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The autophagy regulators Ambra1 and Beclin 1 are
required for adult neurogenesis in the brain
subventricular zone

M Yazdankhah1,2, S Farioli-Vecchioli3, AB Tonchev4, A Stoykova4 and F Cecconi*,1,2,5

Autophagy is a conserved proteolytic mechanism required for maintaining cellular homeostasis. The role of this process in
vertebrate neural development is related to metabolic needs and stress responses, even though the importance of its
progression has been observed in a number of circumstances, both in embryonic and in postnatal differentiating tissues. Here
we show that the proautophagic proteins Ambra1 and Beclin 1, involved in the initial steps of autophagosome formation, are
highly expressed in the adult subventricular zone (SVZ), whereas their downregulation in adult neural stem cells in vitro leads to
a decrease in cell proliferation, an increase in basal apoptosis and an augmented sensitivity to DNA-damage-induced death.
Further, Beclin 1 heterozygosis in vivo results in a significant reduction of proliferating cells and immature neurons in the SVZ,
accompanied by a marked increase in apoptotic cell death. In sum, we propose that Ambra1- and Beclin 1-mediated autophagy
plays a crucial role in adult neurogenesis, by controlling the survival of neural precursor cells.
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In the adult mammalian brain, neural stem cells are localized
in two regions: in the subventricular zone (SVZ), a layer
extending along the wall of the lateral ventricle, and in the
subgranular zone of the dentate gyrus in the hippocampus.1

SVZ stem cells are strictly controlled under physiological
conditions and are believed to replenish dying cells. In
addition to their effect in maintaining brain homeostasis, they
are also involved in neuronal replacement in response to
injury.2 Although several factors are known to affect neuro-
genesis, understanding of the mechanisms that regulate adult
neurogenic niches and their metabolism is still incomplete.
Macroautophagy (hereafter referred to as autophagy) is an
evolutionarily conserved cellular turnover process in which
bulk cytoplasmic materials, long-lived proteins or damaged
organelles are sequestered and delivered to lysosomes for
degradation.3 A complex crosstalk takes place between
apoptosis and autophagy that determines the death or life of
cells.4 Beclin 1 has a key role in autophagy initiation;5 it
regulates the autophagy-promoting activity of the Class III
PI 3-kinase Vps34,6 and is involved in the recruitment of
membranes to form the key autophagy vesicles, named
autophagosomes. Beclin 1 also interacts with Bcl-2,7 and
plays an important function in the regulation of cell survival.8

Ambra1 (activating molecule in Beclin 1-regulated autophagy)
is another modulator of autophagy, which is phosphorylated
by the upstream autophagy kinase Ulk1 and acts on Ulk1

stability and function.9,10 Ambra1 also interacts with Beclin 1
upon autophagic stimuli, thereby promoting the binding
between Beclin 1 and its target kinase, Vps34. The binding
between Ambra1 and mitochondrial Bcl-2 is also important for
cell survival.11 Moreover, Ambra1 is crucial for nervous
system development and is expressed from early neurulation
onwards, with a high specificity for the neural plate.12

In contrast with studies on the pro-survival impact of
autophagy in post-mitotic cells and in disease models, the
role of autophagy in the maintenance and function of adult
neural stem cells (ANSCs) is poorly understood. Here we
have found that expression of upstream autophagy-regulating
genes in the adult neurogenic region of SVZ, in physiological
conditions, plays a crucial role in the regulation of adult
neurogenesis.

