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Abstract
In the subventricular zone (SVZ) of the adult brain, the neural stem cells (NSCs) ensure a continuous supply of new neurons to
the olfactory bulb (OB), playing a key role in its plasticity and olfactory-related behavior. The activation and expansion of NSCs
within the SVZ are finely regulated by environmental and intrinsic factors. Running represents one of the most powerful
neurogenic stimuli, although is ineffective in enhancing SVZ neurogenesis. The cell cycle inhibitor p21 is an intrinsic inhibitor
of NSCs’ expansion through the maintenance of their quiescence and the restrain of neural progenitor proliferation. In this work,
we decided to test whether running unveils the intrinsic neurogenic potential of p21-lacking NSCs. To test this hypothesis, we
examined the effect of three different paradigms of voluntary running (5, 12, and 21 days) on SVZ neurogenesis of p21 knockout
(KO) male mice at two different stages of development, 2 and 12months of age. In vivo and in vitro data clearly demonstrate that
physical activity is consistent with the activation and expansion of NSCs and with the enhancement of SVZ neurogenesis in p21
KO mice. We also found that 12 days of running contribute to the increase in the number of new neurons functionally active
within the OB, which associates with an improvement in olfactory performance strictly dependent on adult SVZ neurogenesis,
i.e., the odor detection threshold and short-term olfactory memory. These data suggest that in the adult SVZ of p21 KO mice,
NSCs retain a high neurogenic potential, triggered by physical activity, with long-term consequences in olfactory-related
behavior.
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Introduction

Neurogenesis, the generation of new neurons originating from
neural stem cells, occurs throughout life but is gradually lost
with age or neurodegenerative diseases [1–3]. A number of
studies have focused on neurogenesis during different adult
stages, demonstrating the impact of several factors, including

physical activity, olfactory experience, and stressful inputs, as
important modulators for shaping this process [4–9].
However, several issues remain to be elucidated concerning
the neurobiological mechanisms sustaining neurogenesis in
the adult brain.

Here, we analyze the p21 knockout mouse to investigate
the impact of physical activity on a mouse model character-
ized by defective adult subventricular neurogenesis. In our
study, we included behavioral analysis in the p21 knockout
(KO) mice model in order to elucidate the effect of voluntary
running on subventricular zone (SVZ) neurogenesis-
dependent olfactory functions.

In the SVZ of the adult brain, new neurons were derived
from a subpopulation of slowly dividing astrocyte-like neural
stem cells (NSCs) named type B cells [10–12], which give rise
to type C cells, a class of transit-amplifying progenitors
(TAPs) that rapidly divide into neuroblasts named type A
cells. Type A cells exit the cell cycle and migrate along the
rostral migratory stream (RMS) to the olfactory bulb (OB)
[13, 14], where they move toward the granule and glomerular
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cell layers and finally mature into GABAergic inhibitory in-
terneurons [15–17]. SVZ neurogenesis is positively regulated
by olfactory experience: odor exposure improves the survival
and functional integration of new neurons which, in turn, leads
to enhanced olfactory memory, thereby indicating a prominent
role for SVZ neurogenesis in olfactory behavior [18, 19].

The majority of NSCs in the adult SVZ persist in a quies-
cent state and are rarely recruited into the cell cycle. Quiescent
NSCs function as a reserve pool for preserving the NSC lon-
gevity, retaining genomic integrity throughout life and pro-
ducing new neurons to counteract neurodegenerative process-
es following brain damage [20]. However, over time, quies-
cent NSCs lose their ability to enter the cell cycle, with con-
sequent decrease of the cell pool size and exhaustion of
neurogenesis in the aging brain [21, 22]. Hence, understand-
ing the processes involved in maintenance over time of NSC
pool can provide relevant information to the studies of adult
neurogenesis.

Among the main regulators of adult NSC transition be-
tween quiescence and differentiation, a central role is exerted
by the Cip/Kip family of CKIs, which comprises p21Waf1/Cip1

(hereafter referred to as p21), p27Kip1, and p57Kip2 [23, 24].
These proteins negatively regulate cell cycle progression by
directly binding and inhibiting cyclin-CDK complexes. In
particular, p21 is a key mediator of the p53-induced G1 check-
point via the binding to and inactivation of G1-associated
cyclin A– and cyclin E–containing cyclin/CDK complexes
[25–27]. In neurogenic niches, p21 plays a dual role, main-
taining NSC quiescence and restraining progenitor prolifera-
tion [28–30]. In p21 KO mice, a rapid activation of quiescent
NSCs in the post-natal stage has been reported; this reduces
NSC self-renewal capacity and causes replicative stress in the
hyper-proliferating progenitors, thereby demonstrating that
exhaustion of NSCs impairs neurogenesis [31–33].

While the lack of p21 is associated with gradual reduction
of NSCs and SVZ neurogenesis, it is unclear whether adult
p21-null NCSs can keep their pro-neurogenic potential. In
order to deepen this issue, we decided to focus on the potential
of running to serve as modulator to disclose the putative en-
hanced neurogenic properties owned by p21-lacking NSCs.

Physical exercise generates a considerable rise in cell pro-
liferation and in newborn neuron survival, maturation, and
functional integration in the adult rodent DG [5, 34–36]. In
rodent models, voluntary running improves hippocampus-
dependent learning and memory, mitigates the severity of def-
icits caused by behavioral disorders and traumatic brain injury
(TBI), and contrasts the onset as well as the pathological pro-
gression of neurodegenerative diseases [37–39]. Even if it has
been extensively demonstrated that the SVZ niche is refracto-
ry to the pro-neurogenic stimulus provided by physical exer-
cise [40–44], our recent study has shown that in mice lacking
the cell cycle inhibitor BTG1, 12 days of voluntary physical
activity are able to activate NSCs and to improve neurogenesis

not only in DG but also in SVZ [44, 45]. These data suggest
that cell cycle modulation might have a strong impact in
running-associated activation of NSCs.

In this paper, our results demonstrate that the combination
of running and of p21 knockdown massively increases
neurogenesis in the SVZ of p21 KO mice. In particular, we
found that running induces the activation and expansion of the
p21-devoid NSC pool, coupled with cell cycle modification
and a faster migration of post-mitotic neuroblasts. These
events contribute to maximize the self-renewal potential of
NSCs, the functionality of the SVZ-OB axis, and the activa-
tion of newborn neurons as indicated by c-fos expression
analysis. Remarkably, such modifications are accompanied
by the enhancement of the olfactory behavior in p21 knockout
running mice. Finally, neurosphere assay performed in p21/
Nestin GFP+ mice indicates that the increase in the self-
renewal and in proliferative activity triggered by running is a
cell-intrinsic process.

Material and Methods

Animals

Male wild-type and p21-null mice [46] of the same genetic
background (129Sv/c57BL6; 50:50; https://www.jax.org/
strain/003263) were housed under a continuous 12-h light/
12-h dark cycle at a constant temperature of 21°, with com-
plete availability of water and food. Genomic extraction of
DNA followed by genotyping was carried out from tail sam-
ples and performed as previously described [47].Male Nestin-
green fluorescent protein mice (c57BL6 background; kindly
provided by Dr. G. Enikolopov) express GFP driven by the
Nestin promoter [48]. Nestin-GFP mice were crossed with
p21 WT and knockout mice to obtain p21 WT and KO/
Nestin GFP+ mice which were interbred at least four times
before further analysis, in such way generating the different
genotypes under study. Genotyping of Nestin-GFP pups was
performed using a BGFP flashlight^ (Nightsea) that made the
GFP+ pups glow.

At 2 and 12 months of age, animals were subjected to
voluntary physical exercise by positioning them in pairs in
standard cages with free access to a running wheel where they
were left for 5, 12, or 21 days. The distance covered was
recorded daily on an automatic counter and after the designat-
ed exercise period, mice were sacrificed or returned to stan-
dard cages to be sacrificed at different times from the end of
the run. The average daily running distance calculation did not
reveal any significant difference between p21 WT and KO
running at 2 and 12 months of age (data not shown).
Animals were treated following the Italian Ministry of
Health and directive 2010/63/EU guidelines.
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Immunohistochemistry

