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Abstract

Adult neurogenesis is the ongoing generation of functional new neurons from neural progenitor cells
(NPCs) in the mammalian brain. However, this process declines with aging, which is implicated in the
recession of brain function and neurodegeneration. Understanding the mechanism of adult neurogenesis
and stimulating it will benefit the mitigation of neurodegenerative diseases. Autophagy, a highly
conserved process of cellular degradation, is essential for maintaining cellular homeostasis and normal
function. Whether and how autophagy affects adult neurogenesis remains poorly understood. In present
study, we revealed a close connection between impaired autophagy and adult neurogenetic decline.
Expression of autophagy-related genes and autophagic activity were significantly declined in the middle-
aged subventricular/subgranular zone (SVZ/SGZ) homogenates and cultured NPCs, and inhibiting
autophagy by siRNA interference resulted in impaired pluripotency of NPCs. Conversely, stimulating
autophagy by rapamycin not only revitalized the viability and pluripotency of middle-aged NPCs, but also
facilitated the neurogenesis in middle-aged SVZ/SGZ. More importantly, autophagic activation by
rapamycin also ameliorated the olfactory sensitivity and cognitional capacities in middle-aged mice.
Taken together, our results reveal that compromised autophagy is involved in the decline of adult
neurogenesis, which could be reversed by autophagy activation. It also shed light on the regulation of
adult neurogenesis and paves the way for developing therapeutic strategy for aging and
neurodegenerative diseases.

Introduction

Neurogenesis is the process of formation of neurons de novo by neural progenitor cells (NPCs). In adult
rodents, neurogenesis mainly occurs in two neurogenic niches: the subventricular zone (SVZ) located
along the walls of the lateral ventricles and the subgranular zone (SGZ) of the dentate gyrus (DG) in the
hippocampus [1]. Neurons born in the adult rodent SVZ migrate a long distance along the rostral
migratory stream (RSM) to the olfactory neuroepithelium to initiate the neurogenesis of the olfactory
bulb, while neurons born in the adult SGZ migrate a comparatively shorter distance to the granule cell
layer of the hippocampus, which play a pivotal role in learning and memory [2,3]. Adult neurogenesis in
human brain has been supported by immunohistochemical analysis and non-invasive neuroimaging
approaches [3-5]. However, adult neurogenesis undergoes a decline with aging. A sharp drop occurs even
in as early as juvenile development of human (7-13 years old), which is attributed to the loss of NPCs
number and activity [5,6]. In accordance with this, prior work by our group and others have revealed that
adult neurogenesis exhibits a dramatic decline in mice from 6-9 months of age and becomes lower or
undetectable with further aging [7-9]. Therefore, understanding of the mechanism of adult neurogenesis
and feasibly controlling it would help mitigate brain aging and neurodegenerative diseases.

Autophagy is an essential cellular homeostasis process involved in the degradation of damaged
organelles and noxious proteins. Autophagic dysfunction has been implicated in age-related diseases,
including neurodegenerative disorders, such as Alzheimer’s disease (AD), Parkinson’s disease (PD), and
Huntington's disease (HD). For instance, increasing evidences have shown that inefficient autophagy
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leads to elevated a-synuclein (a-Syn) aggregation in brain and significant dopaminergic neurons loss in
the substantia nigra pars compacta in PD [10-12]. Autophagy is regulated by a series of autophagy-
related genes (Atgs) acting sequentially. The deletion of Atgs (including Ambra1, Beclin1, Fip200 and
Atg5) in mice results in blocked autophagic flux and attenuated LC3-J, an autophagic marker, which is
accompanied by a progressive loss of NSCs/NPCs and a significant reduction in newborn neurons in the
postnatal or early adult SVZ and hippocampus [13-15]. In addition, lacking of Atg7 expression leads to
impaired autophagic activity, accompanied by the accumulation of cytoplasmic inclusion bodies and a-
Syn protein in neurons or massive neuronal loss that contribute to PD onset [16,17]. Interestingly,
upregulated Atg”7 and associated autophagic flux have been observed during the differentiation of mouse
embryonic olfactory bulb stem cells (eOBSCs) [18]. Genetic suppression of Atg7 leads to deferral
embryogenesis, premature death, massive neuronal loss and progressive neurodegeneration phenotypes
[16,19].

Currently, studies on the functional effects of autophagy on neurogenesis were mainly focused on brain
development stage and the early postnatal period, but little is known about its function in adult
neurogenesis. Rapamycin is a well-established autophagy inducer, which can trigger autophagy initiation
by selective inhibition of mTOR [20]. However, conflicting reports exist concerning the effectiveness of
rapamycin on neurogenesis. Singh et al have reported that rapamycin reverses the decline of neuronal
makers levels in aged rats possibly via reducing the aging-induced oxidative stress, apoptotic cell death,
and neurodegeneration makers [21]. However, several studies have revealed that intraperitoneal injection
of rapamycin leads to a decrease in progenitor stem cell pool and eliminates NSCs proliferiation in early
adult hippocampus [7,22] or in injured brain [23]. Hence clarifying how autophagy affects adult
neurogenesis is needed.

