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SUMMARY

Age-related declines in cognitive fitness are assated with a reduction in autophagy, an
intracellular lysosomal catabolic process that reglates protein homeostasis and organelle turnover.
However, the functional significance of autophagyni regulating cognitive function and its decline
during aging remains largely elusive. Here we shothat stimulating memory up-regulates autophagy
in the hippocampus. Using hippocampal injections ofjenetic and pharmacological modulators of
autophagy, we find that inducing autophagy in hippeampal neurons is required to form novel
memory, by promoting activity-dependent structural and functional synaptic plasticity, including
dendritic spine formation, neuronal facilitation and long-term potentiation. We show that
hippocampal autophagy activity is reduced during amg, and that restoring its levels is sufficient to
reverse age-related memory deficits. Moreover, we emnonstrate that systemic administration of
young plasma into aged-mice rejuvenates memory imaautophagy-dependent manner, suggesting a
prominent role for autophagy to favor the communicdion between systemic factors and neurons in
fostering cognition. Among these youthful factorsywe identify Osteocalcin, a bone-derived molecule,
as a direct hormonal inducer of hippocampal autophgy. Our results reveal that inducing autophagy
in hippocampal neurons is a necessary mechanism émhance the integration of novel stimulations of
memory and to promote the influence of systemic fagors on cognitive fitness. We also demonstrate
the potential therapeutic benefits of modulating atophagy in the aged-brain to counteract age-

related cognitive impairments.

Keywords: Autophagy, Aging, Hippocampus, Memory formationn&ptic plasticity, Beclin 1, Systemic

Milieu, youthful circulating factors, Osteocalcin



Introduction

In the mammalian brain, the hippocampus is pivedalthe control of learning and memory. The
formation and consolidation of memory relies ondhpacity of the hippocampus to integrate novehuii
through neuronal structural reorganization andtigli&g [1-4]. In hippocampal neurons, autophagosomes
(AP), double-membraned vesicles involved in autgghdave been shown to actively form in synapses
and along neuronal processBs/], and emerging data suggest that hippocampal hatppmay contribute
to neuronal homeostasis; playing a role in synagg®embly, axonal growth, dopamine release and long
term depression (LTDBE1Q.

Autophagy is a cellular catabolic process wherefoggins and organelles are engulfed in APs and
then transported to lysosomes for degradatidn [L3. The biogenesis of APs is orchestrated by mutipl
ATG (autophagy-related) proteins (such as BecliFip200, and VPS34) that are engaged in different
dynamic membrane complexek3f15. The ATG5/12/16L1 complex finally allows for ligiation of the
LC3 protein (LC3-Il) which is then recruited to thite(s) of nascent APs to favor the maturatiothef AP
[13-15. Beyond its basal functions, autophagy can bewdtted by various physiological stimuli and
changes in environmental conditiorf?]. There is now increasing evidence that autophagdyction is
essential to control important physiological funas, such as regulation of energy metabolism, obofr
appetite and modulation of host defenses, by miadiathe cellular adaptive responses to novel
physiological stimuli 12, 16, 1T. However, the role of this stimulated autophagmains largely elusive in
the brain. The fact that memory and neuronal @egtin the hippocampus undergo changes in cellular
protein homeostasis and organelle turnoverld and that hippocampal neurons are constantly stege
to novel stimuli and modulated by environmentaltdes, lead us to hypothesize that autophagy has an

important functional role in regulating hippocampapendent cognitive fitness.

Importantly, the hippocampus is highly vulnerabbe aging, exhibiting alterations in functional
synaptic plasticity and progressive impairmentas$sociated learning and memo#dy [19-23. Given the
current increase in life expectancy, the numbendividuals affected by age-related memory lodsasnd
to dramatically increase and represents an unmdicaleneed I, 24. Recent progress has demonstrated
the potential therapeutic effects of exposure tgaung” systemic milieu in preventing/reversing g
associated memory decline, pointing to the impaeaaof systemic circulating factors in the contrél o
hippocampal cognitive fitnes®2%-28; however, the mechanisms mediating this phenoménmeurons
are still poorly understood. Therefore, identifioat of intracellular mechanisms favoring neuronal
plasticity and memory in the hippocampus is impartia understanding how cognition and memory are
affected during aging. Interestingly, the age-esdlatdecline in hippocampal-dependent memory is

commonly associated with a reduction of ATG prateim various tissues, including brain in whigtgs,



Atg7 andBecn 1 are found to be downregulate2bf31].

Given the above observations, we set out to deterrtfie functional significance of autophagy in
hippocampal dependent cognitive fithess and toigde whether age-impaired autophagy in the bsin i
directly responsible for hippocampal-dependent mgmdeficits. We show that memory-related
stimulations enhance autophagy activity in mouggpdcampi and that this induction is required tarfor
novel memory by promoting the activity-dependentnagptic plasticity in hippocampal neurons.
Furthermore, we show that autophagy activity isioed in old hippocampi and that restoring its |duéy
reverses associative and spatial memory deficitaged mice. In addition, we show that autophagy is
induced in hippocampal neurons by exposure to agaystemic milieu, and identify Osteocalcin (Oagr)
one such circulating factor in young plasma. Togegtlihese data demonstrate that the activation of
autophagy by novel stimulations is necessary tonpte the capacity of hippocampal neurons to form ne
memories, and that young circulating factors impra@ognitive performance in aged mice by inducing
autophagy in the hippocampus. These results demnabmgshe potential therapeutic benefits of pronwptin

autophagy in aged brains to reverse/prevent tleetsfbf aging on cognitive functions.

Results

Hippocampal autophagy is up-regulated by novel stimlations of memory

We first observed that exposing 3-month-old mendvel memory-related stimulations, induced
by contextual fear conditioning (CFC) enhancedekyeression of key ATGs (Beclin 1, VPS34 and ATG5)
at both the mRNA and protein level in the hippocampand this up-regulation was proportional to the
level of stimulation figure 1A-B andS1A). Similar results were obtained after exposinganrt Morris
water maze tasks (MWM)figure S1C). Moreover, the increase in LC3-1 conversion to3LHC (AP
formation marker) together with a decrease in SQ&pBR (an AP cargo protein degraded after fusion
with the lysosome)demonstrate that novel memory stimulations enhammetbphagic flux in the
hippocampusfigure 1A,C andfigure S1B,D,E). Although we cannot exclude that training itdetiuces
autophagy in the hippocampal region of the brdia,fact that our control mice were subjected tostime
context but without exposure to the memory paradignicates that novel memory-related stimulations
induce hippocampal autophagy. Moreover, neither G&CMWM stimulations affect LC3-1l abundance in
the cerebellum (a brain region not directly impiezhin the control of memory functiondjgure S1F-G)
Lastly, exposing mice to acute restraint stressndidinduce any modifications in hippocampal autaph
as seen after CFC or MWMidure S1H). Together, these data indicate that memory-relatieculations
up-regulate hippocampal autophagy and strongly estgtpat autophagy plays a role in the regulation o

learning and memory in the hippocampus.



Neuronal autophagy influences hippocampal dependembemory performances

To further investigate the functional significanoé memory-induced autophagy, we generated
mouse models to selectively downregulate hippochaup@phagy by performing stereotactic injectiofis o
adeno-associated viruses (AAV) expressing shRNAanagFip200, Beclin 1 or Atgl2, major genes
involved in distinct dynamic membrane complexestialing different steps of AP biogenesis4F1g. A
decrease in the abundance of LC3-Il and an increSQSTM1/p62 accumulation, observed 3 weeks after
injections of each AAV, confirmed that autophagysveggnificantly hampered in the hippocampligufe
1D and S2A-H). Mice were then subjected to two independent elhaal tasks to assess hippocampal-
dependent learning and memoB2]. the novel object recognition (NOR) te$g(ire 1E and S21-K) and
the 3-foot-shocks contextual fear-conditioning plegen (CFC) {igure 1F). Both tests assess associative
memory and rely on two phases: a training phasehich mice are exposed to novel memory stimulation
(NOR: exposure to two similar objects; CFC: 3 febtcks associated to a neutral environment); and a
testing phase performed 24h after the training @lasvhich memory performances are evaluated (NOR:
recognition of a novel exposed object; CFC: measardg of context-elicited freezing). In NOR, we foun
that the downregulation of eithéfip200, Beclin 1 or Atgl2 severely impaired memory capacities as
demonstrated by a drastic decrease in the timeoergla novel object compared to control mitigure
1E and S2I-K). We next confirmed these results in CFC by showtmag all mice downregulated for
autophagy exhibited a decrease in freezing in ctuma memory testingfigure 1F). Importantly, the
downregulation oBeclin 1 selectively in hippocampal neurons, obtained aftereotactic AAV injections
of a neuronal synapsin 1 promoter-driven shRNABealin 1 (eSYN-Beclin 1-shRNAmir) figure 2A-B),
lead to similar memory deficits in NORdure 2C) and CFC figure 2D) tests. Importantly, these mutant
mice and their controls showed comparable perfoomsirin the open field (OFT) and rotarod tests,

indicating that their locomotor functions and amyistate were unaffectetiqure 2E-F).