Following transcardiac perfusion with 4% paraformaldehyde
(PFA) in phosphate-buffered saline (PBS), the brains were
collected and kept overnight at − 4 °C in PFA. They were
subsequently equilibrated in sucrose diluted at 30% and final-
ly cryopreserved at − 80 °C. Slicing was carried out by em-
bedding the brain in Tissue-Tek OCT (Sakura, Torrence, CA,
USA) and then cut using a cryostat at − 25 °C throughout the
whole rostro-caudal extent. The coronal sections were proc-
essed in a one-in-six series protocol at a 40-μm thickness.
Sections were then stained for multiple labelling using differ-
ent fluorescence techniques. Sections were initially washed
with glycine 0.1 M for 10 min followed by permeabilization
using 0.3% Triton X-100 in PBS for another 10 min. The
sections were then incubated for 30 min in a blocking solution
containing 3% normal donkey serum (NDS) in 0.3% Triton
X-100 in PBS to saturate the specific sites, followed by incu-
bation with the same blocking solution containing primary
antibodies for 16–18 h at 4 °C. The primary antibodies used
were mouse monoclonal antibodies raised against Nestin
(Millipore Cat# MAB353; 1:100), NeuN (Millipore Cat#
MAB377; 1:300), GFAP (Sigma-Aldrich Cat# G3893;
1:400), and pHH3 (Cell Signaling Technology Cat# 9706;
1:100); goat polyclonal antibodies were used against DCX
(Santa Cruz Biotechnology; Cat# Sc-8066; 1:300) and
SOX2 (Santa Cruz Biotechnology Cat# sc-8066; 1:300); a
rabbit monoclonal antibody was used against Ki67 (Lab
Vision Cat# RM-9106-S; 1:150) and a rabbit polyclonal anti-
body against c-fos (Millipore Cat# PC38; 1:500) and gamma
H2A.X (Abcam Cat# ab11174; 1:100). To observe primary
antibody binding, donkey secondary antibodies conjugated
to Cy2 (Jackson Immunoresearch, West Grove, USA; 1:200
in PBS), Cy3 (Jackson ImmunoResearch, West Grove, PA,
USA; 1:300 in PBS), or Alexa-647 (Invitrogen, San Diego,
CA, USA; 1:300 in PBS) were used. Nuclei were observed
incubating sections with Hoechst (1:500). The estimation of
cell numbers throughout the entire rostro-caudal extent of the
SVZ and in OBwas carried out with stereological analysis, by
counting cells expressing the indicated markers, visualized
with Leica Sp-5 confocal microscopy, in one-in-ten series of
40μm free-floating serial coronal section (240μm apart). Cell
number for each SVZ and OB section was divided by the
corresponding area of the individual section [44, 49], to cal-
culate the average number of cells per 100 μm3 of SVZ and
OB volume. Region of interest was calculated by tracing the
outline of the desired structure, identified by the presence of
nuclei stained with Hoechst 33258, on a digital picture cap-
tured using ImageJ system, which was also used to count the
labeled cells. The running animals were placed in pairs in
cages provided with wheels. At least 4 male mice per condi-
tion were analyzed (sedentary or running). The ImageJ was
used to count labeled cells.

BrdU and Thymidine Analog Detection

In order to calculate the cell cycle exit, mice at P60 were
treated with a single bromodeoxyuridine (BrdU,
95 mg/kg i.p.) pulse and sacrificed 48 h after. To label SVZ-
newborn neurons migrating through the rostral migratory
stream (RMS) toward the OB, animals were treated with five
daily injections of BrdU followed by perfusion 7 days from
the last injection. Finally, mature neurons within the olfactory
bulb were detected after treating the mice with five daily in-
jections of BrdU. Twenty-eight days after the last BrdU injec-
tion, an olfactory stimulation protocol was applied and ani-
mals were then perfused. Detection of BrdU-positive cells
consisted in denaturing DNA with 2N HCl for 45 min at
37 °C to facilitate antibody access. The sections were then
incubated with 0.1 M sodium borate buffer at pH 8.5 for 2–
10-min intervals followed by overnight incubation at 4 °C
with a rat anti-BrdU primary antibody (Abcam Cat# ab6326;
1:300) diluted in TBS containing 0.1% Triton, 0.1% Tween,
and 3% normal donkey serum (blocking solution).
Immunohistochemistry performed against IdU and CldU
consisted in a 10-min incubation with 2N HCl and the normal
donkey serum was used at 5% in order to provide more strin-
gent conditions to avoid cross-reactivity between antibodies.
Following incubation with the primary antibodies, the sec-
tions were washed five times with TBS for 5 min each time.
Detection of the halogenated thymidine analogs was per-
formed using mouse anti-BrdU (BD Biosciences; B44
1:500) for IdU and rat anti-BrdU (Abcam Cat# ab6326;
1:300) for CldU.

Cell Cycle Analysis

To measure the precise length of the S-phase (Ts) and the
overall length of the cell cycle (Tc), the thymidine analogs
I dU ( 5 - i o d o - 2 - d e o x y u r i d i n e ) a n d C l dU ( 5 -
chlorodeoxyuridine) were used following a protocol devel-
oped by Brandt [50]. To specifically calculate the Ts, mice at
P60 received a single i.p. injection of 57.5 mg/kg of IdU
dissolved in 0.2N NaOH and 0.9% NaCl solution; 3 h later,
the same animals received 42.5 mg/kg dissolved in 0.9% ster-
ile NaCl CldU injection followed by sacrifice 45 min later.
The 3-h time interval between injections allowed the genera-
tion of three different cell populations: CldU+/IdU− cells,
which entered the Ts phase during the 3-h gap, IdU+/CldU−

cells that exited the S-phase in between the two injections, and
the double-positive IdU+/CldU+ cells that were found in the S-
phase during both injections. According to the equation cre-
ated by the same authors, the ratio between the IdU+/CldU−

cell population and the total IdU cells is equals the ratio be-
tween the 3-h intra-injection interval and the S-phase.

Likewise, to calculate the overall length of the cell cycle
(Tc), IdU and CldU injections were administered 16 h apart,
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and the animals were sacrificed 45 min afterwards. We subse-
quently estimated the length of the G2/M phase by calculating
the percentage of labeled mitoses. To this aim, the animals were
subjected to a single BrdU pulse (i.p. 95mg/kg in saline) follow-
ed by perfusion 1.5, 3, and 5 h later. Immunohistochemistry
against BrdU and PH3 (phosphohistone 3 which marks mitotic
cells) was performed; the time elapsed between the injection and
the time point at which all cells resulted PH3+ corresponded to
the duration of G2/M. Finally, the length of the G1 phase was
calculated by the following formula: TG1 = Tc–(Ts + TG2/M),
where TG1 and TG2/M represent the length of G1 and G2/M
phases, respectively.

Olfactory Stimulation

To evaluate the functional activation of new neurons within
the OB following physical exercise, mice at P60 were subject-
ed to an olfactory stimulation test, followed by an immuno-
fluorescent analysis of the expression of the immediate early
gene (IEG), c-fos. Mice were positioned in cages identical to
the ones utilized to house them but lacking the wood chip
bedding; filter paper soaked in 3% octanal diluted in mineral
oil was then positioned in a chosen corner of the cage. During
the following 35min, the animals were exposed to the odorant
for 5 min followed by a 5-min interval (three sessions in total);
after the last session, they were left in the test cage for addi-
tional 60 min before being sacrificed. New neurons activated
by olfactory stimulation were quantified through immunohis-
tochemistry by concurrent expression of BrdU+/NeuN+ and
the IEG c-fos.

Open Field Test

Spontaneous exploratory locomotor activity and thigmotaxis
in the open field were used as a general measure of motor
function and anxiety-related behaviors, respectively [51]. At
the beginning of each trial, mice at P60 were placed in the
center of a circular white open field arena having a diameter of
100 cm, for 20 min. The arena was cleaned with 70% ethanol
to avoid cue smell between each trial. The room was brightly
lit, which in combination with the exposure to novel en-
vironment and open space induce anxiety in rodents.
Thus, anxiogenesis was measured by time spent in center
vs. time spent in the periphery of the open field arena.
Locomotor activity was measured by distance traveled
and average speed over the 20 min of exploration, where
a large distance traveled and increased velocity are indic-
ative of hyperactivity [52]. Both thigmotaxis and locomo-
tor activity were measured and analyzed using a special-
ized software with tracking system (Ethovision XT 8.5,
Noldus Information Technology, USA).

Olfactory Detection Threshold

The test was performed as previously described [53, 54],
with minor modifications. Starting 4 days before the test,
mice at P60 were caged individually and cages were
never changed or cleaned up, so that they would get used
to background odors. Two separate cotton swabs were
presented simultaneously at opposite corners of the cage:
the first was soaked with mineral oil; the second was
soaked with octyl aldehyde or butyl-butyrate at increas-
ing concentrations (10−7, 10−5, 10−4, and 10−3%) during
the different sessions. In each of four daily sessions, the
animals were exposed to the cotton swabs for 3 min;
each day, the swabs were located in different positions
within the cage to avoid spatial learning. Each session
was video-recorded in order to measure the amount of
time the animals spent sniffing at the cotton swabs,
which was defined as nasal contact with the tip of the
swab. An odor detection index was calculated as the
ratio between the time spent sniffing at the odorant and
the total time spent sniffing at both swabs (odorant plus
mineral oil). Values higher than 50% indicated a prefer-
ence for the odorant over the mineral oil.

Olfactory Short-Term Memory

Using the same procedure as described above, mice at
P60 were exposed to a single cotton swab; this was laced
with the same odor at the same concentration (10−3%)
during two different 5-min sessions separated by 30,
240, 300, and 360 min in the four consecutive testing
days, respectively, with different odorants every day.
The designated odors were acetophenone, limonene, octa-
nal, and carvone (+), and the cotton swab was inserted in
the same position for the sessions performed on the same
day but was changed every consecutive day. An olfactory
memory of the first presentation to the odorant is mani-
fested in a decline in the time spent investigating the swab
during the second exposure.

GFP+ Neural Stem Cell Cultures

Mice at P60 were euthanized by cervical dislocation and the
brains were removed. SVZs were dissected out and cells were
isolated by enzymatic digestion (1.33 mg/mL trypsin, 0.7 mg/
mL hyaluronidase, and 0.2 mg/mL kynureinic acid) for
30 min at 37 °C and then by mechanical dissociation with a
small-bore Pasteur pipette. The cell resuspension was then
passed through a 30-mm cell strainer (BD Bioscience), resus-
pended in PBS, and GFP+ cells were separated by
fluorescence-activated cell sorting (FACS) on a MoFlo high-
speed cell sorter (Beckman Coulter). Isolated GFP+ NSCs
were cultured in DMEM/F12 medium supplemented with

Mol Neurobiol (2019) 56:7534–7556 7537



B27, EGF, and bFGF (20 and 10 ng/mL, respectively). To
perform the neurosphere assay, GFP+ cells were cultured un-
der clonal conditions, in which neurospheres (NSFs) are gen-
erated from single cells and serve as an index of the number of
in vivo NSCs. GFP+ cells were plated at 10 cells/μL in 24-
well uncoated plates in growth medium. The total number
of GFP+ neurospheres was analyzed every 7th day of cul-
ture. The size of GFP+ NSFs was expressed as a volume
calculated from the measurement of their diameter in pic-
ture taken by fluorescent microscopy (Leica DM IRB).
Following the assay, the NSFs were mechanically disso-
ciated into single cells that were plated under clonal con-
ditions. To evaluate expansion capacity, primary GFP+

neurospheres were dissociated into single cells and plated
at the same clonal density. Then, secondary neurospheres
were dissociated, and the number of cells was determined
and expressed as average expansion from the initial
starting population (number of cells from secondary
neurospheres at 7 DIV/number of seeded cells).