In present study, we explored whether autophagy impact on the decline of adult neurogenesis, and
whether pharmacological enhancement of autophagy by rapamyin affects adult neurogenesis and
neurological function in both SVZ and SGZ of hippocampus. Our study is aimed at providing clues for
activating adult endogenous neurogenesis and delaying age-related brain dysfunction.

Materials And Methods

Animals

All experimental procedures were executed in line with the institutional guidelines approved by the Animal
Research Ethics Committee at the Shanxi Medical University. C57BL/6 mice were purchased from the
Animal Center of Shanxi Medical University. GFP-LC3 mice (#BRC00806) were provided by J. Wang
(Soochow University School of Medicine). All mice were kept under a 12-hr light/dark cycle, with free
access to food and water, and temperature at 22°C. In this study, neonatal mice were defined as postnatal
24h, young mice as 2-3 months, and middle-aged mice as 7-8 months.

NPCs culture and differentiation
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Primary NPCs were isolated by dissecting the SVZ of neonatal mice or middle-aged mice following the
established protocols [8]. In brief, cells were cultured to form neurospheres in proliferation medium
consisting of DMEM-F12 medium supplemented with B27 (2%; Invitrogen), basic fibroblast growth factor
(bFGF, 20ng/mL; PeroTech, Rocky Hill, NJ), and epidermal growth factor (EGF, 20 ng/mL; PeroTech).

For differentiation, neurospheres were collected and digested to prepare a single cell suspension by
Accutase. Then NPCs were seeded on the poly-L-ornithine (50 pg/mL, Sigma-Adrich, St Louis, MO) and
laminin (20 pg/mL, Sigma-Aldrich) pre-coated coverslips. Following an overnight incubation with
proliferation medium, cells were replenished with the differentiation medium containing 0.5% fetal bovine
serum and 1% B27 supplement for 5-day differentiation, followed by immunophenotypical identification
of the neuronal marker Tuj1, as described below.

RNA interference

The siRNAs specifically targeting Atg7 ( 5-GCAUCAUCUUUGAAGUGAATT-3') and Atg7( 5™
CAGCCUGGCAUUUGAUAAATT-3") were synthesized by Genepharma Corp ( Shanghai, China ). Both si-
Atg7s were co-transfected into neonatal NPCs suspension via LONZA 4D-Nucleofector System (Lonza,
Germany) according to the manufacturer's instructions. Gene knockdown efficiency was confirmed by
gPCR and Western blotting 48- and 72-hour after incubation of siRNAs.

Rapamycin treatment

Rapamycin (Sigma) was dissolved in DMSO at a concentration of 10mg/ml and further diluted in 1xPBS
with 5% Tween-80 and 5% PEG-400 for application. In vitro, rapamycin was added to the middle-aged
NPCs suspension at concentrations of 10nM, 20nM and 50nM. In vivo, mice were intraperitoneally
injected with 4mg/kg rapamycin every other day for 4 weeks. Upon completion of rapamycin treatments,
cells and mice were prepared for the following tests.

Neurosphere assay

To detect the neurosphere formation, the cultures with siRNAs transfection and rapamycin administration
were observed and captured every day under a phase contrast microscope (Model CKX41, Olympus,
Japan). Neurospheres were formed within 5 to 7 days, and the number and the diameter of neurospheres,
with diameters larger than 30pum, were measured using the Image J software (NIH, Bethesda, MD).

Senescence-associated B-galactosidase staining

The senescent cells in NPCs subjected to siRNA and rapamycin were evaluated with SA-3-gal Staining Kit
(Beyotime) as suggested in the instruction. The SA-$-gal positive cells were stained into blue and counted
in a double-blind manner. In each sample, 10 different non-overlapping fields under 20-fold magnification
were randomly selected, and the SA-B-gal positive ratio was calculated.

RNA extraction and quantitative real-time PCR

Page 4/26



Total RNA was extracted from NPCs isolated from neonatal, young and middle-aged mice using TRIzol
reagent (Invitrogen), and was reverse-transcribed into cDNA utilizing the PrimeScriptTM RT reagent kit
(Takara, RR047A, Japan) following the instruction. Gene expression levels of Atg3, Atg5, Atg7 and Beclin1
were quantified using the TB Green® Premix Ex Taq™ GC (Takara, RR071A, Japan) on the StepOne Plus
Real-Time PCR System (Applied Biosystems Inc., Foster City, CA). In a 20 pl reaction mixture, the amount
of cDNA template added was 100ng, and the final concentration of primer was 0.2uM. The mRNA levels
were quantitatively analyzed by 222t method and normalized with GAPDH. Sequences of primers
utilized in the assays were listed in Table 1.