Stimulation-induced autophagy in the hippocampus isiecessary to form new memories

The above results demonstrate that reducing auggpira the hippocampus impairs cognitive
fitness. As autophagy is acutely up-regulated durexposure to novel memory-related stimuli, we
hypothesized that autophagy plays a role spedificiairing novel stimulations in hippocampal neuramsl
consequently contributes to the formation of newrmoges. Therefore, we acutely targeted hippocampal
autophagy during exposure to novel stimulatiorair{ing phase) or after the training phase by periiog
single hippocampal stereotactic injections of phaohtogical inhibitors of autophagy using spautin-1
(specific autophagy inhibitor-1 which interferesthvAP formation) or by blocking the late stagesttud#
autophagic pathway by using leupeptin or chlorogufigure 3A and S3A-F). The acute reduction of



hippocampal autophagy activity after injectiongpbirmacological autophagy inhibitors was confirrbgd
measuring LC3-1l abundancdigure 3A and S3A-C) and SQSTM1/p62figure S3E-F) levels. When
autophagy is acutely inhibited during the trainpttase of either the NOR or CFC, we found significan
decreases in memory performances during testitgptin behavioural testdigure 3B-D andfigure S4A-

F). Conversely, acute induction of autophagy by hgapopal injections of TAT-Beclin 1 peptid83, an
inducer of AP formation, during the training phaseshanced memory capacities in both the NOR and
CFC tests compared to control groups (vehicle oif-B&ramble injected micejigure 3B-D andfigure
S4D-B. Importantly, modulating autophagy 12h after esyre to novel stimulations with either spautin-1,
leupeptin or TAT-Beclin 1figure 3E), did not influence memory performances in botlst@gure 3F-G

and figure S4G-H), showing that stimulation-induced autophagy in thippocampus is specifically

required during the formation of novel memories.

Stimulation-induced autophagy enhances activity-degndent structural and functional synaptic
plasticity in hippocampal neurons

In order to gain insight into the neuronal conseges of hippocampal stimulation on autophagy, we
isolated primary hippocampal neurons from mice auibjected them to stimulation by chemical
depolarization with potassium chloride (KCI) or ofieal long-term potentiation (cLTP), a putative
functional correlate of learning and memory that baen shown to induce synaptic plasticg¥,[33. As
shown in figure4A, both KCI and cLTP treatments enhanced AP formaéis determined by measuring
LC3-II levels. In addition, as previously descrilj8d, 35, we observed that cLTP treatment also increased
dendritic spine formation and enhanced GIuAl andViBH a phosphorylation, markers of increased
synaptic strengthfigure 4C-D). Therefore, we next investigated whether downsagpn of autophagy
affected these structural and molecular changesobBerved that the acute down-regulatio®Beflin 1 in
primary hippocampal neuronsfigure 4B) blocks the formation of novel dendritic spinesdan
phosphorylation of GIuA1l and CAMKdI after cLTP treatmenffigure 4C-D), suggesting that autophagy
induction is required to enhance the activity-dejsm plasticity changes in hippocampal neuronsnduri
stimulation. Importantly, without neuronal stimudats, acutely targeting autophagy does not alteelirze
levels of dendritic spine density or synaptic ptast markers. To corroborate these structural ltesm
vivo, we assessed dendritic spine density in miae were locally injected with either AABeclin 1-
ShRNA or AAV-Scramble-shRNA and subjected to MWMHKs: (for 5 consecutive days), which is known
to enhance dendritic spines formation in granukurans of the hippocampal dentate gyrus (08B) [37.
Results from Golgi staining revealed a significantuction of dendritic spine formation in DG
hippocampal granular neurons of control mice batimonice that were downregulated Beclin 1 (figure

4E). We then assessed the effect of acute autophdmiyition (after treatment with spautin-1) on basal



glutamatergic transmission and on short- and lengrtplasticity in WT hippocampal slices. As shown o
figure 4F, the basal glutamatergic neurotransmission, defibg input-output (I/O) curves, was not
significantly affected by acute treatment with gpai. In contrast, we observed a significant anstained
reduction of the paired-pulse facilitation ratidP@ in the slices treated with spautin-1, demotistyaa
strong alteration of short-term plasticity mechargsby acute autophagy inhibitiofigure 4G). Similarly,
treatment with spautin-1 induced a significant dase in LTP amplituddigure 4H). Indeed, the mean
values of the field excitatory postsynaptic pot@niEPSP) slopes (measured during 10 min befaetid

of recordings) were significantly decreased inediexposed to spautin-1 (190.66 £ 15.07% in control
condition compared to spautin-1 139.37 + 13.19 Phese data demonstrate that autophagy is required t
promote both structural and functional (short- &mdy-term) synaptic plasticity in hippocampal nengan

response to novel neuronal stimulations.

Promoting autophagy in old hippocampi is sufficientto reverse age-impaired memory

Normal aging is characterized by a decline in hggmopal neuronal plasticity and increased memory
impairments 4, 20-23, and is associated with a reduction of autophiagyarious tissues2P-31. In the
hippocampi of 16-month-old mice, we observed a mdrtecrease in Beclin 1, VPS34 and ATG5 at both
the protein figure 5A and figure S5A) and mRNA level figure 5B). Furthermore, a reduction in
autophagy activity was observed, as demonstrateddhight decrease in LC3-ll accumulatidigare 5A)
together with an increase in SQSTM1/p62 levéiguire 5C and figure S5B). Co-immunofluorescence
analysis indicates that the increase in SQSTM1/p6acta accumulation is highly present in neurons
(NeuN" cells) but also in some astrocytes (GEAgells), both in the DG and CA3 regions of old
hippocampi figure S5C). These results prompted us to examine whetheucing autophagy in old
hippocampi could improve age-impaired memory defiobserved in 16-month-old micigure 5D). To
that end, we subjected 3- or 16-month-old WT m@elject location memory (OLM) (assessing spatial
memory) figure S5D), NOR ffigure 5E andfigure S5E) and CFC figure 5F) tests after hippocampal
stereotactic injections of TAT-Beclin 1, TAT-Scralmbor vehicle. We observed that TAT-Beclin 1
injections in 16-month-old animals induced autophand improved memory performances in all
behavioral testsfigure 5E-F andfigure S5D-E). These results indicate that promoting autophiagyld
hippocampi is sufficient to rejuvenate memory ire@@nimals and suggests that hippocampal and/or

organism changes contribute to reduced autophatieibrain during aging.

Young plasma injections reverse aged-memory defisitoy promoting autophagy in old hippocampi
Recent studies have shown that repeated systemministtations of young blood plasma into aged

animals improved age-related cognitive impairmdtsehabilitating synaptic plasticity capaci®sf2§.



This led us to investigate whether autophagy presitite beneficial effects of young plasma on memory
decline in aged mice. We found that 16-month-oldenwhich received plasma collected from young (8-
week-old) mice had an increase of LC3-1l accumatatand a slight decrease of SQSTM1/p62 levels in
comparison to old mice that received vehidigyre 6A andfigure S6A). Conversely, we did not detect
differences in aged mice treated with aged plagma(16-month-old mice)figure 6A andfigure S6A).
Subsequently, in an independent cohort of aged,mieeconfirmed that systemic injections of young
plasma reversed age-related memory deficits; bportantly, this reversal was not observed in 16-imon
old animals in whiclBeclin 1 was downregulatedfigure 6B and figure S6B). These data suggest that
rejuvenating circulating factors present in youngsma ameliorate age-related memory deficits via

restoring autophagy levels in old hippocampi.

Osteocalcin is a youthful plasma factor inducing lppocampal autophagy in old mice

Interestingly, Osteocalcin (Ocn) was recently idfesd as a necessary circulating factor of young
plasma, which can rejuvenate hippocampal-depenaentory functions in aged-mic2§, 3§. Ocn is a
bone-derived hormone that crosses the blood-baainen, that influences hippocampal-dependent mgmor
through the activation of its receptor Gprl58 ipgacampal neuron28, 38-4]1 and its circulating levels
are drastically reduced during agingll[ 43. Importantly, we observed that Ocn treatment iimpry
hippocampal neurons significantly enhances AP fdionaas shown by measuring LC3-11 levels in the
presence and in the absence of lysosomal blockeadildmycin), respectively figure 6C). This
observation together with the fact that restorisgevels in 16 month-old mice is sufficient to eese age-
related cognitive impairment28], prompted us to test whether Ocn ameliorates -agkated memory
deficits by increasing autophagy levels in old leipgmpi. This question was addressed by two independ
experiments. First, we show that hippocampal Ogections improved the enfeeblement of autophagy
activity observed in 16 month-old hippocampi, asndastrated by measuring LC3-Il and SQSTM1/p62
protein levelsfigure 6D andfigure S6C). Subsequently, we show that the contribution oh @& required
to promote the effects of young plasma injectionsage-impaired LC3-1l levels. Indeed, injections of
plasma from young WT mice immunodepleted for Odd4%f Ocn was reduced after immunodepletion
[28]; see STAR Methods) failed to improve the decre@séC3-1l accumulation and the increase in
SQSTM1/p62 levels in old mice to the same exterthasnjections of young plasma control (treatethwi
IgG) (figure 6E andfigure S6D). Finally, we confirmed that systemic infusionseodogenous Ocn in 16-
month-old mice improved age-related memory defiditswever, this Ocn-induced memory improvement
was abolished in the hippocampal neurons of 16-lmolt animals in whictBeclin 1 had been selectively
downregulatedfigure 6F andfigure S6E-F). These data support the necessary contributi@uimiphagy

in promoting the beneficial effects of young cimtig factors on age-related memory decline, aadtity



Ocn as a direct hormonal inducer of autophagy ppdcampal neurons. In total, these results denatastr

the importance of inducible hippocampal autophagycbgnitive fitness, especially during aging.