Experimental Design and Statistical Analysis

Parameters linked to SVZ adult neurogenesis were prelim-
inarily analyzed by two-way ANOVA, with genotype
(WT, KO) and treatment (no run, run 5d, run 21d, run
21d) as independent variables, followed by Fisher’s
protected least significant difference (PLSD) post hoc test.
In agreement with previous studies, running was found
not to exert any significant effect on SVZ adult
neurogenesis in WT mice, regardless of the running reg-
imen. For this reason, with the aim of reducing as much
as possible the number of experimental animals to be
sacrificed, only WT sedentary mice were included in sub-
sequent experiments, and the related data were analyzed
by one-way ANOVA, followed by Fisher’s PLSD test,
assuming WT no run, KO no run, KO run 5d, KO run
12d, and KO run 21d as independent groups. For the sake
of maximum clarity, the data are analyzed, plotted, and
discussed this way (i.e., with the exclusion of trained
WT mice) throughout the manuscript. Data from the odor
detection test were analyzed by two-way ANOVA, with
group (WT no run, KO no run, KO run 5d, KO run 12d)
and odorant concentration (10−7%, 10−5%, 10−4%, 10−3%)
as independent variables, followed by Fisher’s PLSD post
hoc test. A single sample t test was performed to confirm
that the odor detection index was significantly higher than
50%. Finally, in both the open field test (OFT) and olfac-
tory short-term memory (STM) tests, Student’s t test was
performed to compare the animal locomotor activity (in
the OFT) and the duration of sniffing (in the STM).
Differences were considered statistically significant at
p < 0.05. All data are expressed as mean values ± SEM.

Results

Five and 12 Days of Physical Exercise Results
in a Consistent Induction of SVZ Neurogenesis
in 2-Month-Old p21 KO Mice

To study the effect of physical activity on the SVZ
neurogenesis of p21 wild-type (p21 WT) and knockout (p21
KO) mice, the animals were put in cages provided with free-
access running wheels and subjected to three different para-
digms of running: 5 days (p21 KO run 5d), representing the
acute run protocol, 12 days (p21 KO run 12d) that has been
previously demonstrated to cause the peak of running-
dependent pro-neurogenic effects [44, 45], and 21 days (p21
KO run 21d), characterizing long-term voluntary exercise. A
two-way ANOVA, with «genotype» and «training» as inde-
pendent variables, was preliminarily performed on a number
of parameters linked to SVZ neurogenesis, which detected,
with no exception, a significant «genotype × training» inter-
action (F > 4.05, p < 0.01). Post hoc comparisons indicated
that running did not exert any significant effect on SVZ
neurogenesis in WT mice, regardless of the running regime
they were submitted to (p > 0.59; Table 1). This result came in
full agreement with previous literature showing that adult
SVZ is normally refractory to physical exercise as a neuro-
genic stimulus [40, 44]. For this reason, p21 WT running
animals were not included in subsequent experiments, and
p21 WT sedentary mice were maintained as the only control
group with which both p21 KO sedentary mice and p21 KO
run mice would be compared. Also, in agreement with previ-
ous studies comes the observation that, at 2 months of age,
sedentary p21 WT and KO mice did not show significant
differences (p > 0.28) in the expression of markers specific
to NSCs and neural progenitors residing in the SVZ (Figs. 1
and 2). These results confirm that adult SVZ neurogenesis
begins to decline after such an age in p21 KO mice [31, 55].

We first investigated how the different running patterns
might influence the recruitment of the type B NSCs in the cell
cycle and their expansion. The quantification of the specific
type B markers SOX2/GFAP and the proliferative marker
Ki67 revealed that 5 and 12 days of running induced in the
p21 KO mice a significant increment in the recruitment from
quiescence of type B cells (expressed as the ratio between
Ki67+/SOX2+/GFAP+ cells to the total SOX2+/GFAP+ cells),
when compared with the sedentary p21WTand KOmice (F(4,

56) = 6.65, p < 0.001, one-way ANOVA followed by Fisher’s
PLSD post hoc test; Fig. 1a–e, f). This event induces a signif-
icant increase in the type B pool size, assessed by counting of
SOX2+/GFAP+ cells density (Fig. 1a–e, h) and of the overall
proliferating cells (Ki67+; Fig. 1a–e, i) in the p21 KO run 5d
and 12d in respect to the other experimental conditions under
investigation (SOX2+/GFAP+: F(4, 55) = 7.57, p < 0.001, one-
way ANOVA followed by Fisher’s PLSD post hoc test; Ki67:
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F(4, 132) = 15.66, p < 0.0001, one-way ANOVA followed by
Fisher’s PLSD post hoc test). In agreement with previous
findings demonstrating that p21 negatively regulates SOX2
expression [32], we found a significant increase of SOX2+

cells in the p21 KO SVZ in comparison with WT mice (F(4,

56) = 6.53, p = 0.0004, one-way ANOVA followed by Fisher’s
PLSD post hoc test; Fig. 1a–i, j). Moreover, we observed that
5 and 12 days of running maintains the increased of SOX2+

cell population, while after 21 days, a drastic decrease of these
cells, which returned to theWT level, occurred (F(4, 56) = 6.15,
p < 0.001, one-way ANOVA followed by Fisher’s PLSD post
hoc test; Fig. 1j). To this regard, we observed that 21 days of
running did not exert any pro-neurogenic effect in the SVZ of
p21 KO mice (Fig. 1e–j). The above results suggested that
p21-lacking NSCs have a substantial reservoir for activation
and expansion in the presence of a pro-neurogenic stimulus,
such as physical activity.

To further analyze this intrinsic pro-neurogenic potentiality
of p21-null NSCs after running, we studied the following
differentiative stages of adult SVZ neurogenesis of p21 KO
mice subjected to the three running paradigms. Our results
showed that in p21 KO mice, 5 and 12 days of running trig-
gered a consistent increase of proliferation of Nestin+ cells,
which comprise the type B and type C SVZ subpopulation
(Ki67+/Nestin+ cells; Fig. 2a–e, f), and of the type A
neuroblasts (Ki67+/DCX+ cells; Fig. 2a–e, g), largely exceed-
ing physiological values (Ki67+/Nestin+: F(4, 73) = 29.2,
p < 0.001, one-way ANOVA followed by Fisher’s PLSD post
hoc test; Ki67+/DCX+: F(4, 69) = 14.0, p < 0.001, one-way
ANOVA followed by Fisher’s PLSD post hoc test).
Consequently, we observed a significant expansion of
Nestin+ cells (Fig. 2h) and type A (DCX+ cells; Fig. 2i) sub-
populations residing in the SVZ of 5 and 12 days of running
p21 KO mice, when compared with sedentary p21 WT and
KO groups (Nestin+: F(4, 74) = 10.3, p < 0.001, one-way
ANOVA followed by Fisher’s PLSD post hoc test; DCX+:
F(4, 67) = 15.8, p < 0.001, one-way ANOVA followed by
Fisher’s PLSD post hoc test). Also in this case, we found that
no marked changes in the type C and type B subpopulations

between the p21 WT and KO mice occurred (Fig. 2f–i) and
that the 21 days running session did not provide any pro-
neurogenic effects in the SVZ of p21 KO mice with respect
to the sedentary counterpart (Fig. 2f–i).

All together, these data clearly indicated that in the absence
of the cell cycle inhibition exerted by p21, an external pro-
neurogenic stimulus such as running was sufficient to highly
enhance the SVZ neurogenesis above the physiological pa-
rameter, as a result of an increased recruitment of quiescent
NSCs and their ensuing proliferative capacities, leading to a
large boost of the immature neuroblast pool. Moreover, our
results suggested that a prolonged period of physical activity
(21 days) did not exert any beneficial effect on p21 KO SVZ
neurogenesis, likely due to an excessive proliferative activity
that might induce the appearance of replicative stress in the

Table 1 Effect of running on SVZ neurogenesis in the 2-month-old p21 wild-type mice

Ki67 GFAP Ki67 GFAP % Recruitment Nestin Ki67 Nestin DCX Ki67 DCX

WT 9573 ± 501 4069 ± 311 460 ± 78 13,88 ± 2,23 7964 ± 725 4344 ± 205 5552 ± 367 5324 ± 477

WT run 5d 8983 ± 620 3793 ± 281 416 ± 59 13,46 ± 1,68 7904 ± 1067 4157 ± 485 5986 ± 346 5592 ± 347

WT run 12d 8975 ± 523 3749 ± 321 480 ± 90 13,38 ± 2,20 8440 ± 537 4068 ± 335 5296 ± 3,46 4929 ± 136

WT run 21d 10,037 ± 628 3821 ± 331 452 ± 64 14,57 ± 1,59 7806 ± 401 4021 ± 309 5232 ± 565 5475 ± 420