Western blot

Total proteins were extracted from tissues and cells using RIPA lysis buffffer supplemented with the
protease inhibitor cocktail ( Thermo Fischer, Pittsburgh, PA ). Protein concentrations were determined by a
BCA Protein Assay kit (Beyotime). Equal amount of proteins were separated by SDS-PAGE, and electro-
transferred into PVDF membranes (Millipore, Billerica, MA, USA). After blocking with 5% skim milk in
TBST ( TBS containing 0.1% Tween-20 ) for 1 hr at room temperature, the membranes were incubated
with the primary antibodies overnight at 4.C. On the next day, membranes were thoroughly rinsed in the
TBST for three times, followed by incubation with goat anti-rabbit IgG or goat anti-mouse IgG secondary
antibodies for 2 hrs at room temperature. After rinsing in the TBST, bands were then visualized through
an enhanced ECL detection kit (GE Healthcare Life Science, Pittsburgh, PA), and documented on films.
Intensities of bands were quantified using Image J software, and B-actin was used as a housekeeping
control. Antibodies utilized here were listed in Table 2.

BrdU incorporation

In vitro, NPCs with siRNAs transfection and rapamycin administration were seeded on the pre-coated
coverslips and kept in the proliferation medium overnight. BrdU (10uM) was added during the last 7 hours
of culture. Then, BrdU immunofluorescence detection was performed as detailed in following methods.

In vivo, middle-aged mice were intraperitoneally injected with BrdU (100 mg/kg of body weight) daily for
seven consecutive days, starting from the 8-th day during rapamycin administration. Upon finishing the
28-day rapamycin injection, mice were sacrificed 24hrs later. For the detection of new neurons generated
from NPCs in the olfactory bulb, NeuN/BrdU double staining was executed as described below.

Immunofluorescence staining

For immunocytochemistry analyses, cells were fixed with 4% paraformaldehyde (PFA), permeabilized with
0.3% Triton X-100 (Sigma-Aldrich, X100) in PBS and blocked with 10% goat serum for 10 min at room
temperature. Thereafter, samples were incubated with primary antibodies overnight at 4°C and with
secondary antibodies for 2 hrs at 37 °C. For immunohistochemistry analyses, the brains were gained
after perfusing with 4% PFA, post-fixed in 4% PFA for 12 h and dehydrated gradiently in sucrose (15% and
30%) until they sank to the bottom. Then, brains were frozen in OCT embedding medium at -20°C for at
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least 2hrs, and serial coronal sections with a thickness of 16um in SVZ ( bregma 1.09 mm to 0.13 mm),
30pm in SGZ ( bregma -1.07 to -2.45 mm) and 16pm in olfactory (bregma 4.57 mm to 4.07mm) were
sliced. Samples were permeabilized with 0.3% Triton X-100 in PBS, fixated and permeabilized further with
acetone at -20°C for 20min, and blocked with 10% goat serum for Thr at room temperature. Thereafter,
samples were incubated with primary antibodies overnight at 4°C and with secondary antibodies for 2
hrs at 37 °C.

For BrdU staining, samples were denatured to expose antigen with 2M HCL at 37°C for 10min in cells and
16min in tissues before the permeabilization with Triton X-100.

Antibodies utilized in above staining assays were listed in Table 2. Nuclei were counter-stained with DAPI
(1 ug/ml, Cat# D9542, Sigma-Aldrich).

Imaging and quantitative analysis

Images were captured by a fluorescent microscope (Model BX51, Olympus, Tokyo, Japan) or a SP8
confocal microscope (Leica Microsystems, Wetzlar, Germany) depending on the requirements. Staining
was quantitatively analyzed by a double-blinded manner using MetaMorph software (Molecular Devices,
Sunnyvale, CA) from at least three independent experiments. In vitro, for each coverslip, 6 different non-
overlapping fields under 20-fold magnification were randomly selected, and the percentages of BrdU* and
Tuj1* cells were calculated. In vivo, imaging and quantitative analysis for each mouse were performed as
reported previously [24]. Ki67*, DCX* and BrdU* / NeuN* cells were counted, and the average numbers of
these immunopositive cells per section were calculated, which then multiplied the number of sections per
SVZ, SGZ and olfactory bulb to get the total quantity for each mouse.

Odor detection test

To assess the influence of rapamycin on the odor detection threshold of mice, we adopted an odor
detection test [25,26] with some minor modifications. This test includes two phases: habituation and
testing. For habituation, mice were transferred to the test chamber (31 x 25 x 12.5 cm) to acclimatize to
the environment for 30 min per time during the four consecutive times. During a 3-min testing period,
each mouse in the test chamber was exposed to two odors on two separate filter papers, one of which
was water and the other was different concentrations of novel odor (coconut powder, concentration: 1
mg/ml, 10 mg/ml and 100 mg/ml). Sniffing time was measured for three concentrations tested in
separate 3 days, in an ascending order. If animals can detect the novel odor was determined by the ratio
of the time spent sniffing novel odor to the total sniffing time. 50% of sniffing duration was considered
that mice were able to detect olfactory stimulus.