Discussion

The identification of intracellular cues in hippoggal neurons that control memory formation is of
utmost importance in order to understand how camgniis regulated and how it is altered under
pathological and aging conditions. We show that stimulation of memory by behavioural tasks up-
regulates autophagy in the hippocampus, and thatiley and memory is dependent on induced autophagy
activity in hippocampal neurons. Next, we demornsetrthat memory is influenced if autophagy is
modulated during the training phases of behavidasis; when animals are exposed to novel stinnsti
This suggests that neuronal stimulation inducesaatophagic response that allows neurons in the
hippocampus to incorporate these stimuli by prongpthe formation of dendritic spines and increased
synaptic strength. It is still unclear how neurostimulation induces an increase in autophagy $&vel
however, these results reveal an important phygicéd function of autophagy in the brain beyond its
known cellular roles in housekeeping pathways. @ndings suggest autophagy promotes memory

formation by modulating the adaptive responsespgdcampal neurons to novel stimuli.

Mechanistically, we show that autophagy inductienréquired for shaping activity-dependent synaptic
plasticity in hippocampal neurons, including thenamcement of dendritic spine formation and synaptic
molecular strength after stimulations. Neverthelemsr investigation did not allow us to determine
dendritic spine type and morphology, nor whetheséhdefects predominantly concern a specific naliron
population in the hippocampus. Electrophysiologmahlyses of brain slices following acute hippocamp
autophagy inhibition suggested that basal neursitnésion was not affected. However, our data show a
significant reduction in the amplitude of the fietEPSP following LTP stimulation. This observation
suggests that hippocampal autophagy is importamt goomoting long-term synaptic plasticity.
Interestingly, agelependent alterations in the inductiohLTP are well documentedi]] Moreover, our
electrophysiological findings also demonstrate thhibiting autophagy acutely on hippocampal sliaks®
induced a sustained reduction of the neuronalifatidn, namely paired-pulse facilitation ratio (PPa
form of short-term activity-dependent synaptic ptaty. Changesin PPF observed after autophagy
inhibition suggest a presynaptic involvement ofophtagy in hippocampal neurons. Importantly, these
findings can be corroborated with recent reportsashg that pre-synaptic domains are active sitesAl®
biogenesis -7, 43, 44, suggesting an intimate dialogue between preymalomains and autophagy

machinery. Finally, defects in neuronal facilitatimay also contribute to postsynaptic alteratiares &



decrease in LTP amplitude). Together these findingg&ate that acute downregulation of hippocampal
autophagy does not affect basal neurotransmissibreduces both short- and long-term activity-delesn

synaptic plasticity capacity in hippocampal neuritnsesponse to novel neuronal stimuli.

The selective downregulation of Beclin 1 in hippogal neurons and primary hippocampal neuronal
cultures demonstrates the important role of nedrangophagy in regulating memory and hippocampal
synaptic plasticity. Although our study focuseshimpocampal neurons, we cannot exclude the posggibil
that autophagy activity in other hippocampal calpplations may also contribute to the regulation of
memory formation and cognitive fitness. Indeed, thlearmacological targeting of autophagy after
hippocampal injections does not selectively tamgtronal autophagy, and other cell populations ccoul
also partially contribute to memory formation andedampaired memory performances. Moreover,
autophagy has been shown to play a role in othetygees, such as astrocytes that prune axdbsdnd
oligodendrocytes that increase myelinatid@][ Therefore, further analyses will be requireddgiermine
the specific hippocampal neuronal populations aasisibly other cell type(s) (i.e astrocytes), in evhi

autophagy has a predominant effect in the confrol@mory formation.

Aging is commonly associated with progressive impants in hippocampal-dependent memd§-[
24] and with defective autophagy in various tissu#%31. We show that autophagy activity is reduced in
the hippocampus during aging and that promotingghagy in old hippocampi is necessary and sufficien
to improve age-related hippocampal-dependent mendeficiencies. These results reinforce the link
between autophagy and aging, and underscore thertamge of maintaining autophagy capacity in the
brain for cognitive fitness throughout life. Thiashimportant clinical implications in preventingéting
cognitive impairments in aging populations, as phamy is directly targetable by drugé7], and its
pharmacological induction could be amenable toist@mt therapeutic benefitgl8, 49. It is important to
note that during brain aging, the alterations indtiic spines formation are subtle and region-gme[].
Consequently, the influence of autophagy on deindspine formation may not be directly related t® i
beneficial effects on age-related cognitive deficlowever, our demonstration that autophagy isireq
for activity-dependent dendritic spine formationynteelp to partially modulate mechanisms of plastici
that could be affected in various cognitive disosd®loreover, the decrease in autophagy activiseoled
in old hippocampi is not restricted to neurons, ibig also present in some astrocytes, both ifdA8 and
DG regions. This suggests a possible role for d#gyp in astrocytes in age-impaired memory and brain

aging processes.

Perhaps the most intriguing finding of our study tiee demonstration that spiked systemic

10



administrations of young plasma improve age-imghaatophagy levels in the hippocamp@s-Rg and
that the rejuvenating effects of young plasma tig@s on memory decline during aging are abrogaftst
the downregulation of hippocampal autophagy. THes#ings favor the notion that young blood factors
reverse age-dependent alterations in memory bgriegtautophagy levels in old hippocampi. They also
suggest a prominent role for brain autophagy iniated) the communication between systemic milied an

hippocampal neurons for fostering cognitive fitngssughout life.

Although the mechanisms involved in the age-assegiadecline of autophagy are still being
elucidated, our results suggest that the loss aredse of young circulating factors in plasma dbute to
this decline. Among these factors, Ocn, a bonevddrhormone that passes through the blood branebar
and influences hippocampal-dependent memory by ifgndo the G-coupled receptor Gprl58 in
hippocampal neuron28, 38-41, has been recently identified as a necessary ooerg of young plasma
for improving the deleterious effects of aging @arhing and memory. We demonstrate here that Ocn
injections in aged-mice are sufficient to signifidg ameliorate age-impaired autophagy in old hggmapi,
requiring autophagy to mediate its beneficial dffec age-related cognitive decline. Whereas the obl
autophagy as a mediator in the dialogue betweeiphmal organs is well described (e.g. pancreatic
hormones in the regulation of liver autophagy)s tetudy highlights for the first time a key roler fo
autophagy in shaping the communication betweerpperal tissues and the brain. The identification of
Ocn as a novel hormonal inducer of autophagy dassemclude the contribution of other systemic
circulating factors in fostering hippocampal memoapacities via induction of autophagy, which isoal
suggested by the partial rescue of hippocampalphatyy levels observed after systemic injections of
young plasma immunodepleted for Ocn. However, thisvides new insights into the larger role of

autophagy in the mediation of hormonal actions @gndive function.

In summary, we show here that autophagy plays adeyin promoting the formation of new memory
in hippocampal neurons by modulating structural &mctional activity-dependent synaptic plasticity.
Impaired hippocampal autophagy activity is obserdening aging and leads to memory decline, and
restoring autophagy levels in old hippocampi isfisight to reverse age-related memory deficits.
Autophagy promotes the effects of systemic admitisins of young plasma on brain cognitive fitness.
Among these factors, we identified Ocn has a naml-geronic hormonal inducer of autophagy in
hippocampal neurons, highlighting the role of abtgy in mediating hormonal regulation of neuronad a
behavioral functions in the brain. Altogether, #hdsdings underlie novel physiological functionsr f

autophagy in the brain for promoting the adaptiesponses of the hippocampal neurons to novel

11



stimulations and systemic factors and may guidedéwelopment of treatments for aged-memory dedtine
aging populations.
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Figure Legends

Figure 1. Autophagy is up-regulated in the hippocepus by novel memory stimuli

and promotes learning and memory.

A-B) (A)VPS34, Beclin 1, ATG5, LC3-1 and LC3-ll accumutati (representative Western blot), ai) (
Vps34, Beclin 1 (Becn 1), Atg5 expression (QPCR performed in triplicate for esample) in hippocampi of
3-month-old WT mice exposed to 1 (1dS) or 4 (4d&)secutive days of memory-related stimulations
induced by 3-foot-shock CFC. The hippocampi welkected 1hr after the first (1dS) (n=7) or 1hr aftee

last (4dS) (n=4-7) memory-related stimulation. Thsults are represented in comparison to 3-mormth-ol
WT mice exposed to the same context but without argmparadigm (NS) (n=5-6p-actin was used as a
loading control for each sample. QuantificationndRNA expression is relative to the NS group. These
measurements were performed in two independentiexpets for (A) and (B). See also Figure S1.

C) SQSTM1/p62 immunofluorescence (scale bar gn20performed on brain cross-sections at the lewel o
the hippocampal dentate gyrus (DG) (n=4) and CAftores (n=6), in 3-month-old WT mice after 4dS of
memory-related stimulation compared to the NS grdBmins were collected from two independent
cohorts of mice for each group. See also Figure S1.