Values are expressed as cell density (number of positive cells/ 100 μm3 SVZ) ± SEM

% Recruitment is expressed as ratio between total number of Ki67+ /GFAP+ cells on total number GFAP+ cells

The table shows the main parameters related to adult neurogenesis, measured in the SVZ of the sedentary p21 WT mice and of the p21 WT mice
submitted to the three different running conditions (5, 12, and 21 days). Statistical analysis through ANOVA does not show any significant difference in
the comparisons between the p21 WT mouse parameters and those measured in p21 WT mice after different running conditions

�Fig. 1 Five and 12 days of running triggers an increase of NSC
recruitment and expansion in p21 KO mice. Increased recruitment from
quiescence and expansion of NSCs in p21 KOmice after 5 and 12 days of
running. (a–e) Representative fluorescence confocal images of SVZ
coronal sections showing the increased recruitment and expansion of
Ki67+/SOX2+/GFAP+ dividing type B neural stem cells (in red, blue,
and green, respectively) in the SVZ of p21 KO run 5d and 12d mice
(scale bar, 100 μm). f The percentage of type B cells recruited in cell
cycle (ratio between Ki67+/SOX2+/GFAP+ and total SOX2+/GFAP+

cells) is significantly enhanced in p21 KO run 5d and 12d with respect
toWTanimals (p21WT vs. p21 KO run 5d, p = 0.001 and vs p21 KO run
12d, p < 0.05). g–i Quantification of the cell density (total number of
labeled cells/SVZ area) for the different markers, demonstrating that
running triggers subventricular neurogenesis in the SVZ of p21 KO run
5d and 12d mice. gHistogram showing a significant increment in the p21
KO run 5d and 12d mice in respect to the p21 WT mice of the cycling
type B cells (Ki67+/SOX2+/GFAP+: p21 KO run 12d vs. p21 WT,
p < 0.05 and vs. p21 KO, p < 0.01). h And of the type B pool size
(SOX2+/GFAP+: p21 KO run 12d vs. p21 WT, p < 0.001 and vs. p21
KO, p < 0.05). i These events lead to an overall increased proliferation
(Ki67+ cells) in the SVZ of p21 KO run 5d and 12d mice in respect to the
p21 WT mice (p21 KO run 12d vs. p21 WT, p < 0.01 and vs. p21 KO,
p < 0.01). jGraph illustrating the enhancement of SOX2 expression in the
p21 KO and p21 KO run 5d and 12d mice in respect to the p21WTmice.
Cell density (cell number/volume SVZ) is mean ± SEM of the analysis of
at least four animals per conditions. Statistical significance: *p < 0.05,
**p < 0.01, ***p < 0.001. ANOVA analysis
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hyper-proliferating progenitors. In order to verify our hypoth-
esis, we performed an immunostaining for phosphorylated
H2AX (γH2AX), which represents a specific marker of rep-
licative stress, and we observed a significant induction of

γH2AX in the SVZ of p21 KO run 21d mice in comparison
with the other experimental conditions (F(4, 31) = 2.87,
p < 0.05, one-way ANOVA followed by Fisher’s PLSD post
hoc test; Supp. Fig. 1).
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Fig. 2 Five and 12 days of running enhance type C and type A
subpopulation in p21 KO mice. Enhanced adult SVZ neurogenesis in
p21 KO mice after 5 and 12 days of running. a–e Representative
confocal images of SVZ coronal sections illustrating the large increase
in the p21 KO run 5d and 12d mice of Nestin+ (identifying type B and
type C cells) and type A cell number, recognized as triple-labeled Ki67+/
Nestin+/DCX+ cells, in red, green, and blue, respectively (scale bar,
100 μm). f–g Histogram showing the enhanced number of proliferating
type B/C (Ki67+/Nestin+) and type A cells (Ki67+/DCX+) in the 5- and
12-days running p21 KO mice largely exceeding the values measured in
the other conditions (Ki67+/nestin: p21 KO run 5d vs. p21WT, p < 0.001,

p21 KO run 12d vs. p21WT, p < 0.001; Ki67+/DCX+: p21 KO run 5d vs.
p21 WT, p < 0.001, p21 KO run 12d vs. p21 WT, p < 0.001). h–i The
overall number type B/C cells and type A cells, identified as Nestin+ and
DCX+ cells, respectively, was significantly increased when compared
with the control experimental conditions (Nestin+: p21 WT vs. p21 KO
run 5d, p < 0.001, vs. p21 KO run 12d, p < 0.01; DCX+: p21 WT vs. p21
KO run 5d and vs. p21 KO run 12d, p < 0.001). Cell density (cell number/
volume SVZ) is mean ± SEM from the analysis of at least four animals
per condition. Statistical significance: *p < 0.05, **p < 0.01,
***p < 0.001. ANOVA analysis
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Twelve Days of Running Shortens the G1 Phase
and Cell Cycle Length in the Proliferating Cells
in the SVZ of p21 KO Mice

To directly determine if the enhanced proliferation rate ob-
served in the p21 KO run 5d and in the KO run 12d mice
was dependent on modification of the cell cycle, we per-
formed two different cell cycle analyses: the cell cycle length
calculation [44, 45, 50] and the cell cycle exit measurement.
The first methodological approach was characterized by two
different time-points between injections of the BrdU analog,
Idu, and CldU, in order to accurately measure the length of the
S-phase (Ts, 3-h time-point; Fig. 3a, b, d) and the total cell
cycle length (Tc, 16-h time-point; Fig. 3e, f, h). The analysis
showed that p21 deletion did not affect the Ts in sedentary
mice (Ts p21 WT = 9.48 ± 0.83 h; Ts p21 KO= 9.27 ± 0.55 h;
Fig. 3c, i), and also that the three different running protocols
did not exert any significant alterations in the S-phase of the
p21 KO mice (F(4, 52) = 0.76, p = 0.55; Fig. 3c, i). The calcu-
lation of the whole cell cycle length (Tc; Fig. 3e, f, i) displayed
a significant shortening of the cell cycle length in the p21 KO
run 12d (Tc = 16.8 ± 0.08) mice in respect to the p21 WT and
p21 KO mice (Tc p21 WT= 17.6 ± 0.2; Tc p21 KO = 17.6 ±
0.11, F(4, 39) = 11.7, p < 0.001, one-way ANOVA followed by
Fisher’s PLSD post hoc test; Fig. 3g, i), while 5 days of run-
ning was not able to induce a faster progression of the cell
cycle in the p21 KOmice (Tc p21 run 5d = 17.4 ± 0.3; Fig. 3g,
i). Finally, we observed in the p21 KO run 21d a significant
increment in the cell cycle duration (Tc = 19 ± 0.34) when
compared with the other experimental conditions (F(4, 39) =
11.7, p < 0.001, one-way ANOVA followed by Fisher’s PLSD
post hoc test; Fig. 3g, i), further confirming that a prolonged
period of running might induce a consistent lengthening in the
cell cycle progression of the SVZ p21-lacking progenitors. To
better analyze the kinetic of the different cell cycle phases, we
also measured the length of G2/M, by using the percentage of
labeled mitotic index (see M&M for more specific informa-
tion), and we found that the G2+M phase length was about 5 h
for all the experimental groups (Fig. 3i). Consequently, the
calculation of the G1 phase was carried out by subtracting
the S-phase and G2/M phases from the Tc [56], and it clearly
showed that in the SVZ of p21 KO mice, 12 days of running
was able to significantly shorten the G1 phase in comparison
with the other experimental groups (F(4, 37) = 2.88, p < 0.05,
one-way ANOVA followed by Fisher’s PLSD post hoc test,
Fig. 3i). Afterwards, we decided to assess the possibility that
the increased proliferation observed in the 5 and 12 days run-
ning p21 KO mice was strictly dependent on a longer perma-
nence of running-activated SVZ progenitors in the cell cycle.
To this goal, we determined the cell cycle exit rate of neural
progenitors residing in the SVZ by injecting animals with a
single BrdU pulse and performing immunostaining for BrdU
and Ki67 48 h later (Supp. Fig. 2 A). The fraction of cells

exiting the cell cycle after this time interval was calculated by
dividing the number of BrdU+/Ki67− cells by the total number
of BrdU+ cells. From the results obtained, we observed that in
the p21 KO run 5d and 12d mice, the percentage of newborn
neurons that have exited the cell cycle after 48 h dramatically
decreased when compared with the values seen in the p21WT
and KO mice. Moreover, the fraction of cells exiting the cell
cycle in the p21 KO run 21d running animals drastically in-
creased in respect to p21 KO run 12d (F(4, 33) = 7.692,
p < 0.001, one-way ANOVA followed by Fisher’s PLSD post
hoc test; Supp. Fig. 2 B), reaching the percentage observed in
sedentary WT mice.

Overall, the cell cycle analysis suggests that in the p21 KO
mice, the 12-days running paradigm was able to shorten the
cell cycle length and to decrease the proportion of cells exiting
the cycle, thereby allowing them both a longer permanence
inside it and the possibility to perform a greater number of cell
divisions, ultimately leading to the overall increase in prolif-
eration. Moreover, the cell cycle lengthening and the in-
creased percentage of neuroblasts exiting from the cell cycle
observed in the 21-days running paradigm demonstrates that
this condition induces a reduction in the number of achievable
cycles and consequently a significant decrease in progenitor
proliferation, confirming the absence of pro-neurogenic ef-
fects exerted by a sustained period of running in the p21 KO
mice. However, we did not observe any causal correlation
between the increase in proliferation and changes in G1 and/
or whole cell cycle length after 5 days of running in the p21
KOmouse. In this regard, we can only hypothesize that even a
slight reduction in the cell cycle length detected after a short-
term running session was sufficient to trigger a significant
increase in proliferation in the absence of p21.