Olfactory avoidance test

The olfactory avoidance test was performed using a component of fox feces, nTMT (
nondehydrogenated 2,4,5-trimethylthiazole ), to investigate the influence of rapamycin on the odor
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detection ability of mice [27,28]. Prior to the test, mice were habituated to the experimental environment,
in which mice were placed in a test cage (31 x 25 x 12.5 cm) for 30 min per time during the four
consecutive times, under the weak-light condition (< 5 lux). In the testing phase, the test cage was divided
into two equal areas and three different volumes (0, 0.1, and 1 pl) of undiluted nTMT was dropped on the
filter paper (2 cm x 2 cm) in every side of test cage. Then, mouse was placed on the opposite side of the
test cage and the behavior was recorded with a video camera during the 10-min test duration. There was
an interval of 24h among different volumes of nTMT. Avoidance time was defined as the time spent in an
area without a filter paper scented with nTMT. Avoidance behavior was determined by an avoidance
index as follows: avoidance index = (P - 50)/50, where P is the percentage of avoidance time during the
10 min test period.

Y-Maze test

To assess the hippocampus-dependent spatial recognition and memory performance of the mice with
rapamycin intraperitoneally injection, Y-Maze was performed as previously described [24]. Briefly, mice
were transferred to the behavior room for at least 30 minutes for environment habituation. In testing
stage, each mouse was placed at the end of one arm and allowed to explore freely through the three arms
for 5 min. The number of arm entries and alternations were recorded using the Smart 3.0 Video Tracking
System (Harvard Apparatus, Cambridge, Massachusetts). An arm entry is defined as when all four paws
are completely within the arm. Spontaneous alternation is referred to that mouse entries all three arms in
the overlapping triplet sets. The alternation percentage was calculated as follows: [ spontaneous
alternation / (total number of arm entries-2)]x100.

Novel object recognition test

The novel object recognition (NOR) test was performed, as previously reported [24], to evaluate the
hippocampus-dependent non-spatial memory retention for the mice with rapamycin injection. It was
performed in an open field area (a 40 x 40 x 35 cm test box) with two different kinds of objects. Both
objects are generally consistent in height and volume, but are different in shape and appearance. This
test includes three phases: habituation, training, and testing. First, mouse was habituated to the test box
for 30 minutes daily for 3 consecutive days. In the training phase, mouse was allowed to explore two
identical objects placed at a symmetric position of the box for 10 minutes. 1.5 hr later, one object was
replaced by a novel object, and the animal was allowed to explore freely for 5 minutes. The time spent
exploring each object in the training and testing phases was recorded using the Smart 3.0 Video Tracking
System (Harvard Apparatus, Cambridge, Massachusetts). An exploration was considered as when mouse
nasal tip was less than 2 cm from the object. The object preference index was defined as the percentage
of time spent exploring any one of the two objects (training session) or the novel one (retention session)
over the total time exploring both objects.

Statistical analysis
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All data in this study were analyzed using SPSS Software and presented as mean + standard deviations
(SD). The unpaired Student’s t-test was used for comparisons between two groups, and One-Way ANOVA
with Tukey’s post-hoc test was used for multi-group comparisons. The statistically significant level was
determined by p <0.05.

Results

1. Compromised autophagy activity of NPCs with aging.

To clarify the activity of autophagy in NPCs in different aging stage, LC3B-Il in homogenates from the
SVZ and the SGZ of hippocampal dentate gyrus was detected with Western Bloting. As shown in Fig. 1A,
the level of LC3B-Il was decreased in the SVZ and SGZ homogenates from middle-aged mice compared
to that from neonatal ones. Similarly, a 40% reduction of LC3B-ll was observed in cultured NPCs from
middle-aged mice (Fig. 1B). To further monitor autophagy activity, NPCs from GFP-LC3 mice were treated
with 10 nM lysosomal degradation blocker, bafilomycin A,, for 4h to capture GFP-LC3 puncta [29,30]. As
shown in Fig. 1B, bright puncta were formed in the cytoplasm of NPCs from neonatal mice, but rare in
that from middle-aged mice. It is well-established that the autophagy-related genes (Atgs) are required for
the formation of the isolation membrane and the autophagosome, which involves two major steps:
nucleation and elongation of the isolation membrane. Among these genes, BeclinT is essential for the
nucleation of isolation membrane, and Atg”7, Atg3 and Atg5 are required for the elongation of isolation
membrane [31]. To further explore the relationship between autophagy and self-renewal of NPCs with
aging, we assessed the expression of these Atgsin SVZ and SGZ homogenates, as well as in cultured
NPCs from neonatal, young and middle-aged mice by gRT-PCR. Both in vivo and in vitro data indicated
the mRNA levels of Beclin 1, Atg7, Atg3 and Atg5 were dramatically decreased in homogenates and
cultured NPCs from young and middle-aged mice (Fig. 1C). It is reasonable to postulate that the impaired
autophagy may be involved in the decline of the viability of adult NPCs, which was previously reported by
our group and others [8,32,33].