D) LC3-1 and LC3-Il accumulation and LC3{fHactin ratio quantification in mouse hippocampi 8eks
after stereotactic injections with either: AAMp200-shRNA (n=3),AAV-Beclin 1-shRNA (n=4), AAV-
Atg12-shRNA (n=3)or their respective AAV-Scramble-shRNA (n=3-4). Theantification is relative to
mice injected with AAV-Scramble. These measuremesete obtained from 3 independent experiments for
each group and its respective control. See alsar&ig2.

E) Novel object recognition (NOR) performed in 3-rttoold mice, 3 weeks after hippocampal stereotactic
injections with either: AAVFip200-shRNA (n=14),AAV-Beclin 1-shRNA (n=14), AAVAtgl2-shRNA
(n=14) or their AAV-Scramble-shRNA @10). Discrimination index was measured 24 hoursradtte
training phase to assess memory performances. Of Was performed in two independent experiments
for each group and its respective control. Seefilgore S2.

F) 3-foot-shock contextual fear conditioning (CFCgrijprmed in 3-month-old mice 3 weeks after
stereotactic injections with either: AAFWH200-shRNA (n=12),AAV-Beclin 1-shRNA (n=14), AAV-
Atgl2-shRNA (n=12) or their AAV-Scramble-shRNA Xh0). Percent freezing was measured for the
training (as a control for the basal level of modssezing) and testing phases (to assess memory
performances). The CFC was performed in two inddeenexperiments for each group and its respective

control.
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Independent cohorts of mice were used for eachviaiah test (no mice were used in more than one
behavioral test). Data are expressed as mie;aa.m. P<0.05, **P<0.01, ***P<0.001, NS: not significant,

by Student’d test compared to the control group.

Figure 2. Selective downregulation of autophagy irhippocampal neurons reduced

memory performances

A-B) Fluorescent microscopy images)(of brain cross-section collected 3 weeks aftealstereotactic
injections with AAV-eSYNBeclin 1-shRNAmir (shRNA driven by a synapsin 1 gene hyhlmidmoter).
The construct expresses eGFP, which allow us tdyvitee site and the efficacy of infection. A focuss
made on the Dentate Gyrus (DG), CA3 and CAl regiais the hippocampus. B} LC3
Immunofluorescence (Scale bargk®) performed on hippocampal cross-sections, atleélel of the
dentate gyrus (DG) and CA3. The analysis was pexdron n=6 animals. This analysis was performed on
2 independent cohorts of mice for each group.

C) NOR performed in 3-month-old mice, 3 weeks aftggpocampal stereotactic injections with either:
AAV-eSYN-Beclin 1-shRNAmir (n=10)or AAV-Scramble-shRNAmir (n=10). Discrimination'{®anel)
and preference indexes"(4anel) were measured 24 hours after the trainhapg to assess memory
performances. As control, preference index for(tight/left) object location (1 Panel) or for the object A
versus B (¥ Panel) during the training phase of the NOR wassued. We confirm that no initial
preference for any exposed object (A or B) or angration (right/left) was observed in any grotipe
also quantified the locomotion by measuring théatise (meter) traveled by each mouse group duhieg t
testing phase EBpaneI), and no differences were observed. The M@R& performed in two independent
experiments for each group and its respective obntr

D) CFC performed in 3-month-old mice 3 weeks aftereotactic injections with either: AAV-eSYN-
Beclin 1-shRNAmir (n=10)or AAV-Scramble-shRNAmir (n=10). Percent freezingsameasured for the
training and testing phases. The CFC was perfoimedo independent experiments for each group &nd i
respective control.

E) Open field test (OFT) performed in 3 month-old, 8lks after hippocampal stereotactic injections with
either: AAV-eSYNBeclin 1-shRNAmir (n=10)or AAV-Scramble—shRNAmir (n=10)Total ambulation
(meter), distance and time spent in the centehefarena (%), and speed (cm/sec) were measuresl. Thi
analysis was performed on 1 cohort of mice for egolp.

F) Rotarod test performed in 3 month-old, 3 weeksrditppocampal stereotactic injections with either:
AAV-eSYN-Beclin 1-shRNAmir (n=10)or AAV-Scramble-shRNAmir (n=10)Values represent mean
latency to fall during the 10 acquisition trialsrigemed over 2 days (5 trials/day). This analysigsw

performed on 1 cohort of mice for each group.
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Independent cohorts of mice were used for eachviaiah test (no mice were used in more than one
behavioral test). Data are expressed as mteaa.m. P<0.05, **P<0.01, **P<0.001, NS: not significant

by Student’d test compared to control groups.

Figure 3: Induction of autophagy in the hippocampusis required to form novel

memory.
A) LC3-I and -Il accumulation (representative Westblot, left) and quantification data (LC3f#Actin
and LC3-II/LC3-I ratios, right) in 3-month-old moaifippocampi 12h after stereotactic injectionsithfes
spautin-1 (hg/hemisphere) (n=6), leupeptin (100ng/hemisphare}), TAT-Scramble (lg/hemisphere)
(n=5), TAT-Beclin 1 (jug/hemisphere) (n=8), or their respective vehicledjnp-actin was used as a
loading control for each sample. These measurem@Ts obtained from two independent cohorts of mice
for each treatment and its respective control.ebs® Figure S3.

B) Schematic representation of the experimentalgmtore to induce a modulation of autophagy durirg th
training phase (phase of novel memory-related détions). The training phase was performed 12tr afte
hippocampal stereotactic injections of either sipailif TAT-Scramble, TAT-Beclin 1, leupeptin or thei
respective vehicles. Mice were subjected to thmitng phase of either NOR or CFC and then 24h tate
the testing phase to assess memory performa8eesalso Figure S4.

C-D) NOR (C) and CFC D) performed in 3-month-old mice modulated for ati@gy during the training
phase following stereotactic injections with eitlspautin-1 (n=8-10), leupeptin (n=8-10), TAT-Scrdenb
(n=5-7), TAT-Beclin 1 (n=13-12) or their respectivehicle (28). For NOR, the discrimination index was
measured for each group during the testing phaseCFC, percent freezing was measured for eachpgrou
during the training phase and testing phases wsasmemory performances. The CFC was performed in
two independent experiments for each treatmenitandspective control. The NOR was performed o on
cohort of mice for each treatment and its respeatontrol. See also Figure S4.

(E-G) Schematic representation of the experimental pleeeto induce a modulation of autophagy after
the acquisition phasé&). 12 hours after training phase, mice were ingatethe hippocampus with either
spautin-1 (n=7-13), leupeptin (n=6-14), TAT-Beclin(n=7-13) or their respective vehiclex@). Mice
were then subjected, 12h later, to the testing @hafseither NOR F) or CFC (G). For NOR, the
discrimination index was measured for each grouinduhe testing phase. For CFC, percent freeziag w
measured for each group during the training andintesphases. The CFC was performed in two
independent experiments for each treatment ance#igective control. The NOR was performed on one

cohort of mice for each treatment and its respeatontrol. See also Figure S4.
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Independent cohorts of mice were used for eachviaiah test (no mice were used in more than one
behavioral test). Data are expressed as mtemp.m. <0.05, **P<0.01, ***P<0.001, NS: not significant
by Student’st-test compare to WT mice injected with vehicle; gmAT-Beclin injections) by two-way
ANOVA repeated measure followed by a post-hoc TuskeélSD multiple comparisons test for pairwise

differences between each group of mice.

Figure 4: Autophagy induction is necessary to enham structural and functional

activity-dependent synaptic plasticity in hippocamgl neurons.

A) LC3-I and -Il accumulation (representative Westblot, left) and quantification data (LC3f#Actin
ratio, right) in mature primary hippocampal neurdresated with either NaCl, bafilomycin Al (Baf), KC
KCI + Baf, chemical Long Term Potentiation (cLTP) @.-TP + Baf. The up-regulation observed after
adding Baf suggests an effect of KCl and cLTP anitiduction of the AP formation. The quantificatiisn
represented in comparison to the vehicle-treatedmi(NaCl).p-actin was used as a loading control for
each sample and these measurements were obtained ri=3 individual hippocampal neuronal
preparations.

B) Western blot analysis and quantification of Becli in primary hippocampal neurons infected with
lentiviruses expressing IPTG-inducildBeclin 1-shRNA. The expression declin 1-shRNA was induced
with IPTG treatmentp-actin was used as a loading control for each samijiese measurements were
obtained from n=3 individual hippocampal neuron@parations.

C) Representative images and quantification of déadspines density (number of spines jpen) after
NaCl or cLTP treatment of primary hippocampal negtorhese neurons were previously transfected with
IPTG-inducibleBeclin 1-shRNA and treated with either IPTG or vehicle. Tamalysis was performed on
n=5 experimental replicates>® individual hippocampal neurons per group wereluatad for each
experimental replicate (each individual hippocampalronal preparations derived from 12 different
embryonic hippocampi).

D) Western blot analysis (left) and quantificatidnband intensities (right) of the phosphorylatedris of
GluAl (pGluR1) and CaMKIl (pCaMKIla) in primary hpopcampal neurons stimulated with either NaCl or
CLTP. The neurons were previously infected withileruses expressing IPTG-inducibBeclin 1-shRNA.
The expression oBeclin 1-shRNA was induced with IPTG treatment (over 72hactin was used as a
loading control for each sample. These measuremeets obtained from n=4 individual hippocampal
neuronal preparations.