Running Induces a Faster Migration of Post-Mitotic
Neuroblasts in the p21 KO Mice

Adult SVZ neuroblasts, once out of the cell cycle, migrate
through the rostral migratory stream (RMS) in order to reach
their final destination, the olfactory bulb (OB), where they
mature into granule cells (GCs) and periglomerular cells
(PGCs). These cells play a pivotal role in supplying newborn
inhibitory interneurons to the OB and in ensuring its structural
integrity and functionality [54, 57]. We tested if the increased
proliferation and the cell cycle modification detected in the
p21 KO mice after 12 days of physical activity impacted the
migratory dynamics of post-mitotic neuroblasts. In order to
verify this hypothesis, we treated the different experimental
groups with five daily injections of BrdU (95 mg/kg) and
sacrificed them 1 week after the last injection (Fig. 4a). This
protocol allowed us to properly follow the differential migra-
tory properties, along the caudal-rostro path SVZ-RMS-OB,
of the BrdU+ newborn neuroblasts. However, this procedure
was not applicable to the experimental group p21 KO run 21d,
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which was consequently not taken into account in this study.
The number of BrdU+ cells was measured in four different
regions: SVZ (Fig. 4g), RMS (Fig. 4f), infrabulbar RMS
(Fig. 4e), and OB (Fig. 4d), and their relative fraction in each
area was determined from the sum of BrdU+ cells counted in
all the analyzed regions. We observed that the two sedentary
conditions, p21 WT and p21 KO, did not display any notice-
able difference in the BrdU+ distribution (Fig. 4b, c, d), while
in the p21 KO run 12d, a significantly higher percentage of
BrdU+ cells were located in the OB compared with all the
other experimental conditions (F(3, 29) = 8.55, p < 0.001, one-
way ANOVA followed by Fisher’s PLSD post hoc test;
Fig. 4b, c, d). Moreover, we observed a diminished fraction
of BrdU+ cells in the SVZ of the p21 KO run 12d mice in
respect to that measured in the sedentary p21 WT and KO
mice (F(3, 29) = 3.02, p = 0.046, one-way ANOVA followed
by Fisher’s PLSD post hoc test; Fig. 4b, c, f). Finally, we
detected that in the WT animals, 5 and 12 days of physical

activity did not induce any significant improvement in the
migration rate of post-mitotic neuroblasts with respect to the
sedentary littermates (data not shown).

These findings imply that the newly generated neuroblasts
in the p21 KO mice migrate from the SVZ to their definitive
destination at a significantly accelerated rate when exposed to
voluntary wheel running for a period of 12 days, thus suggest-
ing an accelerated differentiative rate of this population inside
the OB. To test this hypothesis, we measured in the OB the
total number of BrdU+NeuN+ cells as well as the percentage
of differentiating new neurons (calculated as the ratio
BrdU+NeuN+/total BrdU+ cells in the OB), and we found that
both this parameters significantly increased in the p21 KO run
12d in comparison with the other groups (BrdU+NeuN+ cells:
F(3, 31) = 17.88, p < 0.001, one-way ANOVA followed by
Fisher’s PLSD post hoc test, Fig. 4h; differentiating new neu-
rons: F(3, 31) = 3.56, p < 0.05, one-way ANOVA followed by
Fisher’s PLSD post hoc test, Fig. 4i). Overall, these data sug-
gested that the concomitant deletion of p21 and the presence
of a pro-neurogenic stimulus such as physical exercise are
necessary and sufficient to induce a general increase, above
physiological conditions, of the number of mature neurons in
the OB as a consequence of the larger production of NSCs in
the SVZ, of the faster post-mitotic neuroblast migration and of
their increased differentiative rate.

Running Triggers Functional Activation of Newborn
Neurons in the Olfactory Bulb of p21 KO Mice

In the OB, 4-weeks-old newly generated neurons are recruited
in the olfactory circuits as GABA-ergic inhibitory modulators
of mitral/tufted cells. The recruitment of OB newborn neurons
is highly enhanced by olfactory stimulation [58], and the con-
comitant expression of BrdU and the immediate early gene c-
fos is often used to analyze the functional activation of new-
born neurons in the adult OB [44, 59]. Indeed, in order to
explore whether the enhanced neurogenesis detected in the
p21 KO run 12d mice resulted in the functional recruitment
of newborn neurons, we treated the animals with five daily
injections of BrdU and 4 weeks later, we exposed them to five
presentations of the octanal odorant. The mice were sacrificed
1.5 h following olfactory stimulation in order to allow the
expression of the c-fos protein (Fig. 5a). As a first step, we
measured the total number of 4-weeks-old neurons which had
incorporated BrdU and found that in p21 KO run 5d and 12d
mice, the total number of BrdU+/NeuN+ cells within the OB
was significantly higher in comparison with the p21 WT and
p21 KO run 21d groups (F(4, 70) = 6.44, p < 0.001, one-way
ANOVA followed by Fisher’s PLSD post hoc test; Fig. 5b).
Moreover, when we analyzed the rate of functionally activated
newborn neurons (c-fos+BrdU+/BrdU+ total cells) after olfac-
tory stimulation, we found that only those belonging to the
p21 KO run 12d group showed an increment in respect to the

�Fig. 3 Cell cycle length analysis reveals a running-dependent shortening
of cell cycle length in p21 KO mice after 12 days of running. a
Experimental timeline of the different pulses thymidine analogs for S-
phase measurement. Mice were put in the running cage for 5, 12, or
21 days. On the last day of running, they received double pulses,
separated by 3 h, of IdU and CldU, and were perfused after 45 min
from the second injection (as explained in detail in BMaterial and
Methods^). b Equation for the calculation of the S-phase length. The
ratio of cells that have left the S-phase during the 3-h inter-injection
interval (IdU+/CldU− cells) to the total number of IdU+ cells is equal to
3 h/Ts. c Histogram illustrating S-phase length (in hours) among the five
different experimental conditions. We did not find any significant
differences among the five groups. d An interval of 3 h between IdU
and CldU pulses produces three differentially labeled cell types: IdU+/
CldU− (green, arrowhead) which exited S-phase during the interval
between the two pulses, IdU−CldU+ (red, arrow) which entered S-phase
during the 3-h interval between the two injections, and IdU+/CldU+

double-labeled cells (yellow, asterisk) which were in the S-phase during
both the injections (scale bar, 100 μm). e Experimental timeline of
thymidine analogs injection for the precise calculation of the cell cycle
length. In this case, the time interval between IdU and CldU was 16 h. f
Equation for the calculation of the cell cycle with the IdU/CldUmethod. g
Histogram illustrating the cell cycle calculation in the five experimental
groups. Twelve days of running induces a significant decrease of cell
cycle length in comparison with p21 WT and KO mice (p21 KO run
12d vs. p21 WT, p < 0.05 and p21 KO run 12d vs. p21 KO, p < 0.05).
Finally, in the p21 KO run 21dmice, we observed a cell cycle lengthening
compared with the other groups (p21 KO run 21d vs. p21 WT, p < 0.001
vs. p21 KO, p < 0.001). h An interval of 16 h between IdU and CldU
injections produced cycling cells that were in the S-phase during the IdU
injection only (Idu+/CldU− cells, green, arrowhead), or during the CldU
pulse (IdU−/CldU+ cells, red, arrow), or cells that re-entered the cell cycle
and were in S-phase during both the pulse (IdU+/CldU+, yellow, asterisk;
scale bar, 100 μm). i Table showing the length of the whole cell cycle, S-
phase, G2/M phase, and G1 phase among the different experimental
conditions. In the p21 KO run 12d, G1 phase was significantly shorter
compared with the other groups except for p21 KO run 5d (p21 KO run
12d vs. p21 WT, p = 0.015, vs. p21 KO, p < 0.01 vs. p21 KO run 21d,
p < 0.01). Cell number is mean ± SEM from the analysis of at least four
animals per condition. Statistical significance: *p < 0.05, **p < 0.01,
***p < 0.001. ANOVA analysis
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other experimental conditions (F(4, 70) = 11.5, p < 0.001, one-
way ANOVA followed by Fisher’s PLSD post hoc test;
Fig. 5c, d). These data further confirm that 12 days of running
specifically triggered the pro-neurogenic potential of NSCs
and improved the functional recruitment rate of newly gener-
ated neuroblasts lacking the inhibitory control exerted by p21.

Twelve Days of Running Improves Olfactory Behavior
in p21 KO Mice

Several studies have described that adult SVZ neurogenesis
profoundly affects some aspects of olfactory behavior, in par-
ticular the odor detection threshold which specifically mea-
sures the mouse’s odor perception capacity, and the short-term
olfactory memory [53, 54, 58]. We hypothesize that the en-
hanced SVZ neurogenesis and the increased functional acti-
vation of newborn neurons in the p21 KO run 12d mice might
impact both olfactory behaviors.

As a first step, we analyzed spontaneous motor activity and
anxiety level of p21 WT and KO mice, in the open field test.
Our data showed that, while the distance traveled and the
velocity were higher in p21 KO mice (p < 0.05 for both the
parameters, t test analysis; Supp. Fig. 3 A, B), anxiety level
was comparable between groups, as evaluated by the percent-
age of time spent in the center versus the periphery of the
arena (p > 0.05, t test analysis; Supp. Fig. 3 C).