2. Regulation of self-renewal and differentiation of NPCs by autophagy.

To validate the role of autophagy in maintaining NPCs proliferation and differentiation, neonatal NPCs
were transfected with siRNA that targeted the Atg7 gene, a key component in the formation of
autophagosome and serving as an E1-like activating enzyme required for the conversion of LC3B-I to
LC3B-II [34-36]. The ATG7 protein and Atg7 mRNA level were efficiently down-regulated after transfection
with the Atg7 specific siRNA ( si-Atg7) (Fig. 2A). Concomitantly, LC3B-I level also reduced and p62 level
was elevated, indicating impaired autophagy (Fig. 2B). Meanwhile, knocking down Atg7 suppressed
neonatal NPCs proliferation, characterized by forming fewer and smaller neurospheres (Fig. 2C) and
significantly down-regulated BrdU incorporation (Fig. 2D). As shown in Fig. 2E, neonatal NPCs with Atg7
knockdown also displayed the senescence-like phenotype, with increased -galactosidase signal. To
further investigate whether si-AtgZinduced autophagic dysfunction affected the neuronal differentiation
of neonatal NPCs, cells transfected with either scramble siRNA or si-Atg7 were cultured in the
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differentiation medium for 5 days and quantified the percentage of cells expressing immature neuronal
marker Tuj1. As illustrated in Fig. 2F, compromised neuronal differentiation was found in neonatal NPCs
with Atg7 knockdown. Taken together, these data demonstrate the correlation between the autophagy
dysfunction and impaired self-renewal and differentiation of NPCs, suggesting that activation of
autophagy may be a feasible strategy to counteract the down-regulation of self-renewal in adult NPCs.

Given that compromised autophagy recapitulates the phenotypes of aging NPCs, we wished to know if
enhanced autophagy could stimulate the potency of NPCs. We applied rapamycin, a well-known
autophagy inducer [37] to the middle-aged NPCs and observed the autophagic level as well as NPCs
potency. As shown in Fig. 3A, rapamycin (50nM) application increased GFP-LC3 puncta. The western
blotting results showed that rapamycin-stimulated NPCs had an increased level of LC3B-Il, along with
attenuated p62, which was selectively degraded by autolysosome in downstream steps of
autophagosome formation [34,38,39] (Fig. 3B). It was reported that rapamycin triggered the autophgy via
mTOR-ULK pathway [40]. To confirm this, we detected the levels of phosphorylated mTOR and ULK1. As
displayed in Fig. 3B, the phosphorylation levels of mTOR at Ser 2448 and ULK1 at Ser757 were
significantly declined in the rapamycin-treated NPCs compared to control. In line with these findings,
rapamycin-treated middle-aged NPCs formed more neuropheres with larger size (Fig. 3C) and
incorporated more BrdU than control (Fig. 3D). Moreover, rapamycin treatment increased Tuj1* cells (Fig.
3F) and decreased SA-B-gal positive cells (Fig. 3E) in a concentration-dependent manner in middle-aged
NPCs. Those results suggest that pharmacological activation of autophagy rejuvenate the viability and
pluripotency of middle-aged NPCs.

3. Rapamycin induced in vivo neurogenesis via activating autophagy.

Encouraged by the in vitro results, we sought to determine whether in vivo administration of rapamycin
could ameliorate the decline of autophagy in the brain and facilitate adult neurogenesis. To confirm this,
7-8 month-old mice were intraperitoneally injected with rapamycin (4 mg/kg ) every other day for 4 weeks
( Fig. 4A and 5A) according to previous reports [41]. As displayed in Fig. 4B, rapamycin elevated
endogenous autophagy activity was observed within the SVZ, a main neurogenic niche, as represented by
increased LC3B-1 accumulation, down-regulated p62 and reduced phosphorylated mTOR and ULK1 levels
in rapamycin group. /n vivo NPCs proliferation and neural differentiation were determined by endogenous
proliferation marker Ki67 and immature neuron-specific marker doublecortin (DCX). Notably, the numbers
of Ki67* and DCX* cells were significantly increased in rapamycin-treated mice ( Fig. 4C-D ). Since newly
formed neurons in the SVZ can migrate and integrate into the olfactory bulb circuits [2], we next
examined the olfactory bulb neurogenesis with BrdU through six-day consecutive injections. The number
of NeuN*/BrdU* colabeled cells in the granule cell layer (GCL) of the OB in rapamycin group was
significantly higher than that of control (Fig. 4E). The olfactory behavior was examined using odor
detection test and olfactory avoidance test. Rapamycin-treated mice were able to detect lower odor
concentration (10 mg/ml), whereas DMSO control mice only detected an odor at 100 mg/ml, indicating
improved detection sensitivity after rapamycin application (Fig. 4F). Furthermore, we performed an
olfactory avoidance test using nTMT which was reported to evoke fear responses [27,28]. Interestingly,
Page 9/26



when a lower amount (0.1 pl) of nTMT was used, rapamycin-treated mice showed significant avoidance
responses compared with DMSO control mice, but no difference to a high amount of nTMT (1 pl) (Fig.
4G), indicating that rapamycin-treated mice have increased sensitivity to detect odorants. These
observations imply that activation of autophagy by rapamycin can enhance neurogenesis in the SVZ/0B
and improve olfactory sensitivity in middle-aged mice.

