad libitum and
according to the Animal Care and Use Committee of the University
of Tokyo.

Tamoxifen administration

Stock solutions of tamoxifen (Sigma) were prepared at a concentra-
tion of 20mg/ml in corn oil (Nacalai tesque). Young adult
(2-month-old, Figures 2A, E, M, 3, 4A, and 5; 4-month-old,
Figures 2G, J, and 4G) and aged (14- to 15-month-old; Figure 5)
mice were orally administered with 5-6 mg of tamoxifen once per
day for 4 consecutive days (Figures 2A, G, and M). For a higher
degree of Cre-mediated recombination, a second round of adminis-
tration was performed after the initial tamoxifen treatment (Figures
2E and J, Supplementary Figures S2-S5). For long-term pS7 dele-
tion, a total of five rounds of administration (for 2-3 consecutive
days per round, 12 administration total) were carried out beginning
at 1 month after birth with roughly 4 months between administra-
tions (Figure 6).

Immunofluorescent analysis

Animals were anaesthetized and transcardially perfused with ice-
cold phosphate-buffered saline (PBS) followed by ice-cold 4%
paraformaldehyde (PFA) solution in PBS. Brains were post-fixed
with 4% PFA at 4°C for 2 h, cryoprotected in a 10% sucrose solution
in PBS at 4°C for 2 h, then in a 20% solution for 10h and 30% for
24h, and finally embedded and frozen in OCT (TissueTEK).
Immunofluorescence staining of colonal brain sections (20um)
was performed. Antigen retrieval was performed by autoclave
treatment of sections for 10min at 105°C in Target Retrieval
Solution (DAKO) for BrdU, Nestin and PCNA staining. Sections
were exposed to Tris-buffered saline (TBS) containing 0.1% Triton
X-100 and 2% donkey serum (blocking buffer), and incubated first
for 48 h at 4°C with primary antibodies in blocking buffer and then
3h at room temperature with Alexa-Fluor-conjugated secondary
antibodies in blocking buffer. Fluorescence images were obtained
with a laser confocal microscope (Leica TCS-SP5).

Antibodies used for immunostaining included mouse monoclonal
antibodies to BrdU (BD Bioscience) at 1:500 dilution, to Nestin (BD
Pharmingen) at 1:200, to PCNA (Calbiochem) at 1:1000, to GFAP
(Millipore) at 1:1000, to Ascll (BD Pharmingen) at 1:500, to S1008
(Sigma, SH-B4) at 1:500 and to NeuN (Millipore) at 1:500; rat
monoclonal antibodies to BrdU (Abcam) at 1:200 and to Ki67
(DAKO) at 1:500; rabbit monoclonal antibodies to Sox2 (Cell
Signaling) at 1:200; rabbit polyclonal antibodies to GFAP (DAKO)
at 1:2000, to p57 (SIGMA) at 1:500, to S100p (DAKO) at 1:100 and to
Tbr2 (Abcam) at 1:1000; and goat polyclonal antibodies to DCX
(Santa Cruz Biotechnology) at 1:500. Alexa-Fluor-labelled second-
ary antibodies and Hoechst 33342 (for nuclear staining) were
obtained from Molecular Probes. Images of immunostaining were
processed using Photoshop CS4 software (Adobe).

Administration of thymidine analogues

To label dividing cells, mice were injected once with BrdU (Sigma,
50mg/kg body weight) intraperitoneally (i.p.) 2h before sacrifice
(Figures 1C and 2G). For identification of label-retaining NSCs and
newly generated cells, BrdU was injected for 10 consecutive days
(Figures 2J, 4G and 6I). Cells positive for BrdU were detected by
immunostaining.
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AraC infusion

AraC treatment was performed as described previously (Doetsch
et al, 1999). In brief, AraC (Sigma, 2%) in PBS or a vehicle alone
was infused into the brain for 6 days using a mini osmotic pump
(Alzet, model 1007D). Cannulas (Alzet, Brain infusion kit III) were
implanted stereotaxically in the left lateral ventricle (anterior, 0 mm;
lateral, 1.1 mm; depth, 2 mm relative to bregma and the surface of
the brain). Immediately after pump removal, mice were sacrificed.
Brains were processed and analysed by immunostaining as
described above.

Running

Six female C57BL6 mice initially housed in small cages (19 cm x 12
cm x 10 cm) without a running wheel were used for the experiment
(three mice per cage). Three mice were selected randomly and
moved to a spacious cage (41 cm x 25cm x 10 cm) with unlimited
access to a running wheel for 12 days. Three controls were moved
to a small cage without a running wheel. Brains were processed and
analysed by immunostaining as described above.

Quantification of labelled cells and statistical analysis
Projections of 12 Z-stacks (total 14.7 um thick) and 16 X-Y tiles
(2 x 8 covering whole DG) were used for all quantifications. Images
were obtained with a confocal microscope (Leica TCS-SP5)
equipped with a 63 x /1.20 water objective lens (Leica, HCX Plan
Apo CS) and a motorized XYZ stage (Leica), and reconstructed with
LAS-AF software (Leica). The numbers of labelled cells were
normalized by the GCL area (mm?). The GCL area was measured
via ImageJ software (National Institutes of Health). Quantifications
were made blindly. For each animal, every eighth section from
bregma —1.82mm to —2.80mm (DG) was assessed. More than
three adult mice per age group were analysed in each experiment.
Quantitative data represent mean=*s.e.m. Data were compared
between groups with the unpaired Student’s t-test or Mann-
Whitney U-test. A P-value of <0.05 was considered statistically
significant.
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Quantification of p57 intensity
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Nestin™ radial fibre™ cells) were outlined manually using
Photoshop CS4 software (Adobe). Next, the average fluorescence
intensity of counterstained p57 within each outlined area was
measured using Metamorph software (Molecular Devices). More
than 100 nuclei from 3 brains were observed. After subtraction of
the background signal, the p57 fluorescence intensity was com-
pared between groups.
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