In the odor detection threshold test, mice were presented
with a pair of cotton swabs soaked, respectively, with mineral
oil and octyl-aldehyde odorant in increasing concentration
(10−7, 10−5, 10−4, 10−3%) (Fig. 6a). In this test, a > 50% odor

sniffing duration versus above mineral oil (assessed by a sin-
gle sample t test analysis) reflects the animal’s ability to detect
the odor over the background [54]. p21 KO run 21d group was
not included in these experiments due to the absence of any
proneurogenic effect provided by this running paradigm. We
observed that in the first day of the test (octyl-aldehyde con-
centration at 10−7%), the time spent by p21 KO run 12d mice
sniffing the odor over the mineral oil was noticeably longer
(69% ± 1.41) than the other experimental groups («genotype ×
concentration» interaction, F(9, 63) = 10.53, p < 0.001, two-
way ANOVA followed by Fisher’s PLSD post hoc test;
Fig. 6b). These data suggest a specific improvement of sensi-
tivity to very low concentrations of odors in the p21 KO run
12d mice. In the second and third days of testing (octyl-alde-
hyde concentration at 10−5% and 10−4%, respectively), we
observed a gradual increase in the time interval spent in
sniffing the odor by sedentary p21 WT and p21 KO run 5d
mice, while the preference for the odorant of p21 KO run 12d
mice decreased, likely because the odor was already familiar
to the animals. Noteworthy, single sample t test analysis indi-
cated that for p21 KO mice, sniffing at the odorant was never
longer than sniffing the mineral oil (i.e., the odor detection
index was never significantly > 50%), suggesting a low odor
sensitivity likely dependent on the p21 deletion (Fig. 6b).
Similar results were attained when butyl-butyrate was used
(Fig. 6c).

To assess the concomitant effect of p21 deletion and run-
ning on the short-term olfactory memory, 4 weeks after phys-
ical exercise, the mice were submitted to an olfactory task, in
which they were exposed twice to the same odorant at differ-
ent time intervals (Fig. 6d). The difference in the duration of
sniffing between the first and the second exposures was con-
sidered as an indication of olfactory memory. We tested the
animals at four different time intervals (30, 240, 300, 360 min)
using a different odorant each time. p21 KO mice were ex-
cluded from the experiment due to their scarce odor sensitiv-
ity. Our data showed that the p21WT, p21 KO run 5d, and p21
KO run 12d maintained a robust memory of the odor at 30,
240, and 300 min (Fig. 6e–g). However, only the p21 KO run
12dmice showed olfactory memorywhen tested 360min after
the first exposure, while the other groups did not (Student’s t
test, p < 0.05, first vs. second exposure; Fig. 6g). This result
indicates that the enhanced maturation of newborn neurons in
the OB could be related to the improvement of the short-term
olfactory memory in the p21 KO run 12d mice. As for the
odor detection threshold, it is worth to note that the effect of
running is magnified by the concomitant loss of the p21 gene.

Physical Activity Induces In Vitro Expansion
of p21-Null Neural Stem Cells

We then asked how physical activity might affect the type of
division (symmetric vs. asymmetric) of the NSCs within the

�Fig. 4 Twelve days of running induced a faster migration of post-mitotic
neuroblasts in p21 KO mice. a Experimental procedure of BrdU
injections for the analysis of the migratory kinetic of post-mitotic
neuroblasts. Mice groups (with the exception of p21 KO run 21d)
received five daily pulses of BrdU and were then sacrificed 7 days after
the last injection of BrdU. b The quantification of BrdU+/DCX+ cell
distribution in differentmigratory stages indicates that running for 12 days
accelerates migration of the newly generated neuroblasts. d–g
Representative confocal images of coronal sections showing the
migration path of neuroblasts from the SVZ (d), along the RMS (e), to
the infra-bulbar RMS (f), and finally to the OB (g). Cells in the different
regions were identified by triple-labelling with BrdU+/DCX+/NeuN+

represented in red, green, and blue, respectively. The images show the
accelerated migratory trend in the p21 KO run 12d mice with a smaller
number of BrdU+ cells in the SVZ and an increase in BrdU labelling in
the OB compared with the other experimental conditions (scale bar,
75 μm). h Histogram showing the increase in the overall number of
newborn neurons in the OB following physical exercise compared with
physiological condition (p21 KO run 12d vs. p21 WT, p < 0.001, vs. p21
KO, p < 0.001, vs. p21 KO run 5d, p < 0.001). i Increase in the percentage
of mature neurons over the total number of BrdU+ cells in the OB in the
p21 KO run 12d in comparison with WT mice (p21 KO run 12d vs. p21
WT, p < 0.05, vs. p21 KO, p < 0.01, vs. p21 KO run 5d, p < 0.05). Cell
number is mean ± SEM from the analysis of at least four animals per
condition. Statistical significance: *p < 0.05, **p < 0.01, ***p < 0.001.
ANOVA analysis
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SVZ of 2-month-old p21 KO mice. To address this issue, we
performed neurosphere (NS) cultures by SVZ-derived NSCs
in the five experimental conditions. In this in vitro model of
NSC proliferation, symmetric divisions contribute to produce
more NS, increasing the pool of NSCs, while asymmetric
divisions result in an increase of the volume of the NS [55].
To isolate and characterize the NSCs in the SVZ, p21 WTand
KO mice were crossed with Nestin-GFP mice [48], in which
GFP expression is driven by the promoter of the NSC-specific
gene Nestin. GFP+ NSCs were isolated by fluorescent-
activated sorting (FACS; Fig. 7a) from the SVZ of p21 WT/
NestinGFP mice (referred as p21 WT/GFP mice), p21 KO/
GFP mice, and p21 KO/GFP mice after 5, 12, and 21 days of
running. At the first passage (7 DIV), we observed that p21
loss induced an increase both in the number (reflecting more
symmetric divisions) and in the size (reflecting more asym-
metrical divisions) of GFP+ primary NSFs, as compared with
control p21 WT/GFP mice (number of NSFs: F(4, 10) =
157.41, p < 0.001, one-way ANOVA followed by Fisher’s
PLSD post hoc test; volume of NSFs: F(4, 53) = 7.713,
p < 0.001, one-way ANOVA followed by Fisher’s PLSD post
hoc test; Fig. 7b, c, d). Interestingly, the number and the size of
secondary NSFs derived from p21 KO/GFP (14 DIV) mice
reached values comparable to those measured in WT (number
of NSFs: F(3, 8) = 12.166, p < 0.01, one-way ANOVA follow-
ed by Fisher’s PLSD post hoc test; volume of NSFs: F(3, 81) =
6.640, p < 0.001, one-way ANOVA followed by Fisher’s
PLSD post hoc test; Fig. 7b, c, d). Remarkably, 5 days of
running induced a significant increase in the number of sec-
ondary p21 KO GFP+ NSFs (F(3, 8) = 12.166, p = 0.002, one-
way ANOVA followed by Fisher’s PLSD post hoc test;
Fig. 7e), while 12 days of running resulted in a striking en-
hancement in GFP+ NSFs volume and in proliferative index
with respect to the other conditions (proliferative index: F(3,

8) = 61.94, p < 0.001, one-way ANOVA followed by Fisher’s
PLSD post hoc test; Fig. 7f, g). Instead, we did not obtain any
GFP+ NS from p21 KO/GFP mice after 21 days of running,

suggesting that these cells quickly lose their stemness poten-
tial once cultured in vitro. At the fourth passage (28 DIV), the
reduced capabilities of forming NSFs of p21 KO/GFP NSCs
became more evident (Fig. 7h, i, j), confirming previous data
indicating that p21 deletion induced a progressive decline of
both self-renewal and proliferative capacity of NSCs in vitro
[54]. At this stage, we observed a similar trend detected in the
NSFs at DIV14, with 5 days of running resulting in a large
enhancement of the number of p21-null NSFs (F(3, 8) =
100.94, p < 0.001, one-way ANOVA followed by Fisher’s
PLSD post hoc test; Fig. 7h, i), while 12 days of running
induces a concomitant enhancement of number and size of
NSFs, largely exceeding the physiological values (volume of
NSFs: F(3, 90) = 36.214, p < 0.001, one-way ANOVA follow-
ed by Fisher’s PLSD post hoc test; Fig. 7h, i, j). The in vitro
results confirm that, in p21 KO mice, physical activity in-
creases neurogenesis by inducing NSC self-renewal (through
symmetric division) and, subsequently, differentiation
(through asymmetric division). This led us to hypothesize that
12 days of running give rise to a hyper-activated NSCs pop-
ulation, able to significantly increase SVZ neurogenesis and
the olfactory behavior of p21 KO mice at 2 months of age.

