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Stress dynamically modulates neuronal
autophagy to gate depression onset
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Chronic stress remodels brain homeostasis, in which persistent change leads to
depressive disorders’. As a key modulator of brain homeostasis?, it remains elusive

whether and how brain autophagy is engaged in stress dynamics. Here we discover
that acute stress activates, whereas chronic stress suppresses, autophagy mainly in
thelateral habenula (LHb). Systemic administration of distinct antidepressant drugs
similarly restores autophagy functionin the LHb, suggesting LHb autophagy asa
common antidepressant target. Genetic ablation of LHb neuronal autophagy
promotes stress susceptibility, whereas enhancing LHb autophagy exerts rapid
antidepressant-like effects. LHb autophagy controls neuronal excitability, synaptic
transmission and plasticity by means of on-demand degradation of glutamate
receptors. Collectively, this study shows a causal role of LHb autophagy in maintaining
emotional homeostasis against stress. Disrupted LHb autophagy isimplicated in the
maladaptation to chronic stress, and its reversal by autophagy enhancers provides a
new antidepressant strategy.

Major depressive disorder is one of the most disabling psychiatric
disorders, with a global lifetime prevalence of 10.6% (ref. 3). Stress is
asignificantrisk factor for depressionand widely present in daily life.
Moderate stress in the short term is beneficial for survival, whereas
prolonged stress exposure can perturb emotional homeostasis and
contribute to depression’. However, it remains elusive how the brain
dynamically copes with stress. Understanding the dynamic cellular
mechanisms within specific neural circuits underlying stress is crucial
for the development of more efficacious antidepressant treatments.

Protein turnover by degradation and synthesis allows fine-tuning
of neuronal homeostasis*. Among various mechanisms that control
protein turnover, autophagy (herein mainly concerning macroau-
tophagy) has drawnincreasing attentioninrecent decades®. Autophagy
isamajor catabolic stepwise process through whichintracellular pro-
teins are engulfed in autophagosomes and subsequently transported
to lysosomes for degradation®. Notably, though autophagy genes are
extensively expressedinthe nervous system, the physiological function
ofbrain autophagy remains an open question. So far most research has
focused onits role in neurological diseases®*”7, leaving an enormous
opportunity for exploringits role instress-related psychiatric diseases.

By specifically targeting the degradation of synaptic components® ™,
brainautophagy has been suggested to regulate synaptic functionand

various related physio- and pathological functions, including learn-
ing and memory®”® and psychiatric disorders® %, Yet, little has been
uncovered regarding the precise cellular substrates and neural circuits
underlying how brain autophagy regulates emotions during stress.

The clinical relevance of autophagy dysfunction in depression has
been demonstrated by impaired autophagy-related signalling (for
example, mTOR, p62, LC3, Atg7, Beclin-1) in blood or brain samples
from patients with depression®. Conversely, autophagy signalling is
elevatedinsamples from patients with depression and stressed animals
treated with antidepressants®*. Nevertheless, the precise targets to
whichantidepressants regulate autophagy in the brain remain elusive.

The lateral habenula (LHb), one of the most vulnerable targets of
stress, is extensively activated by numerous stressors®’ > and there-
fore shows a high turnover of synaptic proteins*>, In particular,
chronic stress potentiates excitatory inputs, alters the expression of
various synaptic proteins and disrupts neuronal homeostasis in the
LHb*32, Here we found that LHb autophagy is essential for emotional
homeostasis through counterbalancing excessive synaptic proteins
upregulated by stress. We discovered a causal role of LHb autophagy
in coping with stress. Maladaptation to chronic stress disrupts LHb
autophagy, the reversal of which provides exciting possibilities for
new rapid and sustained antidepressant strategies.

'Department of Psychiatry of Sir Run Run Shaw Hospital and School of Brain Science and Brain Medicine, Zhejiang University School of Medicine, Hangzhou, China. 2MOE Frontier Science
Center for Brain Science and Brain-Machine Integration, Zhejiang University, Hangzhou, China. 3NHC and CAMS Key Laboratory of Medical Neurobiology, Zhejiang University, Hangzhou, China.
“International Institutes of Medicine, The Fourth Affiliated Hospital of Zhejiang University School of Medicine, Yiwu, China. °Department of Biophysics and Department of Neurology of the
Fourth Affiliated Hospital, Zhejiang University School of Medicine, Hangzhou, China. ®Institute of Pharmacology and Toxicology, College of Pharmaceutical Sciences, State Key Laboratory of
Advanced Drug Delivery and Release Systems, Zhejiang University, Hangzhou, China. "Jinhua Institute of Zhejiang University, Jinhua, China. 8Laboratory Animal Center, Zhejiang University,
Hangzhou, China. °Zhejiang Key Laboratory of Neuropsychopharmacology, Zhejiang Chinese Medical University, Hangzhou, China. °Department of Neurology, Affiliated Zhongda Hospital,
School of Medicine, Institute of Neuropsychiatry, Key Laboratory of Developmental Genes and Human Disease, Southeast University, Nanjing, China. "Department of Mental Health and Public
Health, Faculty of Life and Health Sciences, Shenzhen Institute of Advanced Technology, Chinese Academy of Sciences, Shenzhen, China. ?Department of Neurobiology, School of Basic
Medical Sciences, Capital Medical University, Beijing, China. *These authors contributed equally: Liang Yang, Chen Guo, Zhiwei Zheng, Yiyan Dong. ®e-mail: xiangnan_zhang@zju.edu.cn;

yihuicui@zju.edu.cn

Nature | Vol 641 | 8 May 2025 | 427


https://doi.org/10.1038/s41586-025-08807-4
http://crossmark.crossref.org/dialog/?doi=10.1038/s41586-025-08807-4&domain=pdf
mailto:xiangnan_zhang@zju.edu.cn
mailto:yihuicui@zju.edu.cn

Article

b
D1 D14 D15 D17 KEGG pathwa m LHb vHippo == VTA mE NAc s mPFC mm LH
P y
JL 2 h per dayJL @ JL 0 (ii) : (iii) (iv) R v) . .
I Macroautophagy Endocytosis Lysosome Protein digestion Synaptic vesicle cycle
l§> & O and absorption
Ce P
& & & o $ o $ o $ o g o
or ® < P& e & IR PRI E L L g & PRI LE
’ ° ITLEFES IILETFET IS ITLELES ITLESES
C 14 | 0 0 0 0 0
r=-06780 3 8 ¢ N EIE 8 b © 8 HdEE B HEB
o o ] S B GRS © IR © (=] < - o N () (=]
s 134 P =0.0154 J "R '] " R ! 2 B J L U
g 3 3 % P T 3a
w = - 8 @ 8 1 5
Ty ° - T ® K NS o 5 o N o
: \ S 8825 il EEE: -y K 283
S 2 0 3 8 © 2 a3 o g 2 8 2 &
i a © o @ S 6 o © a 8 © S o S ©
Q 114 © uoa ! oo 8 =1 ! o g 2
4 e o Qoo S i o Qg &
10 + I« a Q o
4 o o 10 - 1l
0 50 100 150 200 T 8 <] a
. ) & = -
Immobile duration (s) ; 4 6 I § 4 g
d 21 4 ° a = il
o
_ \"
r=-0.5987 = 6 15 a
20 4 P =0.0397 =) S 5
= S S I}
E 19 4 (=) \% g
[ X o 6 v 9 a v 6
& 184 S a S a 5
~ =] — 8| © 20 S
S S = =]
17 1 4 = IS] = 2
v = \%
o S v
167‘Y—Y—Y—Y Q \ o 8 a
0 50 100 150 200 a 5
) ) 8 12 10 25" < 8
Immobile duration (s) N
NL « NH « CL « CH
e g9 P =0.0043 P =0.0079 P =0.0079 P =0.0025 P =0.0079 F";D.OO79
- _ Z _ - P =0.007'
6 P00079 4 P=00079 50 R=00079 4 Pio.oo79 20,F=00078 , F=00079
Right after Do Dn Dn + 1 ‘2‘% H 2 s ; c 2.0% T, c s c 21 &%
c c c B g o b3
ARS, ASDS or AFS JL JL CRS, CSDS or CFS JL JL B ° B 3 w ;“)’L 15 o ;‘uéL ? %
© © © a o
— — ' oo L 1.0 s S 10 @ S
lz) ‘ % Dissection II) ‘ % Dissection & 1= . S o < 8 . 1.0 = %’ T L 1 am .
g g g ¢ 3 S 05 S
’ ’ 05 o 0.5 o} o}
° 00 oo in] ° o m
0 0 0 0 0 0
Naive ARS CRS ASDS mm CSDS AFS CFS
f i 1007 p=0.0489
Naive ARS CRS Naive ASDS CSDS  Naive AFS CFS o § F’;0.0112
Sao 75
— - [Se]
o> [~ e - - eg .
_acti —_—— ®
_—— §3 o
1¢
_ — 42
o | = 25 o
p—— 2 B
’ Q o
Lo
FEE
i ficht aft k 1 P> 09999 n P=03143 ©O P=0.0286 P P =0.0286
ight after ; > 0. — — ]
9 @ Naive ARS CRS 15 P=0.5099 Naive ARS CRS 3 P=0.0286 2.5 1 P>0.9999 4 1P >0.9999
s SH < - pAVPK ., °° £ 20 ° c
5 g3 = z 3 g3 °
[ @ Dissection £ § 10§ Bractin m—— 5 15 g
5 S . g ;L g <2
&
g £ ° p-mTOR Wi == D o O 108 © 2 O:L
DO D15 o} 2 05 = 1 {oo» L= %] ° %
! } 5 3 ° & 4 1o
14-day CRS = p-S6K 4 & 05 ° :
S —
= 0 B-actin ‘-Q 0 0 0
lI) Dissection *;(é “.‘ ) ) LR L T
3 IS R Ko e L v
q r Veh SBI Veh SBI Veh SBI Veh SBI
oo - ceoin- [N o-Avek [ - ToR -
RS Rightater Practin i v 0-actin e Ooc [ s«
-actin M.
JL 1 week JL JL JL b
ot S 25 15 t s u 3 V 20
Cannulae .:) Dissection P =0.6825 P =0.6825
implantation P =0.0159 P =0.0022 P =0.0159 o °
2.0 ° £ £ £ c 15
SBI (5 uM) or Veh g $ 1.0 @ § 1.0 oo 8 2 g T
g 15 i & & ° a T 1
é © = 38’ E I E } 5 1.0 7 o0 )
. ¢)
% 1.0 - o000 £ 05 2 o0s °°° E o1 omo 8 ° ARS + Veh
@ ) i 5 0.5
05 @ s & e ARS + SBI
o
0 0 0 0 0

Fig.1|See next page for caption.

428 | Nature | Vol 641 | 8 May 2025



Fig.1|Acutestress activates, whereas chronicstressimpairs, LHb
autophagy. a, Experimental design. D, day. b, Two-sided classic KEGG analysis
of bulk RNA-seq (n,.ive/crs = 3 per group; numbers on the bar indicate the
corresponding z-score). LH, lateral hypothalamus. ¢,d, Correlation of BecnlI (c)
and LC3 (d) mRNA fragments per kilobase million (FPKM) with behavioural
scores (n=12mice). CH, CRS mice with high FST; CL, CRS mice withlow FST; NH,
naive mice with high FST; NL, naive mice with low FST. e, Experimental designs.
AFS, acute footshock stress; ASDS, acute social defeat stress; CFS, chronic
footshockstress; CSDS, chronicsocial defeat stress. f,g, Representativeimages
(f) and quantification (g) of western blot (p62, n,,ve/ars/crs = 3, 4, 6; Beclin-1,
Mnaivesars/crs = 5, 5, 7; Muaivesasps/csps = 5 Per group for p62 and Beclin-L; Nyaive/ars/crs =
5,5,4forp62andBeclin-1). h,i, Representativeimages (h) and quantification (i)

ofthe proportion of GFP-puncta-positive cellsin LHb of GFP-LC3 mice treated
with ARS and CRS. White circles denote colocalization of GFP-LC3 puncta
and DAPI (,ive/ars/crs = 6/4/5).j, Experimental designs. k-p, Representative
images (k,m) and quantification of ubiquitin (I), p-AMPK (n), p-mTOR (0)

and p-S6K (p) western blot (1,,i,e/ars/crs = 4 Per group). q-v, Experimental
design (q), representativeimages (r) and quantification of p62 and Beclin-1

(S, P62, Npsven/crsssp = 4, 5 BECiN-1, Ryps.ven/crs+se = 6 per group), p-AMPK

(t, Rarssvenscrs+spi =4, 5), P-MTOR (W, Rags.ven/crs+spr = 4, 5) AN P-SOK (V, Mapsven/crssser =
4,5)westernblot showing effect of SBItreatment on autophagy. Veh, vehicle.
Two-sided Mann-Whitney test (g,I, m-p,s-v), two-sided unpaired t-test (i) and
Pearson correlationtest (c,d). Dataare mean + s.e.m.Schematicsina,e,jk
adapted fromref. 31, Elsevier.