E) Measurement of dendritic spines density in higmopal granule cells of the dentate gyrus (DG) megio
in 3-month-old mice previously injected in the higpampus with either AA\Beclin 1-shRNA or AAV-

Scramble-shRNA. The mice were subjected to novehamg-related stimulations induced by 5 consecutive
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days of Morris Water Maze (MWM) task. The measuneimed dendritic spines density was performed on
hippocampi of 26 animals per group 8 individual neurons were evaluated per hippocamplisese
measurements were obtained from 2 independent tsobiomice for each group.

F-H) Electrophysiological analyses of short- and lésign synaptic plasticity in the hippocampus (CAl
region) after acute autophagy inhibitidR) Basic synaptic transmission. The input-outputvearwere
generated by computing stimulation intensity adafiesdd EPSP slope in control slices versus slices
exposed to spautin-1 at|1d. Data were obtained on 7 slices from n=4 micthancontrol condition and 6
slices from n=3 mice after spautin-1 treatmen@). durves revealed no differences between the 2pgrofi
slices (p=0.78)G) Paired pulse facilitation (PPF) of synaptic trarssion. Data were obtained from 8
control slices from n=4 mice and 8 spautin-1 tréaéces from n=4 mice. PPF was significantly dasesl

in slices treated with spautin-1 atp M (p=0.017, Mann-Withney testH) Long-term potentiation of
synaptic transmission. Data were obtained from mrob slices from n=7 mice and 7 spautin-1 exposed
slices from n=4 mice. Representative traces fromexperiment are shown on the top of the graphulRes
show a significant decrease of LTP in slices pedusith spautin-1 at 1M (P< 0.0001, Mann-Whitney U
test). All results were represented according ®rthmber of animals used for each electrophysioc#bgi

analyses representedfnG andH.

Results are given as mears.e.m. P<0.05, **P<0.01, **P<0.001, NS: not significant by Student'sest

(A-E) or by non-parametric Mann-Withney teBtll) compared to control group.

Figure 5: Promoting hippocampal autophagy levels irold mice is sufficient to reverse

age-related memory deficits

A) VPS34, Beclin 1, ATG5, LC3-I and -ll accumulatioegresentative Western blot) in 3- (n=5) or 16-
month-old mouse (n=5) hippocamg-actin was used as a loading control for each samphese
measurements were obtained from two independemtrtsobf mice for each group. See also Figure S5.

B) Vps34, Becn 1 (Beclin 1) and Atg5 relative expression (QPCR performed in triplicate) the
hippocampus of 3- (n=5) or 16-month-old mice (n=Blantification of MRNA expression is relative to 3
month-old mice.

C) SQSTM1/p62 immunofluorescence (Scale bar gn20and puncta quantification performed on brain
cross-sections, at the level of the hippocampatadergyrus (DG) and CA3 regions of 3- (n=5) and 16-
month-old mice (n=5). Quantification was perfornretative to 3-month-old mice. These measurements
were obtained from two independent cohorts of faceach group. See also Figure Sb.

D) LC3-I and -ll accumulation twelve hours after pagampal stereotactic injections of either TAT-
Scramble (jug/hemisphere) or TAT-Beclin 1 @g/hemisphere) in 3- (n=6) and 16-month-old mice6n=
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B-actin was used as a loading control for each samphis analysis was performed in 3 independent
experiments. See also Figure S5.

E) NOR performed in 3- and 16 month-old mice 12 Boaiter hippocampal stereotactic injections with
either vehicle (n=12-13), TAT-Scramble (n=8) or T-#8Eclin 1 (n=13-12). Discrimination index was
measured for each group during the testing phase NOR was performed in two independent
experiments for each group of mice. See also Fi§bre

F) CFC performed in 3- and 16-month-old mice 12 bkoaifter hippocampal stereotactic injections with
either vehicle (n=13-14), TAT-Scramble (n=7-8) oATFBeclin 1 (n=13-11). Percent freezing was
measured in CFC for each group during the trairing testing phases. The CFC was performed in two

independent experiments for each group of mice.aeeFigure S5.

Independent cohorts of mice were used for eachi@iah test (no mice were used in more than one
behavioral test). Results are given as mean * sXx0.05, **P<0.01, ***P<0.001, NS: not significant;
by Student’st-test compared to 3-month-old mice injected withigke or TAT-Scramble; and (E-F) by
two-way ANOVA repeated measure followed by a past-ffuckey’s HSD multiple comparisons test for

pairwise differences between each group of mice.

Figure 6: Youthful circulating factors, such as Osgocalcin, improve age-related

memory deficits in an autophagy-dependent manner.

A) LC3-I and -ll abundance (representative Westelot, beft) and LC3-lif-actin band intensity
quantification (right) in the hippocampi of 3- o6-inonth-old mice, after tail vein injections witlther
vehicle (n=5-5), plasma derived from young (8-weék- YP) (n=5-5) or old (18-month-old: OP) (n=3-5)
mice. B-actin was used as a loading control for each sanifiese measurements were obtained from 3
independent experiments. See also Figure S6.

B) NOR performed in 3- (n=8) and 16-month-old mineq{-8) 3 weeks after local hippocampal infections
with either AAV-Beclin 1-shRNA or AAV-Scramble-shRNA and subjected to 7 vaih injections over 24
days of either vehicle or young plasma (YP) (detifeom 8-week-old mice). Discrimination index and
preference index were measured for each group gitiie testing phase. The NOR was performed on one
cohort of mice for each group. See also Figure S6.

C) LC3-I and -Il accumulation (left) and quantificat data (right) (LC3-I[3-actin ratio) in mature primary
hippocampal neurons treated with either NaCl, bafilcin A1l (Baf), Ocn (10ng/ml) or Ocn + Baf. The
guantification is represented in comparison to Ng@up. These measurements were obtained from n=3

individual hippocampal neuronal preparations.
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D) LC3-1 and -Il accumulation 12 hours after hippaogel stereotactic injections of either vehicle or
Osteocalcin (Ocn) (10ng/hemisphere) in 3- or 164maid mice (n=4). This analysis was performed on
two independent cohorts of mice for each group.&se Figure S6.

E) LC3-I and -ll accumulation (representative Westblot, left) and quantification data (LC3fiHactin
ratio, right) in the hippocampi of 3- or 16-montlatanice, after tail vein injections with vehicle=6+-6) or
with either 1gG (YP (IgG) r=6) or anti-Ocn immunodepleted (YP(-Ocn))(n=6) ygyasma (derived
from 8-week-old mice)p-actin was used as a loading control for each sandfiese measurements were
obtained from 3 independent experiments. See algod=-S6.

F) NOR performed in 3- (n=8) and 16-month-old mineq-9), after hippocampal stereotactic injectiofs o
either AAV-eSYNBeclin 1-shRNAmir or AAV-Scramble-shRNA and infused peripdly and
continuously through minipumps with uncarboxylat®dn (30ng/hr) or vehicle (NaCl). Discrimination
index and preference index were measured for eashpgduring the testing phase. The NOR was

performed in two independent experiments for eaobgof mice. See also Figure S6.

Independent cohorts of mice were used for eachViedah test (no mice were used in more than one
behavioral test). All behavioral tests were perfednon 27 mice per group. Data are expressed as miean
s.e.m. P<0.05, *P<0.01, ***P<0.001, NS: not significant by Student’'sest; and by One-way ANOVA

followed by a post-hoc Tuckey’'s HSD multiple comipans test for pairwise differences between each

group of mice.
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STAR METHODS
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resourcesraadents should be directed to and will be fulfile the
Lead Contact, Franck Ou(franck.oury@inserm.fr).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals

All experiments were performed on C57BL/6J WT mal&e (obtained from Janvier Laboratorye
Genest St Isle, France). All mice were 3 or 16 months of age at the stHrtexperiments. For all
experiments, we used littermates as controls. Wyramal, mice were housed at least 2 weeks befoye a
behavioral or molecular testing. Mice were housethinals per cage in polycarbonate cages (35.5 % 18
12.5 cm), under a 12 hours light/dark cycle wal libitum access to food and water prior to
experimentation. All behavioral experiments werggrened between 10AM and 5PM. In all experiments,
animals were randomly assigned to treatment groGpeup sizes were determined after performing a
power calculation to lead to an 80% chance of diei@@ significant differenceP(< 0.05). All behavioral
experiments were performed in accordance with thfiean Communities for Experimental animal use
(2010/63/EQY and local ethical committee review procedures@motocols (APAFIS- 17-065).