Proneurogenic Effect of Running in 12-Month-Old SVZ
of p21 KO Mice

It has been extensively demonstrated that in aging, the consti-
tutive deletion of the p21 gene induces a striking reduction of
hippocampal and SVZ neurogenesis mainly due to the pro-
gressive exhaustion of the NSC pool and, to a lesser extent, to
the increase of replicative stress in neural progenitors [32, 55].
To verify if physical activity is able to not only counteract the
age-dependent exhaustion of NSC pool but also to reactivate
SVZ neurogenesis in the p21 KO aged mice, 12-month-old
mice were subjected to the same running experimental condi-
tions as P60 mice. In accordance with previous results, the
SVZ of p21 KO mice displayed a significant decrease of cell
proliferation (Ki67+ cells: F(4, 116) = 15.234, p < 0.001, one-
way ANOVA followed by Fisher’s PLSD post hoc test;
Fig. 8a, e–i), and of the number of type B cells in comparison
with the p21WTmice (GFAP+/SOX2+ cells:F(4, 55) = 10.125,
p < 0.001, one-way ANOVA followed by Fisher’s PLSD post
hoc test; Fig. 8b, e–i). However, we did not observe a similar
reduction when we analyzed the recruitment and expansion
rate of type B cells (Fig. 8c, d). We also noted a sharp reduc-
tion of type B/type C (Nestin+ cells: F(4, 50) = 8.33, p =
0.00003, one-way ANOVA followed by Fisher’s PLSD post
hoc test; Supp. Fig. 4 A, E-I) and type A cells in the p21-null
mice with respect to the WT counterpart (DCX+ cells: F(4,

51) = 11.041, p < 0.001, one-way ANOVA followed by
Fisher’s PLSD post hoc test; Supp. Fig. 4 B, E-I). In the p21
KO mice, we observe that only the short-term paradigm of
running (5 days) was able to trigger a large increase of type

�Fig. 5 Twelve days of running improves functional recruitment of
newborn neurons after olfactory stimulation in p21 KO mice. a
Different protocols for BrdU injections in the three running paradigms.
b Total amount of BrdU+NeuN+ cells observed in the OB, significantly
increased 5 and 12 days running p21 KO groups in comparison with p21
WT and KO sedentary mice (p21 WT vs. p21 KO run 5d, p < 0.001, vs.
p21 KO run 12d, p < 0.01). c Graph illustrating that the total number of
activated newborn neurons in the OB increases in 12 days running p21
KO mice compared with the other groups (p21 KO run 12d vs. p21 WT,
p < 0.001, vs. p21 KO, p < 0.001, vs. p21 KO run 5d, p < 0.001, vs. p21
KO run 21d, p < 0. 001). d Representative confocal images of coronal
sections of the olfactory bulb showing the functional integration of
newborn neurons in p21 WT and p21 KO mice after running for 5 and
12 days. They are identified as double-labeled BrdU+/c-fos+ represented
in red and green, respectively (scale bar, 100 μm). Cell number is mean ±
SEM from the analysis of at least four animals per condition. Statistical
significance: *p < 0.05, **p < 0.01, ***p < 0.001. ANOVA analysis
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B recruitment (F(4, 55) = 5.974, p < 0.001, one-way ANOVA
followed by Fisher’s PLSD post hoc test; Fig. 8c, e–i) and
expansion (expressed as the Ki67+SOX+GFAP+ cell density),
largely exceeding the values measured in WT mice (F(4, 55) =
8.602, p < 0.001, one-way ANOVA followed by Fisher’s
PLSD post hoc test; Fig. 8d, e–i). These events evolved in a
dramatic increase of the overall proliferation (Ki67+ cells) of
newborn cells in the p21 KO run 5d old mice, which reached
values well above those observed in all the other experimental

mice groups (F(4, 116) = 15.234, p < 0.001, one-way ANOVA
followed by Fisher’s PLSD post hoc test; Fig. 8a, e–i).
Moreover, we observed that 5 days of running induced in
the p21 KO mice a significant enhancement of the proliferat-
ing fraction of type B/C cells and type A neuroblasts in respect
to the WT mice (Ki67+Nestin+ cells, F(4, 50) = 22.63,
p < 0.001, one-way ANOVA followed by Fisher’s PLSD post
hoc test; Supp. Fig. 4 C; Ki67+DCX+ cells, F(4, 51) = 8.24,
p < 0.001, one-way ANOVA followed by Fisher’s PLSD post

Fig. 6 Improved olfactory detection in p21 KO mice after 12 days of
running. a Experimental design for the odor detection test. b p21 KO
run 12d mice were able to detect octyl-aldehyde at a concentration of
10−7%, while both WT mice and p21 KO run 5d mice only detected the
odor at a concentration of 10−4%. p21 KO mice did not detect the odor,
not even at the highest concentration of 10−3% («genotype ×
concentration» interaction, p21 KO run 12d vs. p21 WT, p21 KO and
p21 KO run, p < 0.001). Values are expressed as the percentage of time
the animals spent sniffing at the target odorant on the total time they spent
sniffing (at both the odor sources). c Odor detection threshold to butyl-
butyrate. Also in this case, p21 KO run 12d mice showed to be able to
detect the odor even at the lowest concentration of 10−7%, undetectable to

all the other groups («genotype × concentration» interaction, F(9, 75) =
2.11, p < 0.001, two-way ANOVA followed by Fisher’s PLSD post hoc
test, p21 KO run 12d vs. p21WT, p21 KO and p21 KO run, p < 0.001). A
> 50% sniffing duration (above chance) indicates odorant detection. d
Experimental design for the short-term olfactory memory test. e–g Each
bar of the graph represents the time animals spent investigating a given
odor on the first (black columns) and the second (white columns)
exposure. p21 WT and p21 KO run 5d mice showed intact memory for
the odor 30, 240, and 300 min after the first exposure; however, the p21
KO run 12d mice were able to remember the odor after 360 min
(Student’s t test, *p < 0.05, **p < 0.01, ***p < 0.001, first vs. second
exposure). N = 7–8 mice/group
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hoc test; Supp. Fig. 4 D), which contribute to recover the
diminished number of types C and A progenitor sub-
populations observed in the sedentary p21 KO mice. It is
important to note that at this age, 12 and 21 days of running
did not exert any beneficial role in increasing SVZ
neurogenesis in the p21 KO mice (Supp. Fig. 4, A-D). Our
data suggested that aged NSCs lacking the cell cycle inhibitor
p21 still maintain a high proneurogenic potential in terms of
recruitment, expansion, and proliferation, when stimulated by
an external stimulus such as physical exercise.

Discussion

In the present study, we examined the effect of voluntary
physical activity on SVZ neurogenesis of p21-null mice.
Our data provides original findings showing that in the ab-
sence of the p21 gene, SVZ neurogenesis and olfactory be-
havior are significantly enhanced by voluntary running. We
demonstrated that the main event triggering an increased SVZ
neurogenesis in p21 KO running mice is represented by an
enhanced rate in the recruitment of quiescent NSCs in the cell
cycle, leading to a consistent increase in the expansion capac-
ity of the p21-lacking NSCs and in the NSC pool available for
the following proliferative/differentiative steps within the
SVZ. We have also demonstrated that voluntary physical ex-
ercise in the p21-null mouse model accelerates the migration
of post-mitotic neuroblasts toward the OB, which entails an
elevated maturation rate and an enhancement in the functional
integration of newborn neurons within the olfactory bulb cir-
cuits following olfactory stimulation. Moreover, behavioral
tests clearly demonstrate that p21 KO mice show a better
performance in the odor detection threshold short-term olfac-
tory memory after 12 days of voluntary running. Finally, our
results demonstrated that in 12-month-old mice, 5 days of
running are still able to rescue the declined SVZ neurogenesis
detected in p21 KO mice, far exceeding the physiological
levels. These findings indicate that p21-null SVZ NSCs main-
tained a pro-neurogenic potential throughout the lifespan and
that the declined adult neurogenesis in p21 knockout mice can
be strongly upregulated above physiological levels by a
short-medium input of physical activity. Supporting our
hypothesis, a recent paper has shown that the conditional
expression of the CCDK4/cyclinD1 complex is able to
expand the pool of NSCs within the SVZ, to increase
the number of new neurons in the olfactory bulb, and
finally to improve the olfactory discrimination of mice
when tested with a challenging task [60].

The role exerted by p21 in maintaining the homeostasis in
the adult neurogenic niches has been extensively analyzed by
the use of the constitutive p21 knockout mouse model. These
investigations showed that deletion of p21 induces an expan-
sion of the NSCs due to a large increase of symmetric and

asymmetric divisions [54], resulting in a progressive exhaus-
tion of the self-renewal capacities and to a consistent decline
of hippocampal and subventricular neurogenesis [28, 29, 32,
33]. However, such a decrease is still not apparent in vivo at
2 months of age [31, 55], while in vitro experiments have
shown a significant enhancement in self-renewal and expan-
sion of p21-null NSCs at this stage, leading to the hypothesis
that the enhanced proliferation occurred exclusively on the
relatively small sub-population of type B cells [31, 32].

In our experiments, we did not find evidence of any in-
crease in the pool size nor in the proliferating p21-devoid
NSCs of 2-month-old mice, whereas, in agreement with pre-
vious studies, the decline of SVZ neurogenesis is quite evident
in p21 KO mice at 12 months of age. In the young p21 KO
mice, the only significant difference that we noticed in respect
to the control condition is represented by the increase in SOX2
expression. These observations confirm other data showing
how p21 maintains the proper regulation of the cell cycle
transition in NSCs by binding the enhancer sequence and by
repressing the expression of the SOX2 gene, which represents
one of the main transcription factors of stem pluripotency.
Remarkably, the long-term increase of SOX2 expression in
the adult SVZ induces cell cycle arrest, replicative stress,
and the onset of DNA damage in hyper-proliferating p21-null
NSCs and progenitor cells [33]. We speculate that a similar
process might occur in the NSCs of the p21 KO mice after
21 days of running. In fact, we observed a progressive in-
crease of SOX2 expression in 5 and 12 days running p21
KO mice that could induce replicative stress and cell cycle
arrest in the course of the longer running paradigm, with the
result that after 21 days of running the pro-neurogenic effects
exerted by physical exercise are completely abolished.