Antidepressants activate LHb autophagy

Giventhe potential role of autophagy in the actions of antidepressant
drugs®, we evaluated whether autophagy levels in specialized brain cir-
cuits were modulated by antidepressants in mice that received chronic
restraint stress (CRS), awell-established animal model of depression®?.,
We measured in parallel autophagy levels in nine stress-related brain
regions under the systemic administration of either a classical selective
serotoninreuptake inhibitor (SSRI) paroxetine®* or anew rapid antide-
pressant ketamine® (Extended Data Fig. 1a,b). We observed that both
paroxetine (Extended DataFig.1a) and ketamine (Extended DataFig.1b)
enhanced autophagy in the LHb. This was demonstrated by decreased
protein level of p62 (Extended Data Fig. 1al,b1), a classical autophagy
marker degraded by autophagic processes?, and increased protein level
of Beclin-1 (Extended Data Fig. 1a2,b2), which is specifically involved
in autophagosome formation® Meanwhile, p62 and Beclin-1levels in
eight other brain regions were unaffected by either paroxetine or keta-
mine, including the ventral hippocampus (vHippo), medial prefrontal
cortex (mPFC), ventral tegmental areas (VTA), lateral hypothalamus,
nucleus accumbens (NAc), lateral septum, dorsal raphe nucleus and
medianraphe nucleus (Extended DataFig.1a,b), suggesting that regula-
tory effects of distinct antidepressants onbrain autophagy take place
mainly in the LHb. One day of treatment of paroxetine had no impact
on depression-like behaviours (Extended Data Fig. 2a,b) and did not
alter p62 or Beclin-1levelsin the LHb (Extended Data Fig. 2c). In parallel,
7 days, but not1 day, of treatment of paroxetine significantly reduced
excitatory synaptic transmission and bursting activity in LHb neurons
of CRS mice (Extended DataFig.2d-i). These results indicate that acti-
vation of LHb autophagy is temporally coincided with the silencing of
LHb neuronal activity and the onset of paroxetine’s antidepressant-like
effects in chronic stressed mice.

CRS impairs LHb autophagy

To further investigate the clinical relevance of LHb autophagy in
depression, we analysed in parallel autophagy-related gene expres-
sion levels by bulk RNA sequencing (RNA-seq) in sixemotion-related
brainregions. Transcriptomic profiles were compared between naive
and CRS mice after completing a depression-like behavioural test,
the forced swim test (FST) (Fig. 1a). Using KEGG (Kyoto Encyclo-
pedia of Genes and Genomes) enrichment analysis, we found that
genes engaged in autophagy-related signalling (Fig. 1b), especially
macroautophagy (Fig. 1b(i)), showed the highest absolute value of
enrichmentscores (z-scores) inthe LHb among the many brain regions
analysed in CRS mice. In addition, autophagy-related genes in the
LHb indicate downregulation of autophagy compared to the naive
controls. Furthermore, single-nucleus RNA-seq (snRNA-seq) in the
LHb showed that autophagy-related genes show selective downregu-
lation of autophagy in neurons rather than glial cells (Extended Data
Fig. 3a). By contrast, enrichment of macroautophagy genes in the
vHippo, VTA and NAc was undetectable, and significant enrichment
of autophagy upregulation-related genes was detected in the lateral

hypothalamus but not significant in the mPFC (Fig. 1b(i)). Moreover,
at the single gene level, we observed significantly decreased mRNA
expression levels of genes involved in the autophagy activation pro-
cesses (Extended Data Fig. 3b,c1,2) (for example, Becnl (encoding
Beclin-1) and autophagy-related gene Atgl0), as well as tendencies
towards decreased Atg4d, Atgl2, Atg7, Atg5 and LC3 (also known
as Maplic3a) (Extended Data Fig. 3c). We also found a tendency
towards increased mRNA expression level of Mtor, whose activation
inhibits autophagy processes (Extended Data Fig. 3c). These tran-
scriptomic results were further validated using quantitative PCR
(qPCR) (Extended Data Fig. 3d). Notably, negative correlations were
found between the mRNA levels of core autophagy genesin the LHb of
each mouse and the corresponding individual immobility durations
in the FST (Fig. 1c,d), indicating a direct link between impaired LHb
autophagy function and depression-like status. In addition, mMRNA
levels of ubiquitin-proteasome system, another main intracellular
protein degradation system*, were unaffected in the LHb by CRS
(Extended Data Fig. 3e-g), indicating the functional specificity of
altered LHb autophagy in depression.

Bidirectional effects of stress

To decipher how stress affects and eventually dampens LHb autophagy,
wemeasured LHb autophagy functionin mice treated with many stress-
ors (restraint, social defeat or footshock), which engage distinct sen-
sory modalities (physical, psychosocial or noxious), either acutely or
chronically (Fig. 1e). These chronic stress protocols are all well-accepted
animalmodels of depression®**3¢, Consistent with the transcriptome
data, proteinlevelsinthe LHb alsoindicate impaired autophagy in vari-
ous chronically stressed mouse models. By contrast, acute stressors
all significantly enhanced LHb autophagy compared with naive mice
(Fig. 1f,g). To investigate whether stress-induced neuronal activity
directly enhances LHb autophagy, we applied 40-Hz phasic photo-
stimulation (4 pulses per second) at lateral hypothalamus-LHb synaptic
terminals, which mimics the neuronal firing pattern evoked by various
acute stressors®?, and found that it also enhanced LHb autophagy
(Extended DataFig.4a,b), suggesting an activity-dependent enhance-
ment of LHb autophagy during acute stress.

We further measured autophagic flux either by immunostaining LC3
puncta in wild-type (WT) mice or quantifying puncta fluorescence in
LC3-GFP reporter mice. Consistently, LC3 puncta fluorescence was
enhanced in the LHb of mice treated with acute restraint stress (ARS),
whereas it was decreased in those treated with CRS (Fig. 1h,i and
Extended Data Fig. 4c). Moreover, the number of autophagosomes
detected under electron microscopy in LHb neurons was drastically
increased by ARS but decreased by CRS (Extended Data Fig. 4d). Con-
sistent withthe mRNA expression levels, the protein level of ubiquitin
was also unaffected by acute or chronic stress (Fig.1j-1). Notably, neither
ARS nor CRS altered autophagy functioninthe vHippo (Extended Data
Fig.4e).Inaddition, food restriction, a classical trigger of autophagyin
peripheral organs®, enhanced autophagy in the liver without affecting
the LHb (Extended Data Fig. 4f,g).
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Independent roles of AMPK and mTOR

Giventhat mTOR inhibition and AMP-activated protein kinase (AMPK)
activation are two canonical inducers of autophagy?, we determined
the expression levels of phosphorylated AMPK (p-AMPK) and phospho-
rylated mTOR (p-mTOR) in the LHb of mice under either ARS or CRS.
Western blot showed that ARS increased p-AMPK level without affecting
p-mTOR or the downstream phosphorylated p70S6 kinase (p-S6K),
whereas CRS augmented p-mTOR and p-S6K levels without affecting
p-AMPK (Fig.1m-p). Collectively, these resultsindicate the independ-
ent and opposing roles of AMPK and mTOR signalling in modulating
LHb autophagy at different stages of stress. Acute stress activates AMPK
to initiate LHb autophagy, whereas chronic stress activates mTOR to
terminate LHb autophagy.

To determine whether AMPK is required for autophagy initia-
tion during acute stress, SBI-0206965 (SBI), a selective inhibitor of
AMPK-ULKI1 (Unc51-like autophagy activating kinase 1) phosphoryla-
tion, was locally infused into the LHb before ARS, and subsequent west -
ernblot experiments of relevant signalling pathways were performed
(Fig.1q). We found that p62 level was increased, whereas Beclin-1and
p-AMPK levels were decreased by SBI, without altering p-mTOR and
p-Sé6K levels (Fig. 1r-v), suggesting an indispensable role of AMPK
activationin ARS-induced autophagy in the LHb. Excitatory synaptic
transmission elevated by acute stress returned to basal levels1-3 days
after stress exposure (Extended Data Fig. 5a-d), indicating a natu-
rally occurring process of synaptic depression. However, this reversal
of synaptic potentiation was abolished under local blockade of LHb
autophagy by means of SBI during the exposure to ARS (Extended
Data Fig. 5a-d). Given the essential role of LHb synaptic potentiation
inadepression-like state?”’2*>!, our data indicate that a failure of natu-
rally occurring synaptic depression may facilitate depression-like
behaviours after acute stress. Indeed, local infusion of SBI facilitated
an anhedonia-like phenotype in the sucrose preference test (SPT),
without affecting the despair-like phenotypein the tail suspension test,
aswellas the locomotion and anxiety-like phenotypein the open field
test (OFT) (Extended Data Fig. Se-h). Altogether, these resultsindicate
that AMPK signalling is required for the initiation of LHb autophagy
to cope with acute stress.

Antidepressant role of LHb autophagy

Given that mTOR signalling is elevated after chronic stress, we tested
whether mTORinhibitionalleviates depression-like behaviours. There-
fore, rapamycin, a US Food and Drug Administration (FDA)-approved
mTOR inhibitor was systemically injected in CRS mice (Fig. 2a). We
found that rapamycin alleviated depression-like behaviours (Fig. 2b,c),
without affecting OFT performance (Extended Data Fig. 6a). Nota-
bly, systemic treatment of rapamycin under antidepressant dosage
enhanced autophagy in the LHb rather than other regions (Fig. 2d).
To assess whether LHb autophagy is required for antidepressant-like
actions of rapamycin, we designed a short hairpin RNA (shRNA) to
knock down AtgZ7 mRNA by means of viral gene transfer (Fig. 2e,f).
Overexpression of Atg7-targeting shRNA (shAtg?) specifically in the
LHb abolished antidepressant-like effects of rapamycin in both FST
and SPT (Fig. 2g,h), without altering OF T performance (Extended Data
Fig. 6b). These results reveal the necessary role of LHb autophagy in
the antidepressant effect of rapamycin.

To further interrogate whether activation of LHb autophagy is
requiredfor differentantidepressants, we measured antidepressant-like
effects of paroxetine and ketamine in mice with deficient LHb
autophagy. Antidepressant-like effects of chronic paroxetine treatment
were partially abolished by conditional knockout of Atg7 specifically
inthe LHb (Atg7*"°""), characterized by behavioural phenotypesin the
FST and social interaction test (SIT), without affecting SPT performance
(Fig. 2i-I). Similarly, ketamine showed no antidepressant-like effectsin
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Atg7""*~ mice compared to vehicle-treated controls (Extended Data
Fig.7a-d). These findingsindicate LHb autophagy asacommon mecha-
nistictarget of antidepressant-like actions. Concerning the molecular
pathways by which different antidepressants regulates LHb autophagy,
both ketamine and paroxetine at antidepressant dosage decreased the
levels of phosphorylated Akt (p-Akt) and p-mTOR in the LHb of CRS
mice (Extended Data Fig. 7e-h). As reduced phosphorylation of Akt
inhibits mTOR and thus activates Beclin-1to promote autophagy?,
our findings suggest that various antidepressants might activate LHb
autophagy through inhibiting Akt signalling.

Asrapamycin, paroxetine and ketamine are allinvolved in other bio-
logical processes besides autophagy, we further assessed whether spe-
cificactivation of LHb autophagy directly modulates depression-like
behaviours. Aselective agonist of Beclin-1, TAT-Beclin-1 peptide (tBP),
was locally infused into bilateral LHb of mice after experiencing either
CRS or chronic social defeat stress (CSDS) (Fig. 3a,f). tBP treatment
enhanced LHb autophagy in the LHb (Fig. 3b), without affecting
apoptosis (Extended Data Fig. 8a). tBP rapidly (within 0.5 h) reversed
CRS- or CSDS-induced depression-like behaviours (Fig. 3c-e,g-i),
without affecting OFT behaviour (Extended Data Fig. 6c,d). These
results demonstrate that specific activation of LHb autophagy exerts
rapid antidepressant-like effects in distinct animal models of chronic
stress-induced depression.

To further investigate whether enhancing LHb autophagy exerts
sustained antidepressant-like effects, we conducted behavioural
tests at many time points following tBP infusion into the LHb of CRS
mice (Extended Data Fig. 9a). Antidepressant-like actions of tBP on
CRS mice maintained at least for 7 days postinfusion, however, disap-
peared 18-19 days postinfusion (Extended Data Fig. 9b-g). Moreover,
to evaluate the prophylactic effects of enhancing LHb autophagy, we
administered local tBP infusions during 14-day CRS and subsequently
measured depression-like behaviours (Extended Data Fig. 9h). Such tBP
treatment effectively prevented the development of depression-like
behaviours (Extended Data Fig. 9i-k), without affecting OFT perfor-
mance (Extended Data Fig. 9m). Notably, immobile duration in the
tail suspension test 26 days posttreatment of tBP remains lower than
the vehicle controls, thus confirming prophylactic effects, rather than
sustained antidepressant-like effects, of tBP (Extended Data Fig. 91).