Results and Discussion

To dissect the autophagy molecular pathway involved in
mammalian adult neurogenesis, we decided to analyze the
expression levels of upstream proautophagic proteins in the
SVZ of adult mouse brain, the niche of proliferating neural
precursor cells, under physiological conditions. To this end,
we first checked for the expression of Ambra1 and Beclin 1
(two members of the autophagy-initiation complex) in
the SVZ. Ambra1 and Beclin 1 are expressed both in SVZ
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nestin-positive neural stem cells (Figures 1A and C) and in
doublecortin-positive neural progenitor cells (Figures 1B and D).
Next, green fluorescent protein-microtubule-associated
protein 1 light chain 3 (GFP-LC3) mice13were used to check
the levels of LC3 (a mammalian homolog of yeast Atg8, and
one of the few reliable markers of autophagosomes) in the
SVZ. This protein, normally diffused in the cytosol, decorates
onforming autophagosomes once autophagy proceeds and
its staining becomes punctate and easily detectable by
immunofluorescence on ex vivo brain tissues.12 As expected,
cells exhibiting a high expression of GFP-LC3 were largely
present in the SVZ bordering the striatal wall of the lateral
ventricles, a key area for adult neurogenesis (Figure 2a). By
contrast, GFP-LC3-positive cells were virtually absent in the
dorsal wall of the lateral ventricles, where neurogenesis is
observed less frequently. As shown in Figure 2b, a strong
GFP-LC3 signal is also detectable in migrating neuroblasts or
immature neurons through the rostral migratory stream,
visualized by neuron-specific beta III tubulin (TuJ1).14 High
levels of GFP-LC3 signal were also detected in MAP2
(microtubule-associated protein 2)-positive mature neurons
of the olfactory bulbs (Figure 2c). Taken together, these
observations strongly suggest a role for Ambra1/Beclin
1-signaled autophagy in adult neurogenesis. It should be
noted that, in accordance with these results, the mRNAs
encoding Ambra1, Beclin 1 and endogenous LC3 show a very
similar expression pattern in the adult mouse brain (as for the
Allen Mouse Brain Atlas (Seattle, WA): Allen Institute for Brain
Science).

Next, to evaluate the importance of autophagy in adult
neurogenesis, ANSCs were isolated and expanded in culture
from SVZs of 3-month-old wild-type, or Ambra1þ /gt and Beclin
1þ /�mutant mice. Isolated ANSCs highly expressed the
autophagy genes Ambra1, Beclin 1 and LC3 (Supplementary
Figure S1A-C). To verify whether autophagy was also
activated, the autophagic flux was blocked by chloroquine
(CHQ) in ANSCs derived from autophagy-competent GFP-
LC3-transgenic mice. As a consequence, a bright GFP-LC3
signal appeared in proliferating (Ki67-positive) cells
(Figure 3a). Blocking the autophagic flux with chloroquine
led to the accumulation of autophagosomes, as shown by a
further increase of LC3-II, detected by western blot analysis
(Figure 3b). To confirm this finding, we also blocked
autophagy by means of 3-methyl-adenine (3-MA), an inhibitor
of class-III PI kinases (such as Vps34). This resulted in a
significant reduction in neurosphere size from dissociated
ANSCs, suggesting the existence of a role for autophagy
during ANSC expansion (Supplementary Figure S2A).
Similarly, a significant reduction of the autophagic flux could
be observed in ANSCs derived from Beclin 1þ /�mice,
compared with wild-type littermates (Figure 3b). Thus, we
decided to check whether the heterozygosity of Beclin 1 and
autophagy impairment could affect ANSC proliferation. In line
with our previous results, by counting the total number of cells
after 7 days in culture, we observed a substantial decrease in
the neurosphere-forming cell population derived from Beclin
1þ /� mice, compared to wild-type cells (Figure 3c). Primary
neurospheres were dissociated and seeded at low density,
and we then measured the size of secondary spheres formed
after 7 days of culture in vitro. We found that the size of

secondary neurospheres from Beclin 1þ /� mice was smaller
and characterized by fewer Ki67-positive cells, compared to
wild-type cells (Figure 3d and Supplementary Figure S2B). By
contrast, the number of apoptotic cells in neurospheres
derived from Beclin 1þ /�mice increased significantly relative
to the wild-type (Figure 3e). Taking together these results, we
can hypothesize that basal autophagy is required for
proper self-renewal and survival of ANSCs. Consistent with
our findings, human hematopoietic stem cells fail to form
colonies in colony-forming assays when autophagy is
inhibited by siRNA against ATG5, another important autop-
hagy progression gene.15 FIP200-mediated autophagy is also
critical for maintenance of different types of stem cells by
controlling the level of mitochondrial mass.16 Furthermore,
more recent evidence demonstrates that autophagy is
required for reprogramming of somatic cells to form induced
pluripotent stem cells, and that Sox2-dependent temporal
regulation of autophagy is a key step in cellular reprogram-
ming processes.17 Sox2 is an essential transcription factor for
maintaining self-renewal of stem cells. Thus, overall, auto-
phagy could be important in the survival of ANSCs, controlling
ANSCs’ ‘stemness’ and sustaining the pool of stem cells in the
SVZ niche.