The other major site of neurogenic niche in the brain is the hippocampus where NPCs predominantly
accumulated within the SGZ of dentate gyrus [5]. We wondered whether intraperitoneal injection of
rapamycin also stimulates adult neurogenesis in middle-aged SGZ. As expected, rapamycin
administration significantly increased the expression of LC3B-Il in DG, while reduced the levels of p62,
phosphorylated mTOR and ULK1. These data showed that rapamycin raised the autophagic level of
middle-aged hippocamus. Concurrently, there were more proliferative NPCs and new neurons in SGZ in
rapamycin group than those in control group, as evidenced by BrdU* and DCX" staining (Fig. 5C and D).
Further, rapamycin-treated mice showed improved spatial working memory as documented by the Y-Maze
test. Compared to DMSO controls, rapamycin-treated mice obtained approximately 10% higher
spontaneous alternation (Fig. SE, left panel), while there was no significant difference for exploratory
activities between the two groups, as indicated by the total numbers of arm entries (Fig. SE, right panel).
To evaluate learning and memory, we next performed the NOR test, which was based on the natural
tendency of rodents to investigate new objects. During the training phase, the time percentages spent
exploring the two objects were the same between rapamycin-treated and DMSO mice (Fig. 5F, left),
indicating the approximately similar levels of motivation and curiosity to the novel object. However, in the
testing phase, rapamycin-treated mice spent more time with novel objects than familiar ones, whereas
DMOS control mice showed no such difference (Fig. 5F, right). These data suggest that activation of
autophagy by rapamycin promotes the new neurons generation and functionally improves cognitive
ability in middle-aged mice.

Discussion

Adult neurogenesis is of great importance in maintaining normal brain function and repairing neuronal
damage [42,43]. Understanding how adult neurogenesis is regulated attracts the attention of
neuroscientists. In the present study, we have demonstrated that autophagy plays a pivotal role in adult
neurogenesis. With aging, the expression and activity of autophagy-related proteins in middle-aged
SVZ/SGZ and cultured NPCs declined significantly. Inhibiting Atg7 by siRNA impaired the pluripotency of
NPCs. Conversely, activating autophagy by rapamycin revitalized NPCs' viability and pluripotency. /n vivo,
injection of rapamycin stimulated neurogenesis in middle-aged SVZ/SGZ as well as functional recovery
such as improved olfactory sensitivity and cognitional capacities. Consequently, drugs explorations or
other interventions targeting the activation of endogenous neurogenesis will be of great utility, potentially
serving as effective strategies for the prevention and treatment of age-related brain dysfunction.

Many factors, including diet, exercise, hormones, neurotransmitters, have been reported to affect adult
neurogenesis [44-46]. Nevertheless, the mechanism intrinsically underlying adult neurogenesis remains to
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be illustrated. Protein homeostasis is the precondition to maintain cellular normal function, such as
neurogenesis. Our previous work has shown that proteasome dysfunction leads to declined NPCs
proliferation and differentiation [8]. Autophagy, as the major alternative protein degradation pathway,
plays a vital role in brain development and function. During the developmental stage, constitutive
autophagy is essential for embryonic neurogenesis [47]; Impaired autophagy influences the neuron
differentiation and proliferation of NPCs, which leads to severe neural tube defects [48-50]. At

early postnatal stages, basal autophagy is required for maintaining the viability and pluripotency of
NSCs/NPCs [13-15]. Compromised autophagy is also implicated in the pathogenesis of
neurodegenerative diseases [51,52], among which neurogenesis is likely affected.

In present study, we found that the expression of Atg3, Atg5, Atg7, Beclin1 and LC3Il in SVZ and
hippocampus of middle-aged mice decreased, compared with that in neonatal mice, which is
accompanied by declined adult neurogenesis. These observations were further supported by our in vitro
data from cultured NPCs. Consistently, other researchers have reported deletions of Fip200, a gene
essential for autophagy induction, and Atg5 result in progressively loss of adult NSCs/NPCs and
deteriorated neuronal differentiation [13,15]. Among these Atgs declined in middle-aged group, the
decrease of Atg7 was particularly significant. Atg7 level in middle-aged NPCs dropped approximately 72%
of that in neonatal NPCs. We further demonstrated that inhibition of Atg7 by siRNA in neonatal NPCs
suppressed autophagy activity as well as cell proliferation and differentiation, a phenomenon that is
confirmed by the smaller neurospheres observed, less BrdU™ and Tuj1* cells, along with increased B-
galactosidase. In line with our findings, Atg”7 deficiency has been also implicated in neuronal loss, axonal
degeneration and memory impairment [16,53,54]. Besides that, higher Atg7 level was essential for the
neuronal differentiation of the embryonic olfactory bulb [18]. Noteworthily, in some pathological
conditions, high expression of Atg7is also involved in inflammation and microglia activation, which are
associated with cell death and childhood neurological disorders [34,55,56]. Thus, enhanced autophagy
might not always be beneficial, and further investigations utilizing different animal models will be needed
to elucidate the precise role of Afgs-mediated autophagy in neurogenesis.