Giventhat LHb hyperactivityis acellular hallmark of depression-like
status? 303338 we examined whether enhancing LHb autophagy
directly normalized its neuronal hyperactivity (Fig. 3j). LHb neu-
rons are spontaneously active and classified into three subtypes
(silent, tonic and burst neurons) (Fig. 3k), among which burst firing
is drastically enhanced in animal models of depression??*3%, After
incubation with tBP in LHb slices of CRS mice, burst (Fig. 3],m) and
the overall spontaneous (Fig. 3n) firing activity were both largely
attenuated in a dose-dependent manner. tBP incubation also weak-
ened excitatory but not inhibitory neurotransmission (Fig. 30-q),
and decreased neuronal excitability (Extended Data Fig. 10a-c) of
LHb neurons in CRS mice.

On-demand activation of brain autophagy

We found that the silencing effects of tBP were activity-dependent and
thusless effective for less active LHb neurons in naive mice (Extended
DataFig.10d-j). To further validate the activity-dependent activation
of autophagy, we furtherinterrogated several other brain regions that
show hyperactivity under chronic stress, including the basolateral
amygdala (BLA)* and the arcuate nucleus (Arc)*°. Western blot results
revealed that CRS impairs autophagy function in the Arc but not the
BLA (Extended DataFig. 10Kk,1).

We then tested whether tBP modulated neuronal activity of pyrami-
dal neurons in BLA slices or pro-opiomelanocortin (POMC) neurons
in Arc slices from mice treated with CRS. We crossed POMC-Cre mice
with Ail4 mice to visualize POMC neurons, and found that tBP perfusion



LHb

D1 D14 D17 D18 D19 D22 vHippo mPFG VTA
i 2 h per day LX 3 days i JL i i Veh Rapa Veh Rapa Veh Rapa Veh  Rapa
' PO2 | — .
(N OFT FST SPT Bractn (M —— S —
or dissection ) —
Rapa (10 mg kg™") or Veh i.p. Beclin-1 = w— S R —— -
actn —— I . ..
b FST c SPT B-actin
P = 0.6604
— 3~ 2.5
P 01477 P =0.0875 P= 0'60825 P =00079
a P =0.0187
150 7P70T(’)—1gooos 1007 e < 2 °
) < i P =0.4069 = P =0.6825
@ X c 2 3]
‘2’ zoo ° o 804 o 2 B ° T 1.5 S p_osses P=0.1270
5 8 3 % 3 54 T P =0.6825 & . o
= 100 - ° S o . <= P =0.0079 o - )
g ° go 5 601 % G Naive ] 3 7 £ 104 @ @ 018 @ J° a 8;8
“— o O -
3 o 2 .l CRS+Vveh &1 @ @O m§ agy g o %0 CRS + Veh
S 508 o }9 2 CRS + Rapa @ ® 0.5 1 CRS + Rapa
£ o 2 o o
£ @ S 20+ o
E 3 i
0J o) LHb vHippo mPFC VTA LHb vHippo mPFC VTA
e f g FST h SPT
EGFP shAtg7 EGFP shAtg7 — P=01925 P=02714
D1 E D14 D17 D18 D19 D22 62 - Beciin-1 |G P 200108 P=00751
JL JL 2 h per day ix 3 days i i P 250 4 P=0.0013 P=0.0191 100 - P=0.0028 P =0.0283
% B-actin -- B-actin |S——— P-04163 P =06588 s P=01902 P=07533
Virus injection OFT FST SPT £ 200+ ° S 8010 8;3 &
Rapa (10 mg kg™") or Veh i.p. 20 P:O;JO79 1.5 - P=00079 % o % ° S %’
AAV2/5 1 £ Earp 5 1507 o g 601 c%
Bregma -1.91 mm 15 B 3 o b
< b S0l =g s 2 L ®
e S t & o 5 1007 ° o o 407 &
i (O Polefl S |G : 5 6 3
_--~"ShAtg7 N £ 05 °I°° € 509 °© § 20 4
GCAGTGATGACCGCATGAAT! < 05 ] = ° &% a
o O
A | Knockdown o o 0- 0-
EGFP + Veh shAtg7 + Veh EGFP + Rapa shAtg7 + Rapa
i j FST k SPT | SIT
P =0.0204 P=03757
o HED oy D21 D22 D23 P-0.3445 £=00131, £=0425
2h per dﬁy %7 days — P =0.0080 P=0.6183 P =0.0640 P =0.0059
@ 2 weeks @ @ @ JL @ 250 1 £ oo 100 7p - 0.729 p = g 0052 5007 P=0.9321 P=00535
| — I P=0.0083 P=0.0005 T s s ﬁ‘o-
Virus SPT FST — _|P=0.7227P = 000450 S | ° o < 4004
injection AAV2/9- or SIT Z 200 " < 80 o0 o OI@ Kp el
hSyn-mCherry/Cre 5 ° 3 o ©
E=1 c
Paroxetine (5 mg kg™") or Veh i.p. g 150 00 00 Qo g 604 ? g o 5 300 4
LH5 ° I i o o g
hSyn-mCherry + Veh 3 1004 & o o 404 & 200
Atg 7flox/ﬂox hS © ° 8 8 @ kS
yn-Cre + Veh £ o° 4 g) <] p 8 o
hSyn-mCherry + paroxetine E 504 © % 20 - 'g 100 + 050 &g
hSyn-Cre + paroxetine ® a ® %
0- 0- 0- o

Fig.2|Actions of different antidepressants commonly require LHb
autophagy. a, Experimental design. Rapa, rapamycin;i.p., intraperitoneal
injection.b,c, Intraperitoneal injection of rapamycin alleviates depression-like
phenotypes (b, Nygive/crssven/crs+rapa = 10 PEF FOUP; €, Mpgive/crssven/crs+rapa = 10,10, 8).
d, Intraperitoneal injection of rapamycin enhances autophagy selectively in
LHb butnot vHippo, mPFC and VTA of CRS mice (p62, Ncgs.ven/crsrapa = 5» 6

for VTA, Ncgs.ven/crs+rapa = 5 PET group for the rest of brain regions; Beclin-1,
Ncrsiveh/crs+Rapa = 5 PET group). e, Experimental design, shRNA working modeland
arepresentative image of viral expression. Scale bar, 500 pm. f, Representative
images (top) and quantification (bottom) of p62 and Beclin-1western blot

from LHb lysates, showing that Atg7knockdown decreases LHb autophagy

rapidly decreased both neuronal excitability and excitatory neurotrans-
mission in POMC neurons but not BLA pyramidal neurons (Extended
DataFig.10m-t). As neuronal excitability and excitatory synaptic trans-
missions of Arc POMC neurons are much higher than BLA pyramidal
neurons, whereas they are comparable to LHb neurons (Extended Data
Fig.10u,v), these findings suggest that autophagy is activated inmore
active neurons.

We speculated that LHb autophagy is activated in an ‘on-demand’
manner to degrade excessive membrane proteins. Indeed, we
observedincreased proteinlevels of GluAl, GluA2 and GluN1subunits
of glutamate receptors (GluRs), but not the GABA, subunit of GABA
(y-aminobutyric acid) receptors in membrane fractions of LHb from
CRS mice (Fig.4a-d). Conversely, local infusion of tBPin the LHb rapidly

(thatis, increased p62 and decreased Beclin-1) (ggrp/snaer = 5 per group for p62
and Beclin-1). g,h, Knockdown of Atg7in LHb abolishes antidepressant-like
effects of rapamycinin CRS mice (8, Mecrp+ven/shacgr+veh/EGrp+Rapa/shatg7+Rapa = S, 8,11, 8;
R, NeGrpvenyshatg7sven/EGrpeRap rapa = 9, 8,11, 8).i, Experimental design.

j-1, Conditionalknockout of Atg7in LHb abolishes antidepressant-like

effects of paroxetine in FST (j, Mimcherrysven/eresveh/mcherry+pxi/ere+pxe = 7» 6, 8, 8)

and SIT (I, Rncnerry+veh/cresveh/mcherryspxe/ere+pxe = 6/6/7/8), but not SPT

(K, i cherrysveh/cre sveh/mcherry+px/crespxe = 7» 6, 7, 8). Two-sided Mann-Whitney test

(d,f) and one-way ANOVA with uncorrected Fisher’s least significant difference
(LSD) test (b,c,g,h,j-1). Dataare mean + s.e.m.Schematicsina,e,iadapted
fromref.31, Elsevier.

hA

reversed the membrane protein levels of GluRs (Fig.4e-h), indicating
that enhancing LHb autophagy is sufficient to promote degradation
of excessive GluRs inan on-demand manner.

Moreover, the mRNA levels of T-type calcium channel (T-VSCC) and
inwardly rectifying potassium channelKir2.1, two potential candidates
engaged in controlling LHb neuronal excitability®**, were unaltered
by CRS (Extended Data Fig. 3h,i). In line with the unaltered current
intensity of T-VSCC in CRS mice®, these findings indicate unaltered
T-VSCC function in CRS mice. In addition, consistent with the rela-
tively depolarized resting membrane potential (roughly =50 mV) of
LHb neurons®*38, the amount of Kir2.1 mRNA in the LHb was scarce
(Extended Data Fig. 3h), suggesting the low contribution of Kir2.1to
LHb neuronal excitability.
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Fig.3|Enhancing LHb autophagy rapidly exerts antidepressant-like
effects by means of normalization of neuronal hyperactivity and synaptic
deficitinchronicstressed mice. a, Experimental designs, representative
illustrations of bilateralimplantation of cannulae and drug infusion sites. Scale
bar,500 pm.b, Representative images (top) and quantification (bottom) of
western blot show that local infusion of tBP instantly increases LHb autophagy
(thatis, decreased p62 andincreased Beclin-1) (tested within 30 min after tBP
infusion; p62, nyep,p = 4 per group; Beclin-1, nye, s = 5 per group). c-e, LHb local
infusion of tBP rapidly alleviates depression-like phenotypesin CRS mice

(€, Nyenyap =7, 9; d, €, Nyerpp = 9, 7). f, Experimental design. g-i, Local infusion

of tBPin LHbrapidly alleviates depression-like phenotypes in CSDS mice

(g,h, Nyepymp = 6, 7; 1, Nyerymr = 6, 5).j, Experimental design. k, Representative
traces showing spontaneous activity (/= 0) of silent (left), tonic-firing (middle)
and burst-firing (right) LHb neurons recorded with whole-cell patch clamp.
I-n, Pie charts (I, nxcse/o.51/5 = 40, 41, 45,33 neurons; nucsgo.515 = 8, 6, 7, 8 mice),

Tofurther validate whether LHb autophagy specifically targets syn-
aptic GluRs, we first determined the subcellular localization of LHb
autophagic markers in ARS mice. We performed immunostaining to
measure the colocalization of LC3 puncta and PSD95, and found that
roughly 80% of LC3 punctawas colocalized with PSD95 inthe LHb of ARS
mice, indicating predominant postsynapticlocalization of autophagic
flux in the LHb (Extended Data Fig. 11a,b). We also directly visualized
colocalization of GluA2 and LC3 puncta in the LHb of ARS mice with
stochastic optical reconstruction microscopy (STORM) (Extended Data
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histograms (m, ncsgo.515 = 40,41, 45,33 neurons; ncseo. 515 = 8, 6, 7, 8 mice)

and bar graphs (n, ncsg0.515 =40, 41,43, 33 neurons; ncsgo.515 = 8, 6, 7, 8 mice)
showing dose-dependent effects of tBP on spontaneous firing patterns,
percentage of spikes and firing frequencies of LHb neurons in CRS mice. ACSF,
artificial cerebrospinal fluid. 0-q, Representative traces (0) and quantification
(frequency (p) and amplitude (q)) showing dose-dependent effects of tBP on
synaptic transmission onto LHb neurons in CRS mice (p, niacsgo.515 = 43,39, 44,
30 neurons; Nacsgo.51ys = 8, 6,7, 8 Mice; q, Nacseo.5n/5 =42, 39,44, 29 neurons;
Nacseo.515= S, 6,7, 8 mice). Blue or pink arrowheads indicate spontaneous
excitatory and inhibitory postsynaptic current (SEPSC and sIPSC, respectively)
events. Two-sided unpaired t-test (g,h), two-sided Mann-Whitney test (b-e,i),
one-way ANOVA with Dunn’s multiple comparisons test (p,q), Kruskal-Wallis
testwithuncorrected Dunn’s test (n) and two-sided chi-square test (I, m). Data
aremean ts.e.m.Schematicsina,f,jadapted fromref. 31, Elsevier.