Mechanisms of cellular homeostasis are important for
preventing cellular injuries that could lead to impaired cellular
function and ultimately to cell death: one of those mechanisms
is autophagy. The autophagic activity within ANSCs may
ensure their survival under conditions of tissue damage and
organ dysfunction, thus allowing for subsequent repair. To
verify this hypothesis, ANSCs were exposed to the genotoxic
agent etoposide; cell resistance to death was then monitored.
Under conditions of autophagy inhibition with 3-MA, ANSCs
underwent apoptotic cell death (Supplementary Figure S3A).
These results were further confirmed when etoposide was
added to Beclin 1þ /�neurospheres, in which apoptotic cell
death was increased significantly relative to wild type
(Supplementary Figure S3B). By means of these experi-
ments, we thus demonstrate a pro-survival role of autophagy
in ANSCs, even when they are stressed by a cytotoxic drug.

Expanded ANSCs were next allowed to differentiate for 72 h
in differentiation medium, and we then monitored their
neuronal hallmarks. By immunoblotting and immuno-
fluorescence, we observed a marked increase in the levels
of the TuJ118 (Supplementary Figure S4A and B). As
mentioned before, GFP-LC3 is highly detectable in migrating
immature neurons in the rostral migratory stream in vivo.
As we hypothesized that autophagy may be functional to the
early phase of neuronal differentiation, chloroquine was
added to the differentiated GFP-LC3 ANSCs at different time
points to block the autophagic flux and evaluate whether
autophagosomes were accumulating or not. During the initial
hours of differentiation of TuJ1-positive cells few GFP-LC3
dots were detected, but as differentiation proceeded
the number of GFP-LC3 dots increased progressively
(Supplementary Figure S4C). Taken together, our data argue
for basal autophagy increasing in concomitance with the early
steps of neuronal differentiation. A similar function has been
previously proposed in human keratinocytes, in which
autophagy constitutes an early signaling process required
for keratinocyte commitment to differentiation.19 It seems that
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Figure 1 Expression of the proautophagic proteins, Ambra1 and Beclin 1, in the adult SVZ of the mouse brain. Immunohistofluorescent staining of adult brain coronal
sections reveals Ambra1 and Beclin 1 expression in murine SVZ, under physiological conditions. Left panels, Ambra1 and Beclin 1 (green); middle panels, nestin and DCX
(red); right panels, merged images. (A) Ambra1 is widely expressed in nestin-positive cells (scale bar, 20 mm). (B) Panel a: expression of Ambra1 in DCX-positive cells; Panel
b: higher magnification (� 5) of the boxed region from Panel a (scale bar, 50mm). (C) Nestin is expressed in Beclin 1-positive cells (arrowheads). (D) Co-expression of Beclin 1
and DCX in SVZ (scale bar, 20mm). Dapi staining (blue) highlights the nucleus
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the impact of autophagy in differentiation is probably specific
for different cell type populations. For instance, dermal,
hematopoietic and epidermal stem cells show a decline in
autophagy-related proteins during differentiation;20 on the
other hand, autophagy activity seems to be upregulated
during differentiation of cardiac stem cells and neural stem
cells.21–22 It should be noted that the autophagic flux was
reduced when differentiation was induced in both Ambra1þ /gt

and Beclin 1þ /�ANSCs relative to wild type (Supplementary
Figure S5A and B). Following reduction of the autophagic flux,
the neuronal counts significantly declined (Figures 4a and c)
and, conversely, immunoblotting of apoptotic markers
revealed an increase in cell death levels during differentiation
of Ambra1þ /gt and Beclin 1þ /� cells when compared with wild
type (Figures 4b and d). These data demonstrate that
reduction of neurogenesis due to autophagy impairment is a
consequence of decreased survival of neural precursor cells
during differentiation.