Autophagy could also be modulated by certain compounds. Rapamycin, a well-established autophagy
activator, promotes autophagic activation through inhibiting the mTOR pathway [41]. Here, we
demonstrated that in vivo administration of rapamycin could ameliorate the decline of autophagy in the
middle-aged brain and facilitate adult neurogenesis through autophagy activation via the suppression of
mTOR. We showed that autophagic activation by rapamycin not only facilitated the endogenous
neurogenesis in the middle-aged SVZ and hippocampus, but also improved the olfactory sensitivity and
cognitive capability in middle-aged mice. We further confirmed in vitro that rapamycin-triggered
autophagy activation via mTOR suppression rejuvenated the viability and pluripotency of middle-aged
NPCs. Reports from other groups also support our observations. Singh et al. have found that activating
autophagy through oral administration of rapamycin plays a neuroprotective role by alleviating the
oxidative damage, inflammatory response and cell death in the aged brain [21]. Spilman et al. have
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reported that rapamycin administration protects hippocampus neurons against injury and improves the
learning and memory ability through mTOR inhibition in AD mice [40].

In summary, our results revealed that autophagy was closely correlated with adult neurogenesis. Genetic
suppression of Atg7 compromised neurogenesis; conversely, pharmacological activation of autophagy
enhanced middle-aged neurogenesis and restored middle-aged brain function. This shed light on the
regulation of adult neurogenesis. Genetic or pharmacological activation of autophagy could serve as an
attractive therapeutic strategy for age-related brain dysfunction and neurodegenerative diseases where
neuogeneis is compromised.
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Tables

Table 1 Primers used for Real-time PCR

ane Forward primer sequence 5'—3’ Reverse primer sequence 5'—3’
g3 TGGTGATGGGGGATGGGTAGATAC TTCCCCTTCATCTTCCTCGTCTTC
g5 GCGGTTGAGGCTCACTTTATGTCGT TATTCCATGAGTTTCCGGTTGATG

a7 TCCAGTCCGTTGAAGTCCTC CCACTGAGGTTCACCATCCT
aclinl CGCCAGGATGGTGTCTCTCGAAG GCGGGTGATCCACATCGGT
ipdh TGTGTCCGTCGTGGATCTGA TTGCTGTTGAAGTCGCAGGAG

Table 2 Antibodies used in this study
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Antibodies

Species Application Dilution

Company & Catalog
number

t anti-LC3

3 anti-p62

t anti-ATG7
t anti-mTOR

t anti-pS2448-mTOR

t anti-ULK1

t anti-pS7°7-ULK1
3> anti-B-actin
t anti-B-Actin
t IgG, HRP

> IgG, HRP

t anti-DCX

t anti-Ki67

t anti-NeulN

> anti-BrdU

> anti-GFP

> anti-Tujl

Fluor 555 Goat anti-

;IgG (H+L)

Fluor 488 Goat anti-

> IgG (H+L)
inti-mouse Cy3 IgG

Rabbit

Mouse

Rabbit

Rabbit

Rabbit

Rabbit

Rabbit

Mouse

Rabbit

Rabbit

Mouse

Rabbit

Rabbit

Rabbit

Mouse

Mouse

Mouse

Rabbit

Mouse

Mouse

WB

WB

WB

WB

WB

WB

WB

WB

WB

WB

WB

IHC

IHC

IHC

IHC

IHC

IHC

IHC

IHC

IHC

1:1000

1:1000

1:1000

1:1000

1:1000

1:1000

1:1000

1:4000

1:4000

1:5000

1:5000

1:200

1:400

1:400

1:200

1:200

1:300

1:200

1:200

1:400

Abcam, Cat# ab51520

Abcam, Cat# ab56416

Cell Signaling
Technology, Cat# 8558
Cell Signaling
Technology, Cat# 2983
Cell Signaling
Technology, Cat# 2971
Cell Signaling
Technology, Cat# 8054
Cell Signaling