Fig.11cand Supplementary Video 1). The colocalization of GluA2 was
alsoobserved in more active Arc neurons, butrarelyinlessactive BLA
neurons (Extended Data Fig. 11c and Supplementary Videos 2 and 3),
suggesting that autophagy selectively targets GluRs in more active
brain regions. Furthermore, immunoelectron microscopy showed
that the number of GluA2-containing autophagosomes were increased
by ARS, whereas decreased by CRS (Extended Data Fig. 11d,e). Collec-
tively, these results indicate that LHb autophagy primarily degrades
postsynaptic GluRs.
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Fig.4|Enhancing LHb autophagy facilitates synaptic GluRs degradation
for normalizing neuronal hyperactivity and depression-like behaviours.
a-h, Western blot analysis showing that CRS (a-d) increased, whereas activating
LHbautophagy by local infusion of tBP (e-h) decreased, the expression of
GluAl(a,e), GluA2 (b,f) and GluN1(c,g), without affecting the GABA , receptor
subunit (d,h) (a-c, n,e/crs = 5 per group; d, n,ive/crs = 4; €, Negsiipp-sem/crs+ap =

4 pergroup). a-tub, a-tubulini, Experimental design.j,k, Representative traces
(j) and quantification (k) show the acute effect of tBP perfusion on spontaneous
firing patterns and firing frequency of LHb neurons (ncs/0.515 = 8,8, 9 neurons,
Nacsio.s15= 7,6, 6 mice). I-p, Representative traces (1) and quantification
(frequency (m,0) and amplitude (n,p) of sSEPSC and sIPSC) showing spontaneous
neural transmission before and right after tBP perfusionin LHb neurons of

CRS mice (1 LM tBP, nycsp/pp = 8 NEUrONS, Nucsi/pp = 6 Mice). q-u, Representative

traces (q) and quantification (r-u) showing spontaneous neural transmission
before and right after coperfusion of tBP and Dyngo-4ain LHb neurons of CRS
mice (Dyngo-4a + 1 UM BP, 1xcse/pyngo+p = 8 NEUTONS, Mxcs/pyngo+ep = 3 MiCe): SEPSC
frequency (r), sEPSC amplitude (s), sIPSC frequency (t) and sIPSC amplitude (u).
v,Bar graphshowing spontaneousfiring frequency before and after coperfusion
of tBPand Dyngo-4a (Dyngo-4a + 1 UM tBP, nycsg/pyngo+sr = 8 NEUTONS, Mycsg/nyngorsp =
3 mice). w, Experimental design. x,y, tBP decreasesimmobile durationin FST (x)
andincreasessucrose preferencein SPT (y) whereas co-application of tBP with
Dyngo-4aor TAT-GIuA2;, reverses this effect (X, Ryen/pyngo/sp/ep+TAT-Glun23y/Dyngo+tep =
8,10,12,10, 7; Y, Miyen/pyngo/cp/sp+TaT-Glua2sypyngo+ae = 9, 10,10, 11, 8. Two-sided
Mann-Whitney test (a-h), two-sided paired t-test (k,m-p,r-v), two-sided
Wilcoxon test (k), one-way ANOVA with uncorrected Fisher’s LSD test (x,y).
Dataare mean = s.e.m.Schematicinwadapted fromref. 31, Elsevier.
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Fig.5|Seenext page for caption.
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Fig.5| Genetic ablation of LHb neuronal autophagy directly elicits
depression-like phenotypes and neuronal hyperactivity. a, Experimental
design. b, Viral strategy. c,d, Representative images (c) and quantification (d)
of Atg7, p62 and Beclin-1westernblot showing decreased autophagy in LHb of
Atg7*" 7 mice (d, AL87: Nyycherry/cre = S PET ErOUP, P62: Myncherry/cre = 4/5, Beclin-1:
Minchery/cre = 5 PET group). e-g, Atg7*”~ mice showed depression-like phenotypes
(eand f, nycherryscre = 10/11; 8, Nincherrycre = 5 Per group). h, Experimental designs.
i, Representative images of histology. White arrowheads: colocalization of
GCaMPé6sand Cre. Scale bars: 500 pm (top), 20 pm (bottom). j-1, Averaged
responses (left), heat maps (middle) and area under the curve (AUC) (right)
showing Ca*' signalsin LHb neurons evoked by stressors (j, My -+rs/acgr/srs/wrers =
12,14,10 trials; 3,3, 3 mice; K, N7 iksiargrisrswries = 17,15, 14 trials; 3, 4, 4 mice;
L, yegr - ispsjacgriespswssps = 14,13, 11 trials; 3, 3, 3 mice). m, Experimental design.
n, Pie chartsillustrating the percentage of three neuronal subtypesin LHb

(M pegripiaeer-- = 55, 64 neurons; 6, 6 mice). 0—q, Representative traces (o) and

quantification (p, Mgrs/acgr-- = 53, 64 NEUroNs; 6, 6 MICE; Q, M yegri/isacgr-- = 51/61
neurons, 6/6 mice) showing that Atg7 deficiency alters LHb synaptic transmission.
r, Western blot analysis of GluAl, GluA2, GluNl1and GABA , expressionin LHb of
Atg7** and Atg 7" mice (Rycheryicre = 4 PET group). s, Chemogenetic strategy
andrepresentative images of histology. t-v, Representative traces (t) and
quantification showing the effect of deschloroclozapine (DCZ) on sEPSCs
(n=7neurons, three mice) (u) and spontaneous activity (n =8 neurons,

three mice) (v). w-y, Chemogenetic silencing of LHb neurons rescues
depression-like phenotypesin FST (w), SPT (x) and SIT (y) in Atg7"*”~ mice
(Mpio-mcherry/pio-nman = 5 PET group). Two-sided Mann-Whitney test (d,p-r),
two-sided unpaired t-test (e,g,w-y), two-sided paired t-test (u), two-sided
unpaired t-test and two-sided paired t-test (j-1), two-sided Wilcoxon test (v),
two-way ANOVA (f) and two-sided chi-square test (n). Dataare mean + s.e.m.
Scalebar, 500 um (b,s). Schematicsinb,h,m,s adapted fromref. 29, Elsevier.

To further measure the onset time of tBP actions in LHb neuronal and
synapticactivity, tBP was directly perfused onto LHb slices of CRS mice
(Fig. 4i). We found that tBP immediately (within seconds) abolished
burst and tonic-firing activity (Fig. 4j,k), decreased neuronal excit-
ability (Extended Data Fig.12a-c), and attenuated excitatory rather
thaninhibitory neurotransmission of LHb neuronsinadose-dependent
manner (Fig. 4l-p and Extended Data Fig. 12d,e). Such instant silenc-
ing effects suggest that tBP exerts rapid antidepressant-like effects by
means of directly normalizing LHb neuronal and synaptic hyperactivity.

Coperfusion of tBP with Dyngo-4a, an endocytosis blocker, com-
pletely abolished such instant silencing effects (Fig. 4q-v), indicat-
inganecessaryrole of endocytosisin LHb autophagy-mediated rapid
degradation of GluRs. At the behavioural level, co-infusion of either
Dyngo-4aor TAT-GluA2,, (aspecific blocker targeting the endocytosis
of GluA2 subunit) completely abolished the antidepressant-like effects
of tBP (Fig. 4w-y), without affecting OF T performance (Extended Data
Fig. 6e). Altogether, these findings indicate GluRs as primary targets
of autophagy-mediated degradation for reversing LHb hyperactivity
and depression-like behaviours.

Loss-of-function of LHb autophagy

To interrogate the causal role of impaired LHb autophagy in
depression-like state, we used a viral strategy to conditionally knock
out Atg7 specifically in LHb neurons of naive mice, and performed
subsequent biochemical and behavioural identifications (Fig. 5a).
Local knockout of Atg7 in LHb of Atg7"*"* mice (Atg7*"*") (Fig. 5b)
decreased LHb neuronal autophagy (Fig. 5c,d), without affecting
apoptosis (Extended DataFig. 8b,c). Moreover, Atg7"*”~ mice showed
increased depression-like behaviours (Fig. S5e-g), without altering
OFT performance (Extended Data Fig. 6f). These depression-like phe-
notypes were absent under hemi-knockout of LHb neuronal Atg7in
Atg7" heterozygotes (Extended Data Fig.13a). To cross-validate the
consequences of virally genetic ablation of LHb neuronal autophagy,
we further deployed shRNA viral strategy to knock down the mRNA
of Atg7, Atg5 or Becnl in LHb neurons of naive mice, and reproduced
depression-like behaviours similar to stress-naive Atg7""*”/~ mice
(Extended Data Fig. 13bd). In addition, Atg7 deficiency in either LHb
astrocytes or vHippo neurons did not affect depression-like phenotypes
(Extended DataFig.13e,f), indicating that depression-like state gated
by autophagy occurs in specific brain regions and cell types.

To dissect the neuronal substrate of depression-like behaviours
induced by disrupted LHb neuronal autophagy, we monitored calcium
responses to stressors in autophagy-deficient LHb neurons of freely
moving Atg7"*~ mice, using a dual-viral strategy (Fig. 5h,i). Atg7"*/
neurons showed twofold larger calcium responses to many stressors
(restraint, footshock and social defeat) compared to the viral and strain
controls (Fig. 5j-1), suggesting increased stress-encoding efficiency
in Atg7'"*"" neurons in vivo. To deconstruct the effects of impaired

autophagy on LHb neurons, we measured firing activity and neurotrans-
missionsin LHb neurons with either Atg7 or Atg5 ablation (Fig. 5Smand
Extended DataFig.13g-j). Atg7- or Atg5-deficient LHb neurons showed
hyperactivity that was manifested as enhanced bursting activity (Fig.5n
and Extended Data Fig. 13g), increased excitatory neurotransmission
and decreased inhibitory neurotransmission (Fig. 50-q and Extended
Data Fig. 13h-j). We also observed increased protein levels of GluAl,
GluA2 and GluN1subunits, but not GABA, subunitsin membrane frac-
tions of LHb from Atg7*"*”~ mice (Fig. 5r), suggesting a constitutive
role of autophagy in degrading synaptic GluRs and thus maintaining
neuronal homeostasis in the LHb. To investigate whether LHb hyper-
activity induced by Atg7 loss-of-function directly links autophagy
impairment with depression-like state, we examined whether these
depression-like phenotypes in Atg7*”~ mice were reversed by nor-
malizing LHb hyperactivity. Using a dual-viral strategy, we chemoge-
netically silenced autophagy-deficient LHb neurons (Fig. 5s-v), which
successfully alleviated depression-like behaviours in Atg7"*" mice
(Fig.5w-y), without affecting OF T performance (Extended DataFig. 6g).
Theseresultsindicate that LHb hyperactivity serves as a cellular basis
of depression-like state induced by impaired LHb autophagy.

Autophagy controls LHb plasticity

Thebalance between synthesis and degradation of synaptic proteins is
fundamental for the magnitude and occurrence rate of synaptic plas-
ticity, which affects LHb hyperactivity and depression-like state? 2%,
Given that autophagy has been considered necessary for long-term
depression (LTD)"'*"*1¢, we determined whether LTD was affected in
LHb neurons of CRS mice. Through optogenetic targeting of lateral
hypothalamus-LHb synapses, of which the potentiation mediates the
onset of depression-like state during chronic stress?**, we discovered
thatlow-frequency stimulation (LFS) rapidly upregulated autophagy
(Extended DataFig.14a,b) and induced LTD (Extended Data Fig.14d) in
the LHb of naive mice. By contrast, LFS at lateral hypothalamus-LHb syn-
apses failed to elevate autophagy (Extended Data Fig.14a,c) and induce
LTD (Extended DataFig.14d) in the LHb of CRS mice. Collectively, these
results indicate a direct link between activating LHb autophagy and
LTDinduction. Indeed, autophagy inhibitor SBlabolished LFS-induced
LTD and even promoted aslight but significant synaptic potentiation in
LHb neurons of naive mice, without affecting basal neurotransmission
(Extended Data Fig. 14e). We next determined whether LTD was also
affected in Atg7"*”" neurons (Extended Data Fig. 14f). LFS-induced
LTD at lateral hypothalamus-LHb synapses was completely abolished
in Atg7"*~ neurons compared to Atg7""**/* control groups (Extended
DataFig.14g). The long-term potentiation (LTP) induction protocol®**
evoked a higher magnitude of synaptic potentiation in Atg7:"*” neu-
rons compared to Atg7:"** control groups (Extended Data Fig. 14h),
indicating that blockade of LHb autophagy causes further accumula-
tion of postsynaptic GluRs under LTP induction.

Nature | Vol 641 | 8 May 2025 | 435



Article

To evaluate whether enhancing LHb autophagy was sufficient to
reverse the LTD deficits, we perfused tBP onto LHb slices of CRS mice
and discovered that tBP directly induced pharmacological LTD in a
dose-dependent manner (Extended DataFig.14i). This pharmacological
LTD was completely blocked by TAT-GluA2,, peptide (Extended Data
Fig.14j), revealing anecessary role of GluR endocytosis in LTD induced
by LHb autophagy. Moreover, this pharmacological LTD was entirely
abolished in Atg7"*"~ neurons (Extended Data Fig. 14k), suggesting
that canonical autophagy signalling (Extended DataFig. 3b) is respon-
sible for the actions of tBP in modulating synaptic transmissionin the
LHb. Collectively, these results indicate that LHb neuronal autophagy
controls the occurrence rate and magnitude of synaptic plasticity.