Based on these findings, we were further interested in
evaluating whether an autophagy impairment could affect

both proliferation and differentiation of precursor cells in the
SVZ of 3-month-old Beclin 1þ /�mice in vivo. The number of
proliferating precursor cells was analyzed by the proliferation
marker, Ki67: we observed a significant decrease in cell
division when compared to wild type (Figure 5a). Conversely,
the number of apoptotic cells (analyzed by cleaved-caspase 3
signal) in the SVZ of Beclin 1þ /� mice increased significantly
(Figure 5b). Moreover, there was a significant reduction
in the number of TuJ1-positive cells in Beclin 1þ /� mice
relative to wild type, accompanied by increased cell death
(Figures 5c and d).

We can conclude that early autophagy regulators,
like Ambra1 and Beclin 1, on the one hand sustain the stem
cell pool within the adult SVZ and, on the other hand,
control the level of immature neurons by enhancing the
survival of neural precursor cells. Given the role of adult
neurogenesis in response to brain injury and in some
neurodegenerative diseases, the identification of key
upstream genes and the elucidation of the impact of
autophagy in this phenomenon may shed light on the
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Figure 2 GFP-LC3 staining tags adult SVZ, RMS and OB. Representative images of coronal brain sections from GFP-LC3 transgenic mice (3 months old) taken through
SVZ (A), RMS (B) and OB (C), as indicated in the diagram in (a). GFP-LC3 (green), anti-TuJ1 or anti-MAP2 (red), and Dapi (blue) staining was detected by a confocal
microscope. (a) GFP-LC3 is expressed in the SVZ bordering the striatal wall of the lateral ventricles, a critical zone for adult neurogenesis. Note that, by contrast, GFP-LC3-
positive cells are virtually absent in the dorsal wall of the lateral ventricles, where neurogenesis is observed less frequently. (b) Also, the GFP-LC3 signal is widely detectable in
migrating TuJ1-positive immature neurons along the RMS (scale bar, 20 mm). (c) Expression of GFP-LC3 in MAP2-positive mature neurons of the OB (scale bar, 20 mm).
MAP2, microtubule-associated protein-2; TuJ1, neuron-specific beta-III tubulin
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Figure 3 Autophagy occurrence inversely correlate with apoptotic cell death in aANSCs, grown in vitro. (a) Confocal microscope images of ANSCs in vitro, derived from
GFP-LC3-transgenic mice. GFP-LC3 dots (green dots) and proliferating cells (Ki67, red) were detected together with the nuclei (stained by Dapi, blue). Blocking the autophagy
off-rate with CHQ (lower panels) leads to the accumulation of autophagosomes; as a consequence, numerous bright GFP-LC3 dots appear in proliferating (Ki67-positive) cells
(scale bar, 2 mm). (b) ANSCs were isolated and expanded in culture from wild-type (Beclin 1þ /þ ) and Beclin 1 heterozygous (Beclin 1þ /� ) brains in the presence or absence
of the lysosomal inhibitor CHQ during the last hour of culture. Then proteins were extracted and analyzed by immunoblot for LC3. A significant decrease in the accumulation of
the autophagy-positive LC3-II isoform in Beclin 1þ /� relative to wild type after CHQ treatment. GAPDH, loading control. The ratio of LC3-II/GAPDH in treated cells with CHQ
relative to untreated is shown as mean±S.E.M. (n¼ 4). (c) Percentage of cell expansion in ANSCs from Beclin 1þ /� and wild-type controls (expressed as total number of
cells at the end time-point of the culture divided by the initial number of cells; represented as mean percentage±S.E.M.). Relative to control, a greater clonal expansion
takes place in cells from wild-type mice, when compared with cells derived from Beclin 1þ /� mice. (d) Representative images of secondary neurospheres derived from Beclin
1þ /�and wild-type littermates (scale bar, 150mm). Diameter (mean±S.E.M.) of secondary neurospheres derived from Beclin 1þ /�and wild-type mice. With respect to
wild-type neurospheres, the size of Beclin 1þ /�neurospheres is significantly smaller. (e) Representative images of secondary neurospheres stained with an anti-active
cleaved caspase-3 antibody (a signature of caspase-dependent apoptosis), derived from Beclin 1þ /� and wild-type controls. Dapi (blue) stains the nuclei. In the graph
(right) is shown the percentage of apoptotic cell death in secondary neurospheres, detected as cells positive for CCasp3 over the total cell number. Apoptotic cell death in
Beclin 1þ /�neurospheres is significantly higher than in wild-type cells (scale bar, 20 mm). Values represent mean±S.E.M. (n¼ 7), *Po0.05
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molecular mechanisms involved in survival of precursor cells
during regenerative processes.