METHOD DETAILS

Western blot analysis

Mouse dorsal hippocampi and cerebellum were diedecnap frozen and lysed in RIPA lysis buffer
(25mM Tris HCI, pH 7.6, 150mM NaCl, 1% NP40, 1% tksoxycholate, 0.1% SDS and cOmplete protease
and phosphatase inhibitors). The lysates were thamea 12% SDS polyacrylamide gradient gel and
transferred onto a PVDF membrane. The blots wewekld in Tris-buffered saline with Tween (TBST)-
5% BSA and incubated with either mouse #agetin (1:5000, A-2228: Sigma), mouse anti-Beclin 1
(1:1000, 612113: BD Transduction Laboratories, dhly top band corresponding to non-cleaved Beclin 1
was quantified in this study), rabbit anti-LC3 (Q@DO0, L7543: Sigma), mouse anti-ATG5 (1:500, 0262-
100/ATG5-7C6: Nanotools), rabbit anti-VPS34 (1:10@263: Cell Signaling), anguinea pig anti-
p62 (1:2000, GP62-C: Progen). Horseradish peroxidase—conjugated secondary caligi® (anti-mouse
IgG, HRP-linked antibody (7076, Cell Signaling) aaditi-rabbit 1gG, HRP-linked antibody (7074: Cell
Signaling) and anti-guinea pig 1gG, HRP-linked hatly (A5545: sigma) revealed using an ECL kit
(Clarity Western ECL Substrate: BioRad) for protdatection. Selected films were scanned and queahtif
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using BioRad Image Lab software (Version 52pactin bands were used for normalizatiéi. Western-

blot analyses were performed on freshly preparppddampal or cerebellum lysates.

SQSTM1/p62 puncta immunostaining and quantification

Mice were deeply anesthetized with a mixture KetafXylazine and transcardially perfused with cold
PBS, followed by cold 4%PFA. Brains were post-fb@agernight in 4%PFA at 4°C. dén serial coronal
floating sections were obtained using a vibratofer the single immunofluorescence, sections were
blocked with 10% fetal bovine serum for 30 min @m temperature and then incubated with guinea pig
anti-p62 (1:200, GP62C: Progen) overnight at 4°@e Fections were washed with PBS before and after
being incubated with an Alexa Fluoonjugated secondary antibody (donkey -gninea pig 19G (1:200,
Alexa Fluor 488: Bioss inc.) for 1 hour at room merature in blocking buffer. For the co-
immunofluorescences, we used guinea pig anti-p620Q1 GP62C: Progen) with either mouse anti-NeuN
(2:500, Millipore) or mouse anti-GFAP (1:400, Abcarfihe sections were washed with PBS before and
after being incubated with an Alexa Flumwnjugated secondary antibodies (donkey-guinea pig 1gG
(1:200, Alexa Fluor 488: Bioss inc.; and donkeyi-ambuse IgG (1:800, Alexa Fluor 546: Bioss inc.) 2or

at room temperature in blocking buffer. All secBomere mounted onto gelatin-subbed slides and
coverslipped using Mowiol with DAPI. Images weretaihed using a Zeiss Apotome2 fluorescence
microscope and analyzed using Zen light Zeiss L$®ftwsre. The number of cells with SQSTM1/p62

puncta was quantified on digital images with Icitware (http://icy.bioimageanalysis.org).

Semi-quantitative RT-PCR

Brain tissues were immediately flash-frozen aftesselction and total RNA was isolated with TRIzol
Reagent using a homogenizer. Single-strand cDNA syaghesized from total RNA (@) by using
SuperScript Il Reverse Transcriptase. gRT-PCR wea®mpned using iTAQ SYBR Green (BioRad). The
following primers were used:Becn 1 primers (5-ATGGAGGGGTCTAAGGCGTC-3' and 5'-
TCCTCTCCTGAGTTAGCCTCT-3), Atgs primers (5-TGTGCTTCGAGATGTGTGGTT-3' and 5'-
GTCAAATAGCTGACTCTTGGCAA-3), Vps34 primers (5'-CCTGGACATCAACGT GCAG-3' and 5'-
TGTCTCTTGGTATAGCCCAGAAA-3'),FIP200 primers (5-GACACTG AGCTAACTGTGCAA-3' and
5-GCGCTGTAAGTACACACTCTT C-3’), andATG12 primers (5-TTCGGTTGCAGT TTCGC C-3’ and
5-CCATGCCTGTGATTTGCAGTA-3)).

Stereotaxic surgery
Mice were anesthetized by intraperitoneal injectafnketamine hydrochloride (20mg/ml BW) (1000
Virbac) and xylazine (100mg/ml BW) (Rompun 2%; Bgyand placed in a stereotaxic frame (900SL-
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KOPF). Ophthalmic eye ointment was applied to thenea to prevent desiccation during surgery. Tha ar
around the incision was trimmed and Vétoquinol wpplied. All drugs were injected bilaterally intoet
dorsal hippocampi using the following coordinateeri Bregma, Paxinos and Franklin, 2008): X=+/-1.4
mm, Y= 2.0 mm and Z=-1.33 mm. Allvolume of either AAV or drugs was injected steeetcally over
4 min (injection rate: 0.28 per min). To limit reflux along the injection tlk, the needle was maintained

in situ for 4 min between eachullinjection.

Pharmacological modulation of autophagy

For pharmacological hippocampal induction of autaph we performed intra-hippocampal injections of
either vehicle (PBS),lg TAT-Scramble (dissolved in PBS) onud. TAT-Beclin 1 (dissolved in PBS). The
Tat-Beclin 1 (YGRKKRRQRRRGGTNVFNATFEIWHDGEFGT) casted of 11 amino acids of the TAT
protein transduction domain (PTD) at the N termjrausGG linker to increase flexibility, and 18 amino
acids derived from Beclin 1, amino acids 267-284taining 3 substitutions: H275E, S279D, Q281E.
Control peptide, TAT-Scramble (YGRKKRRQRRRGGV GNDRNHETTGFATEW), consisted of the
TAT protein transduction domain, a GG linker, angceambled version of the C-terminal 18 amino acids
from Tat-Beclin 1. For pharmacological hippocampdiibition of autophagy formation, we performed
intra-hippocampal injections of either Spautin-hgdYSML0440: Sigma) dissolved in DMSO/NacCl) or
vehicle (DMSO/NaCl). For pharmacological hippocamiphibition of the late stage of the autophagic
pathway, we performed stereotactic injections ¢fiexi 100ng Leupeptin (L202&igma) (dissolved in
PBS), 5@g Chloroquine (C662&igma) (dissolved in PBS) or vehicle (PBS). All gsuvere infused in a
volume of 1l (bilaterally) in the dorsal hippocampus either H&urs before training phase or 12 hours
before the testing phase for the NOR, CFC or OLMaberal tasks. For brain collection hippocampal

stereotactic injections were performed either 13@®hours before sacrificed.

Adeno-associated viruses expressing shRNA

Adeno-associated viruses (AAV) expressing shRNAewarrchased from Vector Biosystems Inc (Malvern
PA). shRNAs specific to Beclin Bécn 1) (AAV9-GFP-U6-mBECN1-shRNA), FiP200 (AAV9-GFP-U6-
M-RB1CC1-shRNA), ATG12 (AAV9-GFP-U6-m-ATG12-shRNA)r scrambled non-targeting negative
control (AAV-GFP-U6-scrmb-shRNA) were injected invalume of 1l (bilaterally), 3 weeks prior to
behavioral tests or brain tissue collection. TheVA#kers were between 2.8 and 4183 GC/ml. AAV
expressing shRNAmir targeting Beclin Betn 1) specifically in neurons (AAV9-eSYN-GFP-Beclin 1-
shRNAmir) were purchased from Vector Biosystems (Malvern PA). Beclin 1 shRNAmir is driven by
the eSYN promoter, a hybrid promoter consistinghe 0,45Kb human Synapsin 1 promoter fragment
(hSYN1). AAV-eSYN-GFP-shRNA155mir was used as control. The AAV titers eveetween 5.3 and
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5.9x10"GC/ml.

Behavioral tests

Novel object recognition paradigm (NOR)

The behavior sessions were recorded with a videteca The testing arena consisted on two plastiedo
(60 x 40 x 32 cm). Mice could not contact or seeheather during the exposures. The light intensiag
equal in all parts of the arena. Two different clgewere used, available in triplicate: (A) a baeramic
pot (diameter 6.5 cm, maximal height 7.5 cm) an)l §Blear/plastic funnel (diameter 8.5 cm, maximal
height 8.5 cm). The objects elicited equal levelexploration as determined in pilot experimentsl an
training phase. Mice were transported a short nicgtdrom the holding mouse facility to the testiogm

in their home cages and left undisturbed for astléao hours before the beginning of the test. Mieze
always placed in the center of the arena at thedt@ach exposure.

The NOR paradigm consists of three phases ovey8 @n day 1 (habituation phase): mice were given 5
min to explore the arena, without any objects aretewthen taken back to their home cage or for
stereotactic surgery. On day 2 (training phasefemvere allowed to explore, for 10 min, two ideatic
objects arranged in a symmetric opposite positiomfthe center of the arena and were then traregboot
their home cage. On day 3 (testing phase): mice waren 15 minutes to explore two objects: a fanili
object and a novel one, in the same arena, ke¢pegngame object localization. The object that seasea
novel object (A or B), as well as the left/rightddization of the objects were counterbalancediwigach
group. Between exposures, arenas were cleaneghathosphore, and the bedding replaced. The folpwin
behaviors were considered as exploration of theatj sniffing or touching the object with the nage
with the front legs or directing the nose to thgeobat a distancg 1 cm. Investigation was not scored if
the mouse was on top of the object or completeinaile. The preference index (time spent explotirey
new obiject / the total time spent exploring botfeots) and the discrimination index (time spentlespg

the new object - time spent exploring the famitiject) / (total time spent exploring both object®re
calculated. As control, preference index for thgh{vleft) object location or for the object A vessB
during the training phase of the NOR was measuredl igroups of mice exposed to the test. Behawias
scored on videos by two observers blind to treatnagmd the total exploration time of the objects was

quantified during the training and testing phases.