Discussion

The core theory of stress proposed by Hans Selye* proposes that the
brain experiencesthree stages during the accumulation of stress: alarm
reaction, resistance and exhaustion (Extended Data Fig.15). In accord-
ance with Selye’s theory, we propose that LHb autophagy is rapidly
switched on by means of AMPK phosphorylation, acting as the ‘alarm
reaction’ phase of stress. As stress exposure persists, excitatory affer-
entsonto the LHb are gradually potentiated®’, and LHb autophagy may
be constantly recruited for degrading excessive synaptic GluRs, result-
ingin the ‘resistance’ phase. During the late phase of chronic stress,
LHb autophagy is suppressed by the over-activation of mTOR signal-
ling. Consequently, LHb autophagy is incapable of counterbalancing
the excessive synaptic weight through GIuR degradation, causing the
‘exhaustion’ phase of stress, neuronal hyperactivity and depression-like
phenotypes. Our study provides proof-of-concept evidence that LHb
autophagy in vivo serves as a cellular substrate underlying the three
stages of stress dynamics and gating depression-like state. We have
clarified a causal role of LHb autophagy-dependent GIuR degradation
inconfining the neuronal hyperactivity and excessive synaptic strength
when coping with stress.

Our workalso provides anin vivo conceptual framework for elucidat-
ing the roles of autophagy in different brain functions. As autophagy
genes are extensively expressed inthe nervous system, it is of particu-
lar interest why autophagosomes are rarely present in intact brains
under basal conditions”. Indeed, many brain autophagy studies were
completedininvertebrates or cultured systems, soin vivo evidenceis
insufficient concerning how brain autophagy is activated in live mam-
malianbrains. Our findings provide direct evidence that LHb autophagy
isactivated under stress conditionsin vivo. Combined with functional
characterizations by using slice recordings and behavioural assays, our
results extend the conclusion from the recent discovery in cultured
neurons that autophagy degrades synaptic GluRs*.

Understanding how autophagy is differentially engagedin discrete
cell types and specialized neural circuits will pave the way to develop
new treatments for autophagy-related diseases. Our findings also
indicate that only a small number of brain regions fit the profile of a
primary target for autophagy enhancers: namely that they are naturally
active, become overactive in depression and experience disruption
of autophagy functions following chronic stress. Autophagy may act
in an on-demand mode that active neurons require more activation
of autophagy and therefore facilitate the exhaustion of autophagy
functions. It would be intriguing to investigate whether this hypoth-
esis extends as a general principle in the brain, potentially enabling
autophagy enhancers to specifically target brain regions with higher
metabolic demands.

AMPK and mTOR in the LHb are potential biomarkers at different
stages of stress-induced depression (for example, subclinical and clini-
caldepression), therefore serving as potential targets of preventative
interventions (resilience incubation) and treatments, respectively. As
aclinically approved mTOR-specific inhibitor, rapamycin has poten-
tial antidepressant effects both in patients with major depressive
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disorder and animal models of depression****. Our study provides
further evidence that brain region-specific autophagy activationinthe
LHbisrequired for rapamycin to mitigate depression-like behaviours.
It also provides a mechanistic explanation of why rapamycin largely
strengthens the antidepressant efficacy of ketamine in patients with
depression*,

LHb-specific autophagy activation was also required for antide-
pressant actions of both paroxetine and ketamine, suggesting LHb
autophagy as acommon mechanistic target of different antidepres-
sants. Given that SSRIs rapidly increase serotonin levels but their anti-
depressantactions require weeks to months, the delayed activation of
LHb autophagy may underlie the therapeutic delay of SSRIs. Moreo-
ver, the persistent upregulation of LHb autophagy at least 24 h after
systemic treatment of ketamine may underlie the sustained antide-
pressant effects of ketamine. Antidepressant actions of various drugs
engage Akt signalling*®, of which reduced phosphorylation inhibits
mTOR and activates autophagic processes?. As both ketamine and
paroxetine inhibit Akt-mTOR signalling in the LHb, our study discovers
amolecularlink between autophagy and awell-known antidepressant
signalling.

Notably, the effects of different antidepressants on Akt-mTOR
signalling depend on the brain regions in question. Previous studies
revealed that activation of brain-derived neurotrophic factor (BDNF)-
Akt-mTOR signalling in the hippocampusis crucial for the antidepres-
sant actions of various medications**%, However, activation of BDNF
signalling in the LHb causally mediates depression-like behaviours®.
As BDNF activation strongly activates Akt-mTOR signalling and thus
inhibits autophagy, these findings are accordant with the possibility
thatantidepressantactions occur by inhibiting Akt—-mTOR and activat-
ing autophagy in the LHb.

LHb-specific ablation of neuronal autophagy fully recapitulated
the molecular, cellular and behavioural profiles induced by chronic
stress, strongly indicating the physiological relevance ofimpaired LHb
autophagy in the pathogenesis of depression-like state. Considering
theinstantreversal of LHb hyperactivity and rapid antidepressant-like
actions by means of enhancing LHb autophagy, our study proposes
afascinating possibility that LHb autophagy serves as a new cellular
target of rapid antidepressants. Enhancing LHb autophagy also exerts
sustained antidepressant-like and prophylactic effects, highlighting
the advantage of targeting autophagy as a promising interventional
strategy. Collectively, autophagy enhancers may shed light on a new
strategy for rapid antidepressant discovery.
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Methods

Animals and ethical approval

Allmice (aged 7-15 weeks, if not specified) were bred in our colony (that
is, Atg7/lines*® and GFP-LC3 lines) or purchased from SLAC (thatis,
C57BL/6) and CD-1mice). CD-1mice (4-6 monthsold, retired breeders)
were single-housed, and all other mice were housed 4-5 per cage if
not specified. All animals were subjected to a12-h light-dark cycle
(light on from 7:00 to 19:00) with food and water ad libitum. All mice
were housed in a stable environment (23-25 °C ambient temperature
and around 50% humidity). Only male mice were used in this study.
All animal research and experimental procedures were approved by
the Animal Care and Use Committee of the animal facility at Zhejiang
University.

Bulk RNA-seq

RNA-seq was performed with fresh LHb, vHippo, mPFC, VTA, lateral
hypothalamus and NAc samples from CRS and naive mice tested using
FST 2 days before euthanasia. We divided CRS and naive mice into two
groups, respectively. Namely CRS mice with high FST scores (FSTimmo-
bility for more than 110 s, n = 3), CRS mice with low FST scores (50 s
less than FST immobility less than 110 s, n = 3), naive mice with high
FST scores (50 s less than FST immobility less than 80 s, n =3), naive
mice with low FST scores (FST immobility less than 50 s, n=3). On the
third day, mice were euthanized after anaesthesia with 1% pentobar-
bital NEMBUTAL (100 mg kg™) and perfused with 20 ml of ice-cold
phosphate-buffered saline (PBS, pH 7.4). The brains were collected
quickly on anice plate and moved to liquid nitrogen for 25 s. Frozen
brains were fitted into stainless steel mouse brain matrices and sec-
tioned with blades into roughly 1-mm coronal slices containing the
LHb (-1.5to -1.9 mm from bregma), vHippo (-2.9 to -3.3 mm from
bregma), mPFC (+1.9 to +1.5 mm from bregma), VTA (-2.9 to -3.3 mm
from bregma), lateral hypothalamus (-0.6 to -1.0 mm from bregma)
and NAc (+1.3 to +0.9 mm from bregma). Slices were immersed in
ice-cold PBS and relevant brain regions were carefully micro-dissected
onanice plate under microscope. The samples were putinto amarked
Eppendorftube and were then quickly transported into liquid nitrogen
for subsequent mRNA sequencing under customized service of LC-Bio
Technology. After the final transcriptome was generated, StringTie and
ballgown were used to estimate the expression levels of all transcripts
and determine mRNA expression abundance by calculating the FPKM
value. Genes differential expression analysis was performed by DESeq2
software. The genes with P < 0.05 and absolute fold change greater than
or equal to1.2 were considered differentially expressed genes. Differ-
entially expressed genes were then subjected to enrichment analysis of
KEGG pathways. z-score values stand for the up- or downregulation of all
genesenriched to this pathway. Bioinformatic analysis was performed
using the OmicStudio tools at https://www.omicstudio.cn/tool. KEGG
analysis and statistics of mRNA expression level were compared only
between CRS mice with high FST scores and naive mice with low FST
scores. For correlation analysis, all mice were included.

snRNA-seq

The LHb from CRS and naive mice was transferred to tissue storage
solution (130-100-008, Miltenyi), and the suspension after filtration,
centrifugation and resuspension was loaded onto the Chromium
single-cell controller (10X Genomics) to generate single-cell gel beads
in the emulsion according to the manufacturer’s protocol by LC-Bio
Technology. Postprocessing and quality control were carried out by
10X Cell Ranger package (v.1.2.0, 10X Genomics). The bioinformatics
analysis of snRNA-seq was conducted by LC-Bio Technology. Clustering
analysis was carried out with standard seurat package procedures ata
resolution of 1.20. The clusters were then assigned to neuronal and glial
celltypes by their canonical gene markers. Syp marked neuron clusters,
Magmarked oligodendrocyte clusters, Gjal marked astrocyte clusters

and CIgc marked microglia clusters. To further explain differentially
expressed autophagy-related genes among these cell types, we used
gene set variation analysis to analyse the ‘Autophagosome Formation’
pathway.

Westernblotting

Samples were collected using the same protocol as described in ‘Bulk
RNA-seq’. After micro-dissection, LHb (-1.5to-1.9 mm frombregma),
vHippo (-2.9 to -3.3 mm from bregma), mPFC (+1.9 to +1.5 mm from
bregma), VTA (-2.9 to -3.3 mm from bregma), lateral hypothalamus
(-0.6t0-1.0 mm from bregma) and NAc (+1.3 to +0.9 mm from bregma),
lateral septum (+0.9 to +0.5 mm from bregma), dorsal raphe nucleus
(-4.2to—4.6 mmfrom bregma), medianraphe nucleus (—4.2to -4.6 mm
frombregma), arc (-1.2to-1.5 mm frombregma), BLA (-1.3t0 -1.9 mm
frombregma) and liver samples were transferred toice-cold lysis buffer
(0.32Msucrose, 10 MM HEPES pH 7.4,2 mM EDTA,1 mM PMSF, 1x Pro-
tease inhibitors, 1x Phosphatase inhibitors) and homogenized using
ultrasonic cell grinder. Part of the lysates were taken as atotal protein
sample andincubated for 30 minonice with10% SDS. Remaining lysates
were centrifuged at1,000g for 10 minto remove pelleted nuclear frac-
tion. The supernatant was then taken and centrifuged again at 15,0008
for30 min. The new supernatant was discarded and the pellet was resus-
pendedin RIPA buffer (50 mM Tris pH 7.4,150 mMNacCl, 1% Triton X-100,
1% sodium deoxycholate, 0.1% SDS,1 mM PMSF, 1x Protease inhibitors,
1x Phosphatase inhibitors) as crude synaptosome sample that would
be subsequentlyincubated onice for 30 min. Samples were diluted in
5x SDS-PAGE loading buffer and were boiled at 95 °C for 5 min. Next,
the samples were loaded on an SDS (8-15%) polyacrylamide gradient
gel and transferred onto a polyvinyl difluoride membrane. The blots
were incubated at 4 °C overnight with one of the following primary
antibodies: rabbit anti-p62 (1:2,000, PM045, MBL), rabbit anti-Beclin-1
(1:1,000, 3495, CST), mouse anti-Atg7 (1:1,000, 67341-1-1g, Protein-
tech), mouse anti-ubiquitin (1:1,000, 3936, CST), rabbit anti-p-AMPKa
(Thr172) (1:1,000, 2535, CST), rabbit anti-p-mTOR (1:1,000, ab137133,
Abcam), rabbit anti-p-p70S6 Kinase 1-T421/S424 (1:1,000, AP0502,
ABclonal), rabbit anti-p-Akt (1:1,000, 4058, CST), rabbit anti-Cleaved
Caspase-3 (1:1,000, 9664, CST), rabbit anti-GluAl (1:1,000, ab31232,
Abcam), rabbit anti-GluA2 (1:1,000, 11994-1-AP, Proteintech), rabbit
anti-GluN1 (1:1,000, ab109182, Abcam), rabbit Anti-GABA, Recep-
toralphal(1:1,000, ab252430, Abcam), mouse anti-3-actin (1:5,000,
MAS-15739, Thermo Fisher Scientific) or rabbit anti-a-tubulin (1:2,000,
11224-1-AP, Proteintech). The next day, horseradish peroxidase
(HRP)-conjugated secondary antibodies, including anti-mouse IgG,
HRP-linked antibody (1:10,000, 31430, Thermo Fisher Scientific) and
anti-rabbit IgG, HRP-linked antibody (1:5,000, 31460, Thermo Fisher
Scientific) were revealed using an ECL kit (Immobilon Ultra Western
HRP Substrate, MILLIPORE) for protein detection. Selected films were
scanned and quantified using BioRad Image Lab software (v.6.0). Some
blots thenwereincubated in stripping buffer (Beyotime) for 20 min at
room temperature followed by three washes with tris-buffered saline
with Tween. After being reblocked, membranes were re-incubated
with another primary antibody overnight at 4 °C. The following steps
were the same as described above. 3-actin and a-tubulin bands were
used for normalization.