In this research, we provide clear indications that in 2-
month-old p21 KOmice, 12 days of running induced the most
powerful pro-neurogenic stimulus for activation, proliferation,
migration, maturation, and functional integration of new neu-
rons in the SVZ-OB axis neurogenesis. In contrast, a 5-day
running protocol plays a positive role only in the first prolif-
erative steps occurring in the SVZ of p21 KO mice. Our data
led us to hypothesize that in the p21 KO mouse, running
establishes a series of cellular modifications (cell cycle short-
ening, increase of NSC pool size, and enhanced proliferation)
which could require a well-defined timing to optimize their
pro-neurogenic action. In this regard, in vitro data suggest the
existence of a multi-step mechanism strictly correlated with
the pro-neurogenic effect of physical activity in the p21 KO
mice. Indeed, we observed that a short-term running session
(5 days) was able to expand the NSC pool likely through the
increase of neurogenic symmetrical division, while a medium-
term running session (12 days) further triggered a significant
enhancement of asymmetric differentiative divisions leading
to a large production of neural progenitors. Once the plateau
of the pro-neurogenic effects has been reached, the beneficial
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role of running progressively loses its effectiveness, observed
with the occurrence of the anti-neurogenic changes evident in
the 21-day running protocol. This fact is even clearer when we
analyzed the p21 KO mice at 12 months of age, in which the
declined neurogenesis is fully recovered only by the short 5-
day running session, while 12 and 21 days of physical exercise
have no effect.

The results revealed that the main event triggering the in-
crease of subventricular neurogenesis in 2-month-old p21 KO
mice after 12 days of running is represented by the modifica-
tion of the cell cycle kinetic. The 12-day running paradigm is
able to induce in the SVZ of p21-null mice: (i) a shortening of
the G1 phase and consequently of the entire cell cycle and (ii)
a significant increase of cell cycle re-entry compared with the
other experimental conditions. These events are of pivotal
importance in allowing the p21-null neural progenitors to per-
form a greater number of divisions for a prolonged period of
time, ensuring a great expansion of the SVZ sub-populations.
To this regard, Calegari recently hypothesized that the length
of the G1 phase plays a decisive role in the orchestration of the
rate and the type (symmetric or asymmetric) of NSC division
and that in turn the factors regulating the G1 phase influence

this pattern. In short, a fast G1 is predictive for an expansion of
stem cells, while its elongation is linked to differentiating
events [61]. Consequently, the overexpression of the cyclin
D1/CDK4 complex (referred as 4D), which is involved in
the shortening of the G1 phase and in facilitating the G1/S
progression, induces an expansion of NSCs both in the course
of embryonic and adult neurogenesis without an obvious de-
pletion of the NSC pool [62, 63]. According to the hypothesis,
we observed a significant increase of cyclin D1 expression in
p21 KOmice after 12 days of running (data not shown) which
could be possibly related, via the shortening of the G1 phase,
to the expansion of type B cells and the induction of lineage
progression to neuroblasts.

Another mechanism involved in the transition between ex-
pansion and cell cycle arrest is the regulation of the re-entry of
NSCs in the cell cycle. The importance of p21 in regulating
this process has been highlighted in numerous studies show-
ing how the deletion of several pro-neurogenic transcription
factors during embryonic neurogenesis, such as Bmi-1 [64],
Tlx [65], Pitx2 [66], and Dux4 [67], induces an increase in
p21 expression; these events in turn lead to an early exit of
cells from the cell cycle and to the repression of NSC expan-
sion, further confirming the antiproliferative role of this gene.
In our study, we demonstrated how 12 days of running is
responsible for a significant increase of cell cycle re-entry of
the SVZ p21-lacking neural progenitors. Moreover, we ob-
served that the long-term paradigm of running (21 days) exerts
its anti-neurogenic action in p21 KO mice even inducing a
significant increase in cells exiting the cycle compared with
the other two running protocols. Overall, the analysis of the
cell cycle in the SVZ of p21 KOmice confirms that the length
of the G1 phase is a prominent factor for the neurogenic action
of physical exercise.

We also found a causal correlation between enhanced adult
SVZ neurogenesis in the p21 KO run 12d mice and olfactory
functions. Indeed, we demonstrated that in the p21 KO mice,
12 days of exercise increased the number of adult-born inter-
neurons in the OB by promoting neuronal differentiation, mat-
uration, and functional recruitment of adult born cells. These
events contribute significantly to a greater supply of function-
ally active interneurons in the OB which guarantee greater
synaptic plasticity and a more efficient flexibility in the
odor-associated learning process with a resulting significant
improvement in two odor tasks which have previously dem-
onstrated to be strictly dependent on the continuous supply of
newborn neurons to the OB: the odor detection threshold and
the olfactory short-term memory [53, 54]. Accordingly, it has
been shown that the constant arrival of newborn interneurons
sustains structural and functional plasticities in the OB circuit-
ry by allowing the correct turnover/addition of the OB inter-
neuronal population [57, 68] and the execution of specific
odor-associated behavior tasks. Moreover, it has been shown
that new granule cells play a distinct role in plastic change

�Fig. 7 Physical activity induces in vitro expansion and self-renewal of
p21-null NSC pool. aGating strategy to identify and sort cells of interest.
Samples were stained with PI to exclude dead cells, and GFP+ cells were
sorted in tubes. b Representative images of primary neurospheres (NSFs)
derived from 2-month-old P21 WT/GFP+ mice, p21 KO/GFP+ mice, and
p21 KO/GFP+ mice after 5 and 12 days of running, showing the
consistent increase in the number and size of GFP+ NSFs isolated by
FACS from p21 KO/GFP+ mice. c, d Histograms showing the large
increase in the number and size of primary GFP+ NSFs (per 10.000
GFP+ cells isolated by FACS) derived from the SVZ of p21 KO/GFP+

mice (number of NSFs: p21 KO vs. p21WT, vs. p21 KO run 5d, 12d, and
21d, p < 0.0001; volume of NSFs: p21 KO vs. p21 WT, p < 0.05, vs. p21
KO run 5d, 12d, and 21d, p < 0.001). e, fHistograms showing the number
and size of secondary GFP+ NSFs (per 10.000 GFP+ cells plated, DIV
14), with a large enhancement of number and size of GFP+ NSFs derived
from p21 KO/GFP+ run 5 and 12 days, respectively (number of NSFs:
p21 KO run 5d vs. p21 WT, p21 KO and p21 KO run 12d, p < 0.001;
volume of NSFs: p21 KO run 12d vs. p21 WT, p < 0.001, vs. p21 KO,
p < 0.01, vs. p21 KO run 5d, p < 0.001). g Percentage of cell expansion of
primary GFP+ NSFs expressed as the total number of cells at the end of
the culture at the second passage divided by the initial number of cells.
Compared with the other conditions, a consistent expansion in the p21
KO/GFP+ run 12d occurred (p21 KO run 12d vs. p21 WT, p < 0.001, vs.
p21 KO, p < 0.001, vs. p21 KO run 5d, p < 0.001). h Representative
images of GFP+ NSFs after 28 days in vitro showing the large increase
in the number of GFP+ NSFs in the p21 KO/GFP+ run 5d and of the GFP+

NSFs volume in the p21 KO/GFP+ run 12d. iGraphs showing the number
of GFP+ NSFs at 28 DIV (per 10.000 GFP+ cells plated), in which we
found a large increase in the p21 KO/GFP+ after 5 and 12 days of running
(p21 KO run 5d vs. p21 WT, p < 0. 001, vs. p21 KO, p < 0.001, vs. p21
KO run 12d, p < 0. 001). j Histogram showing the increased volume of
GFP+ NSFs at 28 DIV observed in the p21 KO/GFP+ run 12d, in
comparison with the other experimental groups (p21 KO run 12d vs.
p21 WT, p21 KO and p21 KO run 5d, p < 0.001). Neurosphere
parameters are expressed as mean ± SEM from the analysis of four
animals per condition. Statistical significance: *p < 0.05, **p < 0.01,
***p < 0.001. ANOVA analysis
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within the OB, which is different from that of pre-existing
neurons, suggesting a causal relationship between the activity
of SVZ newly generated neurons and the specific function of
the OB circuitry [8]. As proof of this, a series of studies
have shown how mice with reduced SVZ neurogenesis
exhibited alterations in fine olfactory discrimination and
short-term memory [53, 69, 70], while rodents with ge-
netically enhanced SVZ neurogenesis [54] or exposed to
an enriched environment [18] and to extremely low-
frequency electromagnetic fields [71] displayed a con-
sistent improvement in olfactory behavior.

Finally, in the p21 KO aged mice, the massive decrease of
NSC pool size and the consequent reduction of neural progen-
itor proliferation induced a dramatic drop of SVZ
neurogenesis. However, 5 days of running was able to re-
establish NSC recruitment rate and to stimulate proliferation
of Nestin+ and DCX+ progenitors up to levels largely exceed-
ing physiological values detected in the p21 WT group.

Altogether, our findings reveal a previously unexplored
link between physical activity, the genetic regulation of SVZ
neurogenesis and olfactory behavior, mediated by modifica-
tions of the cell cycle, and the enhanced rate of new neurons
maturation and functional integration in the pre-existing olfac-
tory circuits. The crucial role of physical activity for neuro-
genic processes in the adult brain has been recently highlight-
ed by the findings that in motor-deprived animals, a strong
reduction of proliferation and differentiation in adult
subventricular NSCs occurred [72]. Further analyses will lead
to a deeper characterization of the molecular mechanisms un-
derpinning the enduring self-renewal capacity of p21-null
NSCs, with the ultimate goal of exploiting them as a potential
source of active NSCs able to repair brain damage or counter-
act neurodegenerative processes.
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