Object location memory test (OLM)
For the object location memory task, all proceduvese identical to the NOR except that during #sting
phase, rather than presenting a novel object, anceuntered both familiar objects, with one objecated

in a different place in the arena. The time andjdency of exploration of the novel/relocated obijsct
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measured as an index of memory. Behavior was samreddeos by two observers blind to treatment and

the total exploration time of the objects was qifi@at in the training and testing phases.

3-foot shock contextual fear conditioning (CFC)

Mice were left undisturbed for at least two houefobe the beginning of the test. The conditioning
chambers were obtained from Bioseb (France). Enamber was located inside a larger, insulatediplast
cabinet that provided protection from outside lighd noise (67 x 55 x 50 cm, Bioseb, France), aicé m
were tested individually in the conditioning boxEkors of the chamber consisted of 27 stainless fiars
wired to a shock generator with scrambler for tleéivery of foot shock. Signal generated by the mice
movements was recorded and analyzed through adaghitivity weight transducer system. The analog
signal was transmitted to the Freezing software uteothrough the load cell unit for recording purpes
and analysis of time active / time immobile (Fregziwas performed.

The CFC procedure took place over two consecutays.dOn day 1 (training): mice were placed in the
conditioning chamber, and received 3 foot-shocksed, 0.5 mA), which were administrated at 60, 420
180 sec after the animals were placed in the chante day 2 (testing): contextual fear memory was
assessed 24 hours after training by returning tive to the conditioning chamber and measuring fregz
behavior during a 4 min retention test. Freezinigaveor was considered to occur if the animals frimzea
period of at least two seconds. Freezing was samddanalyzed automatically using Packwin 2.0 safiw

(Bioseb, France) and analyzed by two observers birmouse treatment or AAV-infections.

Morris Water Maze (MWM)

Animals were transported a short distance fromhtiiding mouse facility to the testing room in thieame
cages and left undisturbed for at least one howr pine first trial. Morris water maze (MWM) withna
automatic tracking system was employed for assgspatial learning and memory. The apparatus was a
white circular swimming pool (diameter: 200 cm, lwab0 cm high), which was located in a room with
various distal cues. The pool was filled with wafgepth: 50 cm) maintained at 22°C + 1°C, which was
made opaque by the addition of a nontoxic whitepa 12 cm round platform was hidden 1.0 cm below
the water surface. The maze was virtually dividet four arbitrary, equally spaced quadrants detiee

by the cardinal points north (N), east (E), soh @nd west (W). The pool was located in a brglhtl
room. Extra maze geometric and high-contrast cuere wiounted on the walls of the swimming pool with
the ceiling providing illumination. Each daily trieonsisted of four swimming trials, in which eatiouse
was placed in the pool facing the wall of the tamkl allowing the animal to swim to the platform dref
120 sec had elapsed. A trial terminated when timameached the platform, where it remained f@eb.

Mice were removed and placed back in their homeegdgr a 5 min inter-trial interval. To prevent
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hypothermia, the animals were gently dried withapgr towel between and after the trials. The sigrti
point differed at each trial, and different sequenof release points were used from day to daymAhi
movements were recorded using ANY-maze (Stoelting @ calculate parameters of the performance of

mice.

Open Field Tests (OFT)

Mice were transported a short distance from thdihglfacility to the testing room in their home eagand
left there undisturbed for at least two hours. Eacimal was placed in a 43 x 43 cm open field chennb
and tested for 30 min. Mice were placed individpatto the center of the open-field arena and adidwo
explore freely. Mice were monitored throughout esesdt session by infrared light beam activity monit
using actiMot2 Software (PhenoMaster Software, By&tem, Germany). The overall motor activity was
guantified as the total distance traveled. Anxiebs also quantified by measuring the percentagheof

time and distance spent in the center versus panypif the open-field chamber.

Rotarod test

Motor function and motor learning was evaluatedhgsan accelerating rotarod (Rota-rod/RS, Bioseb,
France). On day one, mice received 2 habituatiaistof 120 sec (acceleration of from 4 to 20 rpnmi20
sec) followed by 3 training trials of 5 min (acaalton of from 4 to 30 rpm in 5 min). On day 2, mic

received 5 additional training trials. The maximtime reached in each trial was the dependent measur

Memory-related stimulation procedures

Animals were either exposed to CFC or MWM to indmeemory-related stimulations adapted fro2d,[
25]. For the CFC, we used one- or four-days for tladning phase. For the one-day training, mice were
placed into the conditioning chamber, receiveddlskocks at 60, 120 and 180 sec (1 sec, 0.5 mA), an
were removed 60 sec following the last shock amagrmed to their home cages. For the four-day tnaini
this procedure was repeated four times but at aksimtensity of 0.3 mA. Contextual fear memory was
assessed 24 hours following training by returning tnice to the same conditioning chamber and
measuring the freezing behavior during a 4 minntéte test. For the MWM, the mice were subjected to
the normal procedure (described above) for 1 day successive days. On the last day of stimulatioe,

mice were sacrificed 1 hour after the last exposito CFC or MWM task.
Restraint procedure

The restraint stress group was immobilized for 30 by a restrainer that was made of transparemliacr

forming a cylinder (cylinder diameter of 33 mm xidgte¢ of 115 mm), which restricted their movement
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completely. The mice were then euthanized 1 haier &fie restraint stress (as we did after exposiig
to MWM or CFC). The control group was handled as éxposed group but sacrificed without restraint
treatment. Then, mouse hippocampi were dissectegh Bozen and lysed in RIPA lysis buffer to pemfor

Western blot analysis to evaluate Beclin 1, p623il@nd -Il abundances.

Plasma collection and intravenously injection

Pooled mouse blood was collected from 80 young €8kaold) and 20 aged (16-month-old) mice by intra-
cardial bleed at the time of euthanasia. Plasmapngsared from blood collected with EDTA into Caypij
T-MQK tubes followed by centrifugation at 1,@P0All plasma aliquots were stored at —80 °C unséu
Before administration, plasma was dialyzed usirfigkB®a Maxi D-tube dialyzers (71508-3, Novagen) in
PBS to remove EDTA. 16-month-old mice were injecteth young, old or Ocn-immunodepleted isolated
plasma (100l per injection), by tail vein injection seven timever 24 days. Mice were then subjected to

NOR, one day after the last injection.

Immunodepletion of Ocn from plasma

Dr. Karsenty group graciously provided us youngspla immunodepleted for Ocn (90% decrease in Ocn
content) and young plasma control obtained as iestin [28]. Briefly, to remove Ocn from plasma
derived from 6-12-wk-old mice, anti-C-terminal Oantibody or goat control IgG (AB_354267: R&D
Systems) was conjugated to 2.8-um superparamaghe®y0 Epoxy Dynabeads according to the
manufacturer’s instructions (Thermo Fisher Sci@jtifwith a coupling ratio of 7 ug of antibody pgemg

of beads. Covalent conjugation was done at 37°@4ohn with end-over-end rotation. Coupled beadswer
washed with PBS before incubation with plasma &vent detergent contamination. Plasma pooled from
6—-12-wk-old C57BL/6J mice was incubated with beaolspled either to anti-C-terminal Ocn antibody or
goat control 1gG at 4°C overnight with end-over-erwdation, after which the plasma was dialyzed,
aliquoted, and kept frozen at —80°C until use. Agust of plasma treated with either anti-C-terni@en
antibody or goat control IgG was analyzed usingan ELISA to confirm significant reduction of Oam i

the immunodepleted plasma.

Recombinant Ocn

Mouse uncarboxylated Ocn was purified from BL21 tedaa transformed with pGEX2TK-mOcn as
previously described2B, 3§. In brief, GST-Ocn fusion protein was bacterigfiyoduced in BL21 pLyS
transformed with pGEX- 2TK-mOcn after induction WwitPTG. Cells were collected in lysis buffer (PBS
1X 10 mM Tris, pH 7.2, 2 mM EDTA, 1% Triton, and Iptotease and phosphatase inhibitor cocktalil,
78443; Thermo Fisher Scientific). Following fouedze-thaw cycles and sonication, lysates wereezear

by centrifugation. The supernatant was incubateith wiutathione- Sepharose 4B (17075601; GE) for 4
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hours at 4°C. Following six washes with washingféu{PBS 1X and 1% Triton) and with PBS 1X, Ocn
was then cleaved out from the GST moiety by ushmgprhbin (27-0846-01; GE). Four fractions were
collected, and each of them was incubated with &@idine Sepharose (17-5123-10; GE) for 30 min at
room temperature to remove thrombin. 10ng (dilute®BS 1X) of Ocn were injected per hemisphere in
16 month-old mouse hippocampi. Primary hippocanmealrons were treated with Ocn at a concentration

of 10ng/ml of culture medium.