For gel source data, see the Supplementary Information.

Immunohistochemistry

Mice (7-8 weeks) that experienced ARS or CRS were anaesthetized
and perfused with20 ml of PBS followed by 20 ml of 4% paraformalde-
hyde (PFA) in PBS. After decapitation, brains were dissected and trans-
ferred to 4% PFA for postfixation for 24 hat4 °C. The fixed brains were
then dehydrated in 30% sucrose in PBS at 4 °C for 24 h and sectioned
into 20-pum sections with a microtome (Thermo Scientific, NX50).
Free-floating slices were washed three times in PBS, then moved onto
microscopeslides and permeabilized with 0.5% Triton X-100 in PBS for
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20 min at room temperature. Slices were rinsed three times and then
preserved in blocking buffer (5% normal goat serum) for 1 h at room
temperature. Some sections were incubated with primary antibodies
(mouse anti-LC3,1:200, A17424, ABclonal; or rabbit anti-NeuN, 1:500,
A19086, ABclonal) for 24 h at 4 °C to stain LC3 and NeuN, and other
sections were incubated with primary antibodies (rabbit anti-LC3,
1:1,000, ab192890, Abcam; mouse anti-PSD95,1:500, ab13552, Abcam;
or guinea piganti-NeuN, 1:500, ABN90, Sigma-Aldrich) for48 hat 4 °C
tostainLC3, PSD95and NeuN. These were thenrinsed three times with
PBS andincubated with secondary antibodies for1 hatroom tempera-
ture (goat anti-mouse, 1:100, ASO08, ABclonal or 1:1,000, A-21235,
Thermo Fisher Scientific; goat anti-rabbit, 1:1,000, AS060, ABclonal,
or 1:1,000, A-11008, Thermo Fisher Scientific; goat anti-guinea pig,
1:1,000, A-21435, Thermo Fisher Scientific) and finally rinsed again
three times with PBS. For GFP-LC3 mice, 4,6-diamidino-2-phenylindole
(DAPI) staining was applied for visualization of cells. Fluorescent image
acquisition was performed with Leica SP8 Laser confocal microscope.
Three slices (anterior, middle and posterior) and two views of each
hemisphere of LHb were selected for counting. Confocal z-stackimages
were collapsed using the Z Projection-Max intensity functionin Image
J.LC3 puncta positive neurons were counted manually.

RNAisolation and real-time qPCR

Immediately after dissection, RNA was extracted using RNeasy Kit
(AC0202-B, Shandong Sparkjade Biotechnology) according to the
instruction protocol. Following extraction, RNA quality was evalu-
ated by measuring the absorption at 230, 260 and 280 nm by the
Nano Drop 2000 Spectrophotometer (Thermo Scientific). A ratio
of A260/A280 =1.8/2.1 was considered high purity. Complementary
DNA (cDNA) synthesis was done using cDNA Synthesis Kit (R323-01,
Vazyme), which was then used as a template for real-time qPCR.
Real-time qPCR was carried out in a LightCycler 96 (Roche) using
SYBR Green Pro Taq HS (AG11701, ACCURATE BIOTECHNOLOGY)
according to the standard protocols. Melting curve analysis was
performed to ensure a single peak for each PCR product. The gene
expression levels were normalized by the average levels of Actb. All
measurements were performed in triplicate and analysed using the
27*4 method. Primers (5'-3") used were as follows: Actb, GACGGCC
AGGTCATCACTATTG and AGGAAGGCTGGAAAAGAGCC; Atg7, GCTG
CTGAGATCTGGGACAT and GAGATGTGGAGATCAGGACCAG; Atglo,
AGGTCAGGGCGAGCGA and CCATCGCCTATCTGCTGTGA; AtgS, TGTG
CTTCGAGATGTGTGGTT and GTCAAATAGCTGACTCTTGGCAA;
Atg4d, CCCCGGCATTCACTGTACTT and TGGCAAAGGCCATCTCCAG;
Atg12, TGAATCAGTCCTTTGCCCCTand CATGCCTGGGATTTGCAGT;
Becnl, ATACTGTTCTGGGGGTTTGCG and GTCTCTCCTTTTTCCACC
TCTTC; LC3, TTATAGAGCGATACAAGGGGGAG and CGCCGTCTGATT
ATCTTGATGAG; Mtor, CAGACTGGCTCTTGCTCATAA and GCTGGAAG
GCGTCAATC; AMPK, GTCAAAGCCGACCCAATGATA and CGTACACGC
AAATAATAGGGGTT.

Electron microscopy

Mice were anaesthetized with1% Pentobarbital NEMBUTAL (100 mg kg™,
Sigma-Aldrich) and perfused with 4% PFA in PBS. The brains were col-
lected quickly and fitted into stainless steel mouse brain matrices and
sectioned with bladesinto roughly 1-mm coronalsslices containing the
LHb (-1.5to -1.9 mm from bregma). The LHb samples were postfixed
with 2.5% glutaraldehydein 0.1 MPBS (pH 7.4) for 12 hat 4 °C. Samples
were then washed three times (10 min each) in 0.1 MPBS, treated with
1% 0s0, in 0.1 M PBS for 40 min and washed three times (10 min each)
inddH,0. Slices were thentreated with 2% uranyl acetate in ddH,O for
30 min. Finally, sections were successively dehydrated in 50,70 and 90%
ethanol (15 min each), then 100% ethanol (20 min each), followed by
100% acetone twice (20 min each). Sections were embedded in EPON
resin and sliced into sections at 85 nm thickness. We inspected 15 ran-
domneurons (Thermo Scientific Talos L120C Electron Microscopy) and

manually counted the autophagosomes, which are distinguished from
other organelles by their oval or round shapes and double-membrane
structures®?.

Immunoelectron microscopy

Mice were anaesthetized with 1% Pentobarbital NEMBUTAL (100 mg kg™,
Sigma-Aldrich) and perfused with 4% PFA and 0.1% glutaraldehyde in
0.1 M phosphate buffer. The brains were removed quickly and fixed
in the same fixative overnight at 4 °C. Fixed brains were then cut into
50-um sections using a Leica VT1200S vibratome and the slides were
keptin the same fixative for 2 h at room temperature. Free-floating
50-pum brain sections were collected and washed three times (15 min
each) in phosphate buffer. To eliminate unbound aldehydes, sections
wereincubatedin 50 mMglycine for 30 min, thenrinsed with phosphate
buffer for 15 min. The brainslides were permeabilized by 0.05% Triton
X-100 in phosphate buffer for 15 min, and washed for another 15 min
inphosphate buffer. The slides were incubated in 0.1% BSA-cold water
fish gelatin (Ctm) in PBS for 30 min. Subsequently, primary antibody
was then added with incubation buffer and slides were left for 1 h at
room temperature, followed by an overnightincubation with primary
antibody (rabbit anti-GluA21:100,11994-1-AP, Proteintech) at 4 °C. The
following day, slides was washed six times (10 min) with 0.1% BSA-C™in
PBS. Theslides were thenincubated with Nanogold-labelled Fab’ goat
anti-rabbit (1:50, N-24916, Thermo Fisher Scientific) for 1 h at room
temperature, adjusted to 4 °C overnight. On the fourth day, slides were
washed six times (10 min) with 0.1% BSA-C™ in PBS and washed twice
(10 min) in phosphate buffer. The slides were fixed again with 2.5%
glutaraldehyde in phosphate buffer for 2 h and washed three times
(10 min) in phosphate buffer. The slides were washed six times (5 min) in
ddH,0 thoroughly. For silver using nanogold, slides were washed three
times (5 min) in 0.02 M sodium citrate buffer and then underwent silver
enhancement (HQ silver enhancement kit, Nanoprobes). After silver
enhancement, the slides were washed six times (10 min) thoroughly
with ddH,0 and incubated in ddH,0 overnight at 4 °C. On the fifth
day, slides were washed three times (10 min) in PBS and placed in 1%
0s0,for 40 min. Theslides were then washed three times (10 min) with
ddH,0 and placed in 2% Uranyl acetate for 30 min. Finally, the slides
were washed three times (10 min) again, and were dehydrated with
ethanol, 50% ethanol for 15 min, 70% ethanol for 15 min, 90% ethanol
for 15 min, 100% ethanol twice (20 min), followed by 100% acetone
twice (20 min). After incubation in EPON 812 mixed with acetone (1:1)
for2 h, theslides were embeddedin EPON, and regions of interest were
sectioned at 90 nm using an ultramicrotome (LEICA EM UC7). The
slices were observed and photographed using transmission electron
microscopy (Tecnai Spirit Bio-Twin) with an accelerating voltage of
120 kV, charge-couple device camera (Gatan, 15081901W0832) at the
Center of CyroElectron microscopy, Zhejiang University. Quantitative
analyses were performed to establish degree of GluA2 immunoreactiv-
ity colocalized within autophagosomes (quantified from15 randomly
selected neurons) in LHb from mice treated with ARS or CRS.

STORM

Four weeks after adeno-associated virus (AAV)-mCherry-EGFP-LC3
injection surgery, mice with or without surgery were restrained in
50-ml conical tubes for 2 h. They were then anaesthetized immedi-
ately and perfused with PBS followed by 4% PFAin PBS. The brains were
dissected, postfixed in 4% PFA at 4 °C for 24 h, and then dehydratedin
30% sucrose in PBS for 48 h. Brains were sectioned into 20-pm slices
using a microtome (Thermo Scientific NX50) and preserved in PBS.
Free-floating slices were preserved in blocking buffer (5% normal goat
serumand 0.3% Triton X-100 in PBS) for 1 hat room temperature. Slices
were thenincubated with primary antibodies (rabbit anti-GluA2,1:250,
11994-1-AP, Proteintech, with or without mouse anti-LC3,1:100, 83506,
CST) in antibody dilution (5% normal goat serum, 0.3% Triton X-100,
1% bovine serum albumin in PBS) overnight at 4 °C. Slices were then
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washed with PBS (three times for 10 min) and incubated with second-
ary antibodies (goat anti-rabbit, 1:1,000, AS060, ABclonal, with or
without goat anti-mouse, 1:1,000, A11001, Invitrogen) in antibody dilu-
tion for 2 hat room temperature. Finally, slices were washed with PBS
(3 x10 min) and incubated for 30 min at room temperature. The slice
wasimmersed into STORMimaging buffer and LHb, Arcand BLA were
immediately imaged with a Nikon N-STORM super-resolution system
(Nikon Instruments) equipped with a x100 oil immersion objective
(CF1 Apo %100 oil, numerical aperture 1.49, TIRF WD 0.12) and Andor
camera (Ixon 897 back-illuminated EMCCD). The buffer was freshly pre-
pared beforeimaging and contained 7 pl of oxygen-scavenging GLOX
buffer (14 mg glucose oxidase, 50 pl of 17 mg ml™ catalase in 200 pl of
10 mM Tris and 50 mM NacCl, pH 8.0), 35 pl of 1M MEA buffer, and 7 pl
of B-mercaptoethanol. A conventional wide-field fluorescence image
was acquired with low laser power to identify theimaging objects and
focal plane. The 647, 561 and 488 nm laser was turned to maximum
power to turn offthe fluorophores and trigger photo-switching. Nikon
NIS Element v.4.51 software was used to perform three-dimensional
reconstruction.

TUNEL assay

Three weeks after AAV-hSyn-mCherry-2A-Cre or AAV2/9-hSyn-MCS-
mCherry-3xFlag injection surgery, mice were anaesthetized and per-
fused with PBS followed by 4% PFA in PBS. The brains were dissected,
postfixedin4%PFA at4 °Cfor24 h,and then dehydrated in 30% sucrose
in PBS for 48 h. Brains were subsequently sliced into 50-pum sections.
Terminal deoxynucleotidyl transferase (TdT)-mediated deoxyuridine
triphosphate nick end labelling (TUNEL) assay was performed with
the TUNEL Apoptosis Detection Kit (40307ES50, Yeasen) according
to the manufacturer’sinstructions. Brainslices were rinsed twice with
PBS (15 min each), followed by treatment with 100 pl of Proteinase K
solution (20 pg ml™) at room temperature for 40 min, and then washed
three times (5 mineach) with PBS. For positive controls, each slice was
incubated in100 plof1x DNase I Buffer and 100 pl of DNase I (10 U mi™)
for 5 minand 10 min, respectively, then washed three times (5 min each)
with dH,0. All slices were further equilibrated in 100 pl of 1x equilibra-
tion buffer at room temperature for 15 min and treated with 50 pl of
TdT incubation buffer (34 pl of ddH,0, 10 pl of 5x equilibration buffer,
5 plof Alexa Fluor 488-12-dUTP Labelling Mix, 1 pl of Recombinant TdT
Enzyme) at37 °Cfor1h. Subsequently, the slices were washed five times
(5 min each), first with PBS, then with 0.1% Triton X-100 in PBS and
finally with PBS three times. DAPIstaining solution (Solarbio) was used
tovisualize nuclei. Fluorescentimages were acquired with an Olympus
Slideview VS200 microscope and Olympus Fluoview FV3000 confocal
microscope. The TUNEL signals (TUNEL/AAV virus/DAPI colabelled)
and virus-infected neurons (AAV virus/DAPI colabelled) were counted
manually with Fiji (v.2.1.0/1.53 ¢) within the LHb.