Technology, Cat# 6888

Sigma-Aldrich, Cat#
A1978

Sangon Biotech, Cat#
A1978

ZSGB-BIO, Cat# ZB-
2301

ZSGB-BIO, Cat# ZB-
2305

Cell Signaling
technology, Cat# 4604

Abcam, Cat# ab15580

Proteintech Group,
Cat# 26975-1-AP

Abclonal, Cat# A1482

Cwhbiotech, Cat#
CW0086M

Sigma-Aldrich, Cat#
MAB1637

Invitrogen, Cat#
A21429
Invitrogen, Cat#
A28175
Boster Biological
Technology, Cat#
BA1031

Figures
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Figure 1

Compromised autophagy activity in NPCs of different aging stages. (A) Expression of LC3B-l in SVZ and
SGZ of neonatal and middle-aged mice (n = 3). (B) GFP-LC3 puncta and the expression of LC3 B-l in
NPCs from neonatal and middle-aged mice, Scale bar=50 pm. (C) The mRNA levels of autophagy-related
genes (Atg7, Atg3, Atg5 and Beclin1) in SVZ, SGZ, and cultured NPCs from neonatal, young and middle-
aged mice (n = 3). Data were collected from three independent experiments, means + SD. *p < 0.05, **p <
0.01 and ***p < 0.001.
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Figure 2

Atg7 gene knockdown attenuated the proliferation and differentiation capacity of neonatal NPCs. (A)
siRNA inhibited the ATG7 protein expression in neonatal NPCs. (B) Atg7 knockdown induced the
alteration of LC3B-I and p62 in neonatal NPCs. (C) Atg7 knockdown retarded the neurospheres formation
of neonatal NPCs, Scar bar=100 pm. (D) Atg7 knockdown hindered the proliferation of neonatal NPCs as
shown by BrdU staining, Scar bar=100 pm. (E) Atg7 knockdown induced the senescence of neonatal
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NPCs, Scar bar=100 pm. (F) Atg7 knockdown attenuated neuronal differentiation of neonatal NPCs as
evaluated by relative Tuj1/DAPI ratio, Scar bar=100 pm. Data were from six independent experiments,
means * SD. *p < 0.05, **p < 0.01 and ***p < 0.001.
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Figure 3

Rapamycin rejuvenated autophagy activity and the pluripotency of NPCs derived from middle-aged mice.
(A) Rapamycin increased the number of GFP-LC3 puncta in middle-aged NPCs, Scar bar=50 pm. (B)
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Rapamycin affected the expression of LC3B-ll, p62, p-mTOR/mTOR and p-ULK1/ULK1 in middle-aged
NPCs. (C) Rapamycin stimulated the neurospheres formation of middle-aged NPCs, Scar bar=100 ym. (D)
Rapamycin enhanced the proliferation of middle-aged NPCs as shown by BrdU staining. (E) Rapamycin
attenuated the senescence of middle-aged NPCs, Scar bar=100 pm. (F) Rapamycin increased the number
of Tuj1+ cells in middle-aged NPCs, in a concentration-dependent manner, Scar bar=100 ym. Data were
from there independent experiments, means + SD. *p < 0.05, **p < 0.01, ***p < 0.001.
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Rapamycin enhanced SVZ neurogenesis and its neurofunction in middle-aged mice. (A) Schematic
experimental design of rapamycin treatment in vivo and efficency evaluation. (B) Alteration of expression
of LC3B-ll, p62, p-mTOR/mTOR and p-ULK1/ULK1 in SVZ of middle-aged mice subjected to rapamycin
injection. (C, D, E) Rapamycin stimulated neurogenesis in SVZ and olfactory bulb of middle-aged mice, as
shown by Ki67, DCX, and BrdU/NeuN immunofluorescent staining respectively, Scar bar=50 pm. (F, G)
Rapamycin affected time for sniffing the odor and avoidance responses of middle-aged mice. (n = 10).
Data shown are means = SD. *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 5

Rapamycin improved hippocampus neurogenesis and congnitive capability of middle-aged mice. (A)
Schematic experimental design of rapamycin treatment in vivo and efficency evaluation. (B) Rapamycin
affected the expression of LC3B-ll, p62, p-mTOR/mTOR and p-ULK1/ULKT1 in hippocampus of middle-
aged mice. (C, D) Rapamycin increased the Ki67, DCX positive cell number in the SGZ of the middle-aged
mice, Scar bar=50 ym. (E) Rapamycin improved the alternation rate in Y-Maze test of middle-aged mice.
(F) Rapamycin enhanced the tendency of exploring novel objects by middle-aged mice in NOR test. Data
shown are means = SD. *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 6

Schematic illustration summarizing the regulation of autophagy on the adult neurogenesis and
neurofunction. The autophagic activity of SVZ/SGZ and NPCs in middle-aged mice significantly declines,
compared with that in neonatal ones. Treatment with rapamycin activates autophagy via mTOR
suppression, which in vitro revitalizes the viability and neuronal differentiation of middle-aged NPCs, and
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in vivo enhances neurogenesis in middle-aged SVZ/SGZ indicated by improved odor discrimination and
cognitional capacities.
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