Materials and Methods
Animals. Experiments were performed using adult C57BL6 mice (3 months
old). GFP-LC3 mice were obtained from Dr N Mizushima and contain a transgene
in which LC3 is fused to GFP and a CAG promoter.13 Transgenic Ambra1 mice
were produced in our laboratory; they contain an insertion of the gene-trap vector
within the Ambra1 gene.12 Heterozygous Beclin1 mice were obtained from Dr B
Levine.23

Neural stem cell culture. Neural stem cell cultures were performed as
described before.24 Neurospheres were grown in an incubator at 37 1C in 5% CO2

and cultured in DMEM/F12 medium supplemented with B27, epidermal growth
factor and basic fibroblast growth factor (20 and 10 ng/ml, respectively). Cells were
passaged every 7th day by mechanically dissociating neurospheres into single cells.
To induce cell differentiation, cells from freshly dissociated neurospheres were
seeded on matrigel (BD Biosciences, Bedford, MA, USA) coated cover-slips or
dishes under differential conditions (complete medium without mitogens) for 72 h.
Differentiated cells were then fixed for immunostaining, or lysed for immunoblotting
analysis. To analyze autophagic flux, chloroquine (20mM) was added to the culture
medium to block the flux and accumulation of autophagosomes for 1 h. To study
autophagy inhibition 3-MA (10 mM) was added to the medium for 24 h. Etoposide
(10mM) was added to the medium for 24 h.

Expansion capacity. Primary 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. The size of neurospheres
was expressed as a volume calculated after measuring their diameter in phase-
contrast pictures (assuming a spherical shape).

Immunofluorescence on neurospheres and microscopy. The
differentiated cells on cover-slips were fixed with 4% paraformaldehyde in 0.1 M
phosphate buffered saline at room temperature for 30 min. The cells were
incubated for 60 min at room temperature with blocking solution containing 5%
normal goat serum (Sigma-Aldrich, St. Louis, MO, USA) in 0.1 M phosphate
buffered saline containing 0.1% Triton X-100. The blocking solution was replaced
with fresh solution containing primary antibodies. The list of antibodies is
reported in supplementary information. For CCasp3 immunostaining, neuro-
spheres were plated on matrigel-coated coverslips for 20 min and then fixed in 4%
paraformaldehyde for 2 h at RT. After fixation, neurospheres were permeabilized
in 0.1% Triton X-100 in phosphate buffered saline and then incubated with the
antibody against CCasp3 (Cell Signaling, Danvers, MA, USA). Immunostained
neurospheres were mounted in Aquapolymount and analyzed using
confocal microscopy (Zeiss LSM 700, Jena, Germany). Z-stack images were
captured at 1 mm intervals with a � 63 objective and a pinhole of 1.0 Airy unit.
The number of CCasp3-positive cells was counted as a percentage of Dapi (4,6-
diamidino-2-phenylindole)-positive nuclei in four non-adjacent Z-stack images per
neurosphere.

Immunohistochemistry. Tissue preparation and immunohistochemistry
analysis were carried out by standard methods as described.24 Images of the
immunostained sections were obtained by Zeiss confocal microscope and
analyzed by using Zen Light Edition 2009 software (ZEN 2009 (Zeiss Enhanced
Navigation) the free of charge digital image processing software (http://
www.softpedia.com/get/Multimedia/Graphic/Graphic-Viewers/ZEN-2009-Light-
Edition.shtml)). The list of antibodies is reported in supplementary information.