Viral vectors

AAV2/9-hSyn-oChIEF-tdTomato (titre 1.52 x 10" vector genomes
(v.g.) ml™, Taitool Bioscience), AAV2/9-hSyn-mCherry-2A-Cre (titre
4.71x10" v.g. mI™, OBiO Technology), AAV2/9-hSyn-shRNA-AtgS-Zs
Green (titre 1.7 x 10" v.g. ml™, Hanbio), AAV2/9-hEF1a-DIO-hM4Di-
mCherry (titre 1.35 x 10® v.g. ml™, Taitool Bioscience), AAV2/9-hEF1a-
DIO-mCherry (titre 1.25 x 10" v.g. mI™, Taitool Bioscience), AAV2/
9-EF1a-DIO-GCaMPé6s (titre 5.94 x 10™ v.g. ml™, OBiO Technology),
AAV2/9-hSyn-GCaMPés (titre 1.67 x 10* v.g. ml™, Taitool Bioscience),
AAV2/9-hSyn-MCS-mCherry (titre 5.00 x 10” v.g. ml™, OBiO Technol-
ogy) were diluted t01.00 x 10 v.g. ml™. AAV2/5-hSyn-shRNA-Atg7-EGFP
(titre 5.47 x 102 v.g. ml™!, Sunbio Medical Biotechnology),
AAV2/5-hSyn-EGFP (titre 7.8 x 10" v.g. mI™, Sunbio Medical Biotech-
nology), AAV2/5-hSyn-shRNA-BECN1-mCherry (titre 3.67 x 10" v.g. ml ™,
Sunbio Medical Biotechnology), AAV2/9-CMV-mCherry-EGFP-LC3
(titre 1x 10" v.g. mI™, Hanbio) were diluted to 5.00 x 10 v.g. mI ™.,
AAV2/9-hSyn-Cre-EGFP (titre 1.67 x 10™ v.g. ml™, Taitool Bioscience)

were diluted to 5.00 x 10" v.g. mI™.. The cholera toxin subunit B (CTB-
647) (0.2%, Invitrogen) was dissolved in PBS.

Stereotaxic surgery, virus injection and optic fibre and/or
cannulaimplantations

For stereotaxic surgery, C57BL/6) mice or Atg7™*™* mice (7-8 weeks)
were anaesthetized. Viruses were bilaterally injected with a glass
pipette mounted on a stereotactic frame into one of the following
brain regions: LHb (£0.46 mm medial-lateral, =1.72 mm anterior-
posterior frombregma,-2.70 mmdorsal-ventralfromthedura), vHippo
(+2.80 mm medial-lateral, -3.0 mm anterior-posterior from
bregma, —3.80 mm dorsal-ventral from the dura), lateral hypothala-
mus (+1.00 mm medial-lateral, —0.75 mm anterior-posterior from
bregma, -4.78 mm dorsal-ventral from the dura). Volumes of virus or
CTBranged between100 and 200 nl per hemisphere, infused atarate
0f100-150 nl min.. Injection pipette was withdrawn from the brain
10 min after the infusion. After surgery, mice were placed on aheating
pad to recover from anaesthesia.

For optic fibre implantation, optic fibres (200-um diameter, 0.37
numerical aperture, Inper Ltd) were bilaterally implanted 250 pmabove
theviralinjectionsite and cemented onto the skull using dental cement.
Viral expression profiles were verified by histology after completion
of all experiments as shown in Extended Data Fig. 6h-k.

For cannulaeimplantation, adouble guide cannulae (side-by-side dis-
tance 1.0 mm, RWD) wasimplanted bilaterally over the LHb (+0.46 mm
mediolateral; -1.72 mm anterior-posterior frombregmaand —2.20 mm
dorsoventral from the dura) of C57BL/6) mice.

Cannulainfusion experiment

For cannulaimplantation, adouble guide cannulae wasimplanted over
thebilateral LHb. tBP, Dyngo-4a, tBP with Dyngo-4a or TAT-GluA2,,, or
vehicle was microinjected into the LHb 30 min before each behavioural
test. For sustained effect test, behavioural tests were conducted at 24 h,
ontheseventh,18th and 19th days following tBP infusioninto the LHb
of CRSmice. For prophylacticeffect test, local tBP infusions occurred
before the first, fifth and ninth days of restraint during 14-day CRS.
SBlor vehicle was microinjected into the LHb before ARS. The double
injector cannulae were connected with the micro-syringe using a poly-
ethylene pipe filled with mineral oil. tBP (Selleck, 20 pg pl™, ref.12) was
dissolved in saline, and SBI (MCE, 5 pM) was dissolved in 10% DMSO,
40% PEG300, 5% Tween-80 and 45% saline. For all cannula infusion
experiments, 150 nl of each drug was infused into the LHb bilaterally
through the double injector cannulae. The injector cannulae were
leftin the LHb for an extra 4-5 min to allow adequate local drug diffu-
sion and minimize the spread of the drug along the cannulatrack. The
drug infusion sites were verified after all behavioural tests with CTB-
647 (150 nl per side) injected into both sides of the LHb. Fluorescent
image acquisition was performed with an Olympus Slideview VS200
microscope slide scanning system. Data were used only from mice with
accurate injection sites.

Optogenetic manipulation

Abluelightlaser of 465-nmintensity was delivered at 5 mW, 2-ms pulse
width. Mice were placed in the home cage and received 40 Hz phasic
photostimulation as previously described? (40 Hz, five pulses per
second, 10 minatintervals of 5 min, atotal of 2 h) or LFS protocol (1Hz,
15 min).

Intraperitoneal injection

Paroxetine-HCI (APExBIO, 5 mg kg™) was dissolved in saline. For acute
experiment, CRS mice were injected with paroxetine-HCl or vehicle
1day before euthanasia or behavioural tests. For the chronic experi-
ment, CRS mice were injected with paroxetine-HCl or vehicle for seven
consecutive days and euthanized the next day, whereas Atg7"*" or
Atg7""*"* mice with CRS were injected with paroxetine-HCl or vehicle



for seven consecutive days before behavioural tests. For the ketamine
experiment, CRS mice were injected with ketamine (Drug reference
materials laboratory of the Third Research Institute of Ministry of Public
Security, 10 mg kg™) or vehicle 1 or 24 h before euthanasia, and Arg 7"~
mice were injected with ketamine or vehicle 24 h before behavioural
tests. Rapamycin (MCE, 10 mg kg™) was dissolved in 10% DMSO, 40%
PEG300, 5% Tween-80 and 45% saline. For behavioural tests and western
blot, rapamycin or vehicle were injected for three consecutive days,
and an extralhbefore euthanasia or behavioural test.

Behavioural assays
All behavioural tests were conducted in a sound attenuation room to
minimize external auditory stimuli.

Restraint stress

Mice were placed in 50-ml conical tubes that were drilled with several
small holes (2 mm in diameter) for ventilation and were subjected to
ARS (2 h) or CRS (2 h of restraint stress for 14 consecutive days). Dur-
ing fibre photometry, each mouse was gently grasped by one of the
experimenter’s hands that was wearing a cottonglove for10 s, and the
tail was immobilized with the other hand®.

Social defeat stress

Aspreviously described?*¢, CD-1aggressors were screened for aggres-
sivebehaviours towardsintruders. Mice were placed in the home cage
of a CD-1aggressor and attacked for 5-10 min and then housed with
the aggressor for 24 h, separated by a perforated transparent partition
in the middle of the cage. Chronic social defeat stress lasted for ten
consecutive days and mice were exposed to anew aggressor each day.
For fibre photometry recording, tested mice were recorded during the
5 min of social defeat stress.

Footshock stress

Aspreviously described®?°, mice were placedinashock boxand allowed
to freely explore the box for 5 min. Electrical footshocks (0.8 mA,1-3 s
duration) were then delivered at random intervals (1-15 s). Chronic
footshock stress consisted of 360 footshocks within 60 min and was
given for two consecutive days. For acute footshock stress, mice were
subjected to 15 random footshocks within 3 min. For fibre photometry,
mice were recorded during the footshock stress.

FST

Mice were gently and individually placed inacylinder (12 cmin diameter
and 25 cmin height) filled with water (23-25 °C) and allowed to swim
for 6 min under normal illuminating conditions. The depth of water
was adjusted to prevent the mice from touching the bottom of the
cylinder with their hind limbs or tails. The behaviour of the mice was
videotaped fromthe side. Theimmobile duration within the last 4 min
was analysed by an experimenter blinded to the animal treatments.
Immobility was defined as astate in which the mice remained floating
with only necessary movements to keep balance in the water.

SPT

Mice were single housed followed by 2 days of adaptation with two
bottles of water, after which mice were water deprived for 24 hbefore
the test. During the test, mice were given one bottle of water and one
bottle of 1% sucrose solution. Acute SPT was measured for the first
3 hin the active phase of mice, with the positions of the two bottles
switched every 0.5 h to eliminate any baseline place preference. The
consumption of water and sucrose was recorded by an experimenter
blinded to the animal treatments. Sucrose preference was defined
by the average percentage of sucrose consumption relative to total
fluid consumption in 3 h. For chronic SPT, the sucrose consumption
percentage was continuously monitored for the next 2 days, while the
bottle positions were switched at the light phase and consumption was

measured every 12 hto ensure balanced measurements across different
positions and phases.

OFT

OFT was conducted before all other behavioural tests. The mice were
gently placed in the centre of a square arena (40 x 40 x 40.5cm),
with the illumination above the centre brighter than the peripheral
area. A video camera positioned directly above the area was used to
track the movement of each mouse by means of Any-maze software
(Stoelting).

SIT

An OFT box containing a wire-mesh cage was used on one side. Video
tracking software (Any-maze, Stoelting) was used to measure the
amount of time the experimental mouse spentin the social interaction
zone (15 x 15 cm) surrounding the wire-mesh cage within the arena. The
open field arena and wire-mesh enclosures were thoroughly cleaned
between each experimental mouse. Mice were individually placedinthe
centre of the OF T box and allowed to explore freely for 2.5 min (without
social target present, known as the ‘no target’ phase). The experimental
mouse was then removed, an unfamiliar ¢57 mouse was placed under
the mesh cage (known as the ‘target’ phase). The experimental mouse
was then returned to the OFT box and allowed to explore for another
2.5 min, during which time spent interacting with the social target
was measured. The social interaction (SI) ratio was calculated as: SI
ratio = ((time in Sl zone in target phase)/(time in Sl zone in no target
phase)) x100.

Fibre photometry

Following 3-5 weeks of viral expression, GCaMPé6s fluorescence
was detected using a fibre photometry system (Inper Ltd). The
Ca®-dependentsignal was detected by a470-nm LED (20 pW) whereas
the Ca**-independent isosbestic signal was detected by a410-nm LED
(20 pW). Avideo camera (PHILIPS, p506) was installed above the centre
ofthearenatorecord the behaviours of tested mice. We applied ascreen
recorder to synchronize behavioural events and fluorescence signals
(EV Capture). All mice expressing GCaMP6s were allowed to accom-
modate to the new environment for at least 1 hr before the recording
sessions. When mice were quiet but stayed alert, al0-min baseline was
recorded. After that, each mouse was exposed to acute stressors and
their neuronal Ca* responses were recorded.

Fibre photometry data analysis

To calculate the change ratios of the fluorescence, raw data were ana-
lysed by using a processing software (Inper Ltd) and MATLAB code
(Thinker Tech Nanjing Biotech). We segmented the photometry data
based on specific behavioural events within individual trials. Move-
ment artefacts were corrected by recording the fluorescent signal
thatis stimulated witha410-nm LED. This signal elicited by the 410-nm
LED was linearly scaled using least-squares regression to minimize the
difference between signals elicited by the 410- and 470-nm LEDs. We
then subtracted the scaled 410-nm signal from the 470-nm signal to
exclude the movement artefacts and obtain bleaching-corrected sig-
nals. We defined the change ratios of fluorescence (AF/F,) by calculating
(F-F,)/F,, inwhich Fywas the averaged value of baseline fluorescence
signals recorded before acute stress. AF/F ratio was presented with
heat maps or as average plots with ashaded areaindicating the stand-
ard error of the mean. We also calculated the area under the curve for
eachtrialto compare the baseline response (-2-0 s) with the response
tostress (0-5s).