Osmotic pumps
Alzet micro-osmotic pumps (model 1002) were loadgith saline or uncarboxylated Ocn (30ng/hr). Mice
were anesthetized with isoflurane and osmotic puwgre surgically installed subcutaneously in thekisa

of the mice. Behavioral analyses started 1 week &fsmotic pumps installation.

Primary cultured hippocampal neurons

Hippocampal neurons were isolated from mouse ensbrfgmbryonic day 16.5). After dissection,
hippocampi were digested with trypsin 0.05% and BODI02% for 15 min at 37°C. After three washes
with DMEM (61965059: Thermo Fisher Scientific) sigmpented with 10% FBS, 100 U/ml penicillin-
streptomycin and 1x GlutaMAX (Thermo Fisher Scii)j cells were dissociated by pipetting up and
down, and then plated. The dissociated cells wdateg onto poly-L-lysine-coated plates or glass
coverslips for microscopic examination. 24h aftatipg, the media was replaced with Neurobasal oradi
(Thermo Fisher Scientific) containing B27 supplemmg¢mhermo Fisher Scientific), GlutaMAX and
Mycozap (Lonza) was changed two times per weekranaons were maintained in 5% CO2 and 37°C.

Experiments were performed on cells after 15 daysilbure.

Neuronal stimulation treatment of primary hippocampal neurons

For chemical long-term potentiation (cLTP), primanjppocampal neurons (DIV15) were treated as
described by @Qh et al., 2005) and then incubated for 2 hrs with neurobasal oradtontaining or not
100mM bafilomycin Al (Baf). For KCI depolarizationgurons were pretreated with neurobasal medium
containing 60nM KCI for 10 min and then incubated 2 hrs with neurobasal medium containing or not
100mM Baf. For Ocn, neurons were treated for 4with neurobasal medium containing either 10ng/ml
Ocn, 100mM Baf or both. For bafilomycin Al (Bafe&tment, neurons were treated with neurobasal
medium containing 100mM Baf either for 2 hrs (cLaRd KCI treatments) or for 4 hrs (Ocn treatment).
After treatment, neurons were rinsed in PBS andeprs extracted in 1X Laemmli buffer containing

phosphatase and protease inhibitors.
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Lentiviral infections and transfection of primary hippocampal neurons

Primary hippocampal neurons were infected (MOI5Day In Vitro (DIV) 1 with lentiviruses (pLKO-
IPTG-3XLacO) expressing an IPTG (Isopropys-D-1-thiogalactopyranoside)-inducible shRNA
targeting mouse Beclin-Bécn 1) (Sigma-Aldrich): 5-TGC GGG AGT ATA GTG AGT TTATT CAA
GAG ATT AAA CTC ACT ATA CTC CCG CTT TTT TC-3' (semy; 3'- TCG AGA AAA AAG CGG
GAG TAT AGT GAG TTT AAT CTC TTG AAT TAA ACT CAC TATACT CCC GCA-5'(anti-sense).
The same lentiviral plasmid construct together vétiplasmid expressing EGFP were also used to co-
transfect neurons at DIV11 with Lipofectamine 2@0@ermo Fischer Scientific) following manufactuser’
instructions, to study dendritic spines densityedted or transfected neurons were treated with SRMG

for 72 hours to induce shRNBeclin-1 expression. Neurons were then treated at DIV1Slessribed

below.

Dendritic spines density analysisn vitro

Neurons were fixed 1 hour after cLTP induction b #FA /4% glucose for 20 min at room temperature.
The coverslips were then washed 3 times in PBSmaodnted with Fluoromount™ Aqueous Mounting
Medium. Lacl (Millipore) detection by immunofluomeance was carried out to identify EGFP &edlin 1-
shRNA co-transfected neurons. Fluorescence imafjésa@ and EGFP positive neurons were obtained
using a Zeiss Apotome2 (40X objective). Dendritming density was analyzed using NeuronStudio
software. For each neuron, spines from two dissecbndary and tertiary dendrite segments weretedun
16 neurons from 4 biological replicates were aradyfor each group. Blind analyses were performed by

two independent investigators.

Golgi Cox Staining and dendritic spines quantificaion

3 month-old treated mice were intracardially pesflisvith 4% PFA and the isolated brains were subgect
to Golgi impregnation using FD Rapid GolgiStain KD Neuro Technologies, Baltimore, MD) following
manufacturer’s instructions. Bright field z-stackslOQum sections were obtained using a Zeiss Apotome2
(40X objective). Dendritic spine density was quiedi manually (NeuronJ software,
https://imagescience.org/meijering/software/neuronj/). For each mouse group, 4 secondary dendrite
segments from 20-30 of dentate gyrus granule wale quantified. The analysis was performed blinoyed

three independent investigators.
TUNEL Assay

To assess apoptosis in motlsains after hippocampal stereotactic injection8A¥ expressing shRNA (3

weeks post injections) or pharmacological autophaggulator (TAT-Beclin 1, Spautin 1, Leupeptin and
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Chloroquine) (24 hours post injections), 8 cryostat sections were processed using the AggpTa
Peroxidase Direct In Situ Apoptosis Detection KMil{ipore) according to manufacturer’'s protocol.
Images were obtained using Nanozoomer 2.0 (Hamainas! the number of apoptotic cells was evaluated

on 14 serial hippocampal sections B89 for each mice.

Electrophysiology

Ex vivo slice preparation: Brain slices were prepared from 3 months-old Swisse from Janvier (Le
Genest St Isle, France). The brain was removedkiyuand 350um thick sagittal slices containing both
cortex and hippocampus were cut in ice-cold sucsosgtion (in mM: KCI 2.5, NakPO4 1.25, MgS©@10,
CaCp 0.5, NaHCOS3 26, Sucrose 234, and Glucose 11,aatuwith 95% O2 and 5% CO2) with a Leica
VT1200 blade microtome (Leica Microsystemes, NasteFrance). After the cutting, hippocampus was
extracted from the slice and transferred in oxy¢eth®CSF (in mM: NaCl 119, KCI 2.5, NaFO, 1.25,
MgSQ, 1.3, Cadi 2.5, NaHCQ 26, and Glucose 11) at 28 + 1°C for 30 minutes thed incubated and

kept at room temperature for 1 hour with eithehicle or spautin-1 (3M) before and during recordings.

Electrophysiological recordings: Each slice was individually transferred to a sulsioer-type recording
chamber and continuously superfused (2ml/min) wixtygenated ACSF. Extracellular recordings were
obtained at 28°C from the apical dendritic layefrshe hippocampal CAl area, using glass micropgsett
filed with ACSF. Field excitatory postsynaptic patials (fEPSPs) were evoked by the electrical
stimulation of Schaeffer collaterals afferent to LArhe magnitude of the fEPSPs was determined by
measuring their slope. Signals were acquired uairdpuble EPC 10 Amplifier (HEKA Elektronik Dr.
Schulze GmbH, Germany) and analyzed with Patchmastavare (HEKA Elektronik Dr. Schulze GmbH,

Germany). Input/output (I/0O) curves: The slopeEPEPs was plotted as a function of stimulatiomisitg

(0 to 100 pA). In control condition 7 slices frommice were used and 6 slices from 3 mice in spautin

condition._Paired-pulse facilitation (PPF): PPFsghaptic transmission was induced by paired stitiaria

with different inter-stimulus interval from 25 t®3 ms. PPF was quantified by normalizing the magieit
of the second response to the magnitude of thedims. In control condition 8 slices from 4 micereveised

and 8 slices from 4 mice in spautin-1 conditionngiderm potentiation (LTP): Test stimuli were deligd

once every 15s and the stimulus intensity was #efjuto produce 40-50% of the maximal response. A
stable baseline was recorded for at least 15mir? kfas induced by Theta Burst Stimulation (TBS
involved 5 trains with 10 bursts of 4 pulses defgeat 100 Hz, an interburst interval of 200 ms 38d

interval between each train). Average value of fFER®pe was expressed as a percentage of therfeaseli
response + SEM. In control condition 7 slices frémrmice were used and 7 slices from 4 mice in spauti
condition. Results are expressed as the mean + 8&M independent biological samples. Statistical
analyses were performed with GraphPad Prism 6. RIIESCR_015807). | :O curve, PPF and LTP were
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analyzed by non-parametric Mann-Whitney U test, glues are indicated in the corresponding figure

legend (i.e. ns=not significant, *p<0.05, ***p<0.00

QUANTIFICATION AND STATISTICAL ANALYSIS

All values are expressed as mean * s.e.m. Alphaseti$o 0.05 for all analyses. Statistical paramsete
including the exact sample size (n), post hoc testd statistical significance are reported in pJ&gure
and figure legend. Number of mice was estimatedetsufficient on the basis of pilot experimentsteDa
were estimated to be statistically significant whHes 0.05 by nonparametric Mann-Whitnéy test or
Student’st test, and one-way or two-way ANOVAs with repeategasures when appropriate. Significant
ANOVAs were followed by a two-way repeated-measwanalysis of variance with a post-hoc Tukey’s
HSD multiple comparisons test for pairwise diffezes between each mouse grodpsevery figure, an
asterisk denotes statistical significance (% .05; **, P< 0.01; ***, P<0.001). Data were analyzed using

GraphPad Prism v5 software.

DATA AND SOFTWARE AVAILABILITY
Data resources
All software used in this manuscript is listed Key Resources Table.
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