Gel electrophoresis and western blotting. Gel electrophoresis and
western blotting were performed as described previously.9 Primary antibodies
were rabbit anti-poly (ADP-ribose) polymerase and cleaved caspase-3 (Cell
Signaling Technology), mouse anti-TuJ1 (Promega, Madison, WI, USA), rabbit
anti-LC3 (Cell Signaling Technology), mouse anti-GAPDH (Millipore, Billerica, MA,
USA). The optical density of specific bands was measured by densitometry.
Densitometry analysis was carried out using ImageJ free image processing
software (http://rsb.info.nih.gov/ij/). Protein levels were normalized relative to those
of GAPDH.
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Figure 4 Impaired autophagy leads to decreased neuronal differentiation
and increased apoptotic cell death in ANSCs in vitro. Ambra1 and Beclin 1
haploinsufficiency results in decreased neuronal differentiation. ANSCs from
Ambra1þ /gt (heterozygotes), Beclin 1þ /� and wild-type corresponding littermates
were plated on matrigel-coated coverslips under differentiating conditions; after 72 h
of culture, cells were fixed and stained for TuJ1 (green), and Dapi (blue).
(a) Representative images of TuJ1-positive cells in differentiating Ambra1þ /gt and
wild-type ANSCs. The percentage of TuJ1-positive cells (over the total Dapi-positive
cells) is significantly reduced in Ambra1þ /gt relative to wild type (see also graph on
the right). (b) Immunoblotting of ANSC protein extracts after 72 h of culture in
differentiating condition. An increase in the expression of apoptotic markers
(CCasp3 and CPARP) is clearly visible in Ambra1þ /gt cells relative to wild type. The
graphs on the right summarize the densitometric analysis of the bands from six
independent experiments repeated in triplicate. (c) Representative images
of TuJ1-positive cells in differentiating Beclin 1þ /�and wild-type ANSCs.
The percentage of TuJ1-positive cells (over the total Dapi-positive cells) is
significantly reduced in Beclin 1þ /� relative to wild type (see also the graph on the
right). (d) Immunoblotting of ANSC protein extracts after 72 h of culture in
differentiating condition. An increase in the expression of apoptotic markers
(CCasp3 and CPARP) is clearly visible also in Beclin 1þ /� cells relative to wild
type. The graphs on the right summarize the densitometric analysis of the bands
from independent experiments repeated in triplicate. Values in all graphs represent
mean±S.E.M., (n¼ 6), *Po0.05. GAPDH, loading control
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Statistical analysis. Results are expressed as the mean±s.e.m. of the
number of independent experiments indicated in the figure legends. Statistical
analyses were performed using Student’s t-test. The level of significance was set
at *Po0.05; **Po0.01; ***Po0.001.
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Figure 5 Adult Beclin 1-deficient SVZs show decreased cell growth and
increased apoptotic cell death. (a) Representative confocal microscope images of
coronal sections showing proliferating (Ki67-positive) cells in the SVZ (scale bar,
100mm). The graph (right) indicates that the number of proliferating cells per mm2 is
significantly reduced in the SVZ of Beclin 1þ /�mice relative to wild type.
(b) Representative confocal microscope images of coronal sections showing
apoptotic cells (detected as CCasp3-positive cells and indicated by white
arrowheads) in the SVZ (scale bar 50mm). The graph (right) indicates that the
number of dying cells per mm2 is significantly increased in the SVZ of Beclin 1þ /�

mice in comparison with the wild type. Dapi staining (blue) labels the cell nuclei.
(c) Representative confocal microscope images of coronal sections showing
TuJ1-positive immature neurons in the SVZ (scale bar, 50 mm). The graph (right)
indicates that the number of immature neurons per mm2 is significantly decreased in
the SVZ of Beclin 1þ /�mice when compared with the wild type. (d) Representative
confocal microscope images of apoptosizing (as revealed by CCasp3 staining,
green and indicated by white arrowheads) TuJ1-positive (red) immature neurons
(scale bar, 10mm). The neurogenic area is outlined by a dashed line. Higher
magnification of boxed regions corresponding to the insert is shown in the middle
and right panels. The graph (right) indicates that cell death is increased in
TuJ1-positive cells from Beclin 1þ /�mice relative to wild type. Values represent
mean±S.E.M. (n¼ 8); *Po0.05
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