Slice preparation

The animals were anaesthetized with 1% pentobarbital NEMBUTAL
(100 mg kg™) and then perfused with 20 ml of ice-cold cutting
solution (oxygenated with 95% O, and 5% CO,), a modified ACSF
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containing 210 mM sucrose, 125 mM NacCl, 2.5 mM KCI, 25 mM
NaHCO;, 1.25 mM NaH,PO,, 1 mM MgCl,,1 mM CacCl,, 25 mM glu-
cose and 1 mM sodium pyruvate. After decapitation, the brains were
dissected rapidly and transferred to ice-cold oxygenated cutting
solution. LHb-containing coronal slices (300-pm thickness) were
cut in ice-cold oxygenated cutting solution with a Leica VT1200S
vibratome and then incubated in a recovery chamber containing
normal incubation ASCF (125 mM NacCl, 2.5 mM KClI, 25 mM NaHCO,,
1.25 mM NaH,PO,, 1 mM MgCl,, 1 mM CacCl,, 25 mM glucose) at 32 °C.
Incubation ACSF was continuously bubbled with a gas mixture of
95% 0, and 5% CO,. Slices were allowed to recover for at least 1 h
and then incubated at room temperature before electrophysiology
recordings.

Invitro electrophysiology

Whole-cell patch-clamp recordings were performed on LHb neurons at
30 °C, whichwas monitored with an automatic temperature controller
(TC-324C, Warner Instruments). Slices were continuously perfused
with ACSF (same as the incubation solution) at 2-3 ml min™. The patch
pipettes (5-6 MQ) were pulled with a pipette puller (PC-100, Narishige)
from borosilicate glass (Sutter Instrument). For all whole-cell patch
recordings, the pipettes were filled with an internal solution contain-
ing 127 mM K-gluconate, 13 mM KCI, 4 mM Mg;-ATP, 0.3 mM Na,-GTP,
0.3 mMEGTA, 10 mMHEPES and 10 mM Na-phosphocreatine (pH 7.25).
Recordings were performed with a MultiClamp 700B amplifier and
pCLAMP v.10.6 software (Axon Instruments). Signals were amplified,
andthenfiltered at 2 kHzand sampled at10 kHz using a Digidata 1550B.
Theseries resistance and capacitance were compensated automatically
after astable giga-seal. Cells were discarded if their series resistances
changed more than 20%.

To record sEPSCs and sIPSCs, neurons were held at -50 mVin a
voltage-clamp mode. To record spontaneous neuronal activity, neu-
rons were held under current clamp (/=0 pA). The excitability was
measured by action potentials elicited by injecting a series of current
pulses (500-ms duration, =100 to 150-pA intensity with an increment
of 10 or 20 pA) under current clamp.

For plasticity experiments, repetitive control photostimulation
(465-nm light laser, 5 mW) was applied at 0.1 Hz to induce evoked
excitatory postsynaptic currents (EPSCs). LFS protocol (1Hz, 15 min)
was used for LTD induction, whereas the excitatory postsynaptic
potentials (EPSPs)-burst dependent plasticity (EBDP) protocol (4-5
pulses per second, 40 Hz,100 stimulifor 100 s) was performed to trig-
ger LTP as previously described”. For pharmacological experiments,
drugs (SBI, 0.5 uM, Selleck; tBP, 0.1, 1and 5 puM, Selleck; TAT-GluA2,y,
peptide, 10 pM, MCE; a designed tBP-scrambled (YGRKKRRQRRRGG
VGNDFFINHETTGFATEW),1 uM, MCE; TAT-GluA2,,-scrambled, 10 pM,
MCE; dyngo-4a, 5 UM, MCE) were bath applied after 10 min of stable
baseline recordings.

Tomeasure the dosage effect of tBP (0.5,1and 5 uM) in LHb neurons
from CRS mice, we designed an incubation experiment, in which tBP
was bath perfused into the recording chamber and incubated for at
least 10 min before recordings. The before and after effects of tBP on
the same neuronwere also measured to test the onset time of the drug
effect.

Offline analysis of electrophysiological data was performed with
Clampfit v.10.6 (Molecular Devices) and Mini Analysis Program
(Synaptosoft).

The percentage of burst-and tonic-type spikes were obtained by the
ratio of normalized tonic/bursting spike number to the total normal-
ized spike number:

(Normalized tonic/bursting spike number
=Mean frequency of tonic/bursting neurons
x percentage of tonic/bursting neurons;

Normalized total spike number = Mean frequency of tonic neurons
x percentage of tonic neurons + Mean frequency of bursting neurons
x percentage of bursting neurons)

Statistical analysis and reproducibility

Therequired sample sizes were determined on the basis of our previ-
ous experience conducting similar experiments. For all experiments,
mice were randomly grouped and investigators were blinded to group
allocation during experimentation and data analysis. The offline data
analysis was performed blindly with GraphPad Prism software v.8.
Data points were excluded from analyses if the viral injection site or
drug delivery site was out of the interested region. For all data, we
first checked the normality and homogeneity of variance. The fol-
lowing statistical tests were used when applicable: two-sided paired
or unpaired t-test, or two-sided unpaired ¢-test with Welch’s correc-
tion, one-way analysis of variance (ANOVA) with Dunnett’s multiple
comparisons test, uncorrected Fisher’s LSD test or Tukey’s multiple
comparisons test, Pearson correlation test and two-way ANOVA. In the
case of non-Gaussian distributed data, we used the two-sided Wilcoxon
test, two-sided Mann-Whitney test, and the Kruskal-Wallis test with an
uncorrected Dunn’s test. To compare the firing patterns and percent-
age of spikes of LHb neurons, we used the two-sided chi-square test
and Fisher’s exact test. Datadetails are shownin the Source data. Data
are presented as mean + s.e.m. All statistical tests were two-sided and
statistical significance was set to P < 0.05.

ForFig. 5iand Extended Data Fig.11c, immunofluorescence dataare
representative of three independent experiments. All experiments
were conducted using at least two cohorts of animals. The results were
reproducible across cohorts and combined for the final analysis.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

All raw and processed sequencing data generated in this study have
been deposited in the NCBI Gene Expression Omnibus under accession
numbers GSE287175 (bulk RNA-seq) and GSE287308 (snRNA-seq). Raw,
uncropped images of westernblots are provided in the Supplementary
Information. Source data are provided with this paper.

Code availability
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Extended DataFig. 3| Transcriptome dataindicates attenuated autophagy
functionin LHb neurons. a, Single-nucleus sequencing showing neuronal and
glialautophagosome formation pathway in naive vs. CRS mice (n =3 mice per
group). b, Schematics of autophagy signaling. Genes annotated inred indicate
the most altered genes listed in Panel c. c1-c18, Bar graphs showing autophagy-
related mRNA expression level in LHb from naive and CRS mice (n,i,e/crs
=3/group).d1-d9, Quantification of gPCR experiments showing mRNA
expression levels of autophagy-related genes after CRS. (Ne/crs = 6/group).

e, Schematics of ubiquitin signaling. f, Correlation of UBB, UBC, UBA52 and
RPS27A mRNA FPKM with behavioral scores (immobile durationsin FST) (n=12
mice). g, Bar graphs showing ubiquitin-related mRNA expression levelin LHb
from CRS and naive mice (n,,y/crs = 3/group). h,i, Quantification of mRNA
levels of Kir2.1(h) and T-VSCC (i) in the LHb of naive and CRS mice (N,,iye/crs =
3/group). Two-sided Gene set variation analysis (a), two-sided Unpaired t-test
(c1-c18, g-i), Two-sided Mann-Whitney test (d1-d9), Pearson correlation test (f).
Dataaremean +s.e.m.
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Extended DataFig. 6 | Behavioral performancesin the OFT and viral
expression profiles under different circumstances.

A, Npgive/crs veh/crs+rapa = 10/group for both OF T total distance and center time;
b, NiGrpiven/ecrpsrapa/atgz+rapaatgzeven = 9/8/8/12 for both OF T total distance and
center time; €, Negspp = 9/group for both OF T total distance and center
time; d, n¢gs,pp = 6/8 for both OFT total distance and center time;

€, NMyeh/dyngo/tBP/tBR+TAT-Glua23y/dyngoap = 9/10/11/11/8 for both OFT total distance and
center time; f, Ny, cperry/cre = 10/11for both OF T total distance and center time;
€, Nio-mcherry/dio-hmap = 4/5 for both OF T total distance and center time. h-k, viral
expression profiles under different circumstances. One way-ANOVA with
Uncorrected Fisher’sLSD (a,band e), two-sided Unpaired t-test (cand d, fand
g).Dataaremean +s.e.m.Schematicsin h-kadapted fromref. 31, Elsevier.
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Extended DataFig.9|Localinfusion of tBPinto the LHb exerts sustained
and prophylactic antidepressant-like effects. a,h, Experimental designs.
b,c, tBP decreasesimmobile duration in FST (b, ngp e, = 7/5) and increases
socialinteractionratio in SIT (¢, ngpven = 9/5) 24 hafter tBP treatment. d, e, tBP
decreasesimmobile durationin TST (d, ngpyven, = 7/5) and increases sucrose
preference (e, ngp e, = 9/5) in SPT 7 d after tBP treatment. f,g, tBP does not
affect SPT (F, Nigpven = 5/4) and FST (g, Ngpyven = 5/4) phenotypes 18-19 d after tBP

treatment. i-m, Prophylactic treatment of tBP decreasesimmobile durationin
FSTand TST (i, Negpven = 7/8; 1, Nigpven = 6/8), increases sucrose preferencein SPT
(J, Nepven = 6/7), without affecting social interaction ratio (K, ngpven, = 7/group)
andlocomotion or anxiety-like behavior (m, ngpye, = 7/8). Two-sided Mann-
Whitney test (b) and Two-sided Unpaired t-test (c-g, i-m). Dataare mean + s.e.m.
Schematicsina,hadapted fromref. 31, Elsevier.
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Extended DataFig.10|Dose and activity-dependent effect of tBP on
neuronal activity. a-c, Representative traces (a), quantification of neuronal
excitability (b, Nycsg/0.51/5=35/24/29/18 neurons, 3/2/2/2 mice) and rheobases
(€, Nacspo.ss = 30/31/37/23 neurons, 3/2/2/2 mice). d-g, Representative traces (d),
piecharts (e) and bar graphs (f,g) showing the effects of tBP on spontaneous
firing properties of LHb neuronsin naive mice (e-g, nycs¢s=16/21neurons,
2/2mice). h-j, Representative traces (h) and quantification (i,j) showing the
effect of tBPincubation onspontaneous transmissionin LHb neurons from
naive mice (iandj, nycsrs =16/21 neurons, 2/2 mice). k,lI, Representative images
of Western Blot and quantification of p62 and Beclin-1levelsin the Arc (k) and
BLA () after CRS (kand 1, ;e /crs = 5/group). m,n, Representative traces (m)
and quantification (n, ny,s,p = 6 Neurons, 4 mice) of excitability in Arc POMC

neurons treated with tBP. o,p, Representative traces (o) and quantification

(P, Npasessp = 8 Neurons, 4 mice) of SEPSCs in Arc POMC neurons treated with tBP.
q,r, Representative traces (q) and quantification (r, Ny,/zp = 9 N€uron, 4 mice)
of excitabilityin BLAPNs treated with tBP.s,t, Representative traces (s) and
quantification (t, Ny,se,sp = 9 Neurons, 4 mice) of SEPSCsin BLA PNs treated with
tBP. u,v, Comparison of excitability (u, nyp/ar/eia = 8/6/9 neurons, 8/4/4 mice)
and sEPSCs (V, N yparepa = 8/9/9 neurons, 8/4/4 mice) in LHb neurons, Arc
POMC neuronsand BLA PNs. Two-sided Unpaired ¢-test (b, nand r), Two-sided
Mann-Whitney test (g, i-1), Two-sided Paired t-test (p and t), Two-sided Wilcoxon
test (p), One-way ANOVA with Dunnett’s multiple comparisons test (c) or
Uncorrected Fisher’s LSD (uand v), two-sided Chi-square (e) and two-sided
Fisher’sexacttest (f). Dataare mean +s.e.m.
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Extended DataFig.11| Autophagosomes are mostly co-localized with
apost-synaptic marker PSD95 and co-labeled with GluRs in LHb.

a,b, Representative images (a) and quantification (b) showing co-localization
of PSD95and LC3in LHb neurons of mice treated with ARS (n =4 mice).
c,Representative STORMimages showinglocalization of GluA2 (green) and LC3
puncta (red)in LHb, Arcand BLA from ARS-treated mice. d,e, Representative

immunoelectron microscopy images (d, Ni,e/ars/crs = 3/group) and quantification
(e) showing GluA2 immunoreactivity co-localized withinautophagosomes
(quantified from15randomly selected neurons) in LHb from mice treated

with ARS or CRS. One-way ANOVA with Uncorrected Fisher’s LSD (e). Dataare
mean +s.e.m.
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Extended DataFig.13 |Impairment ofautophagy in LHb neurons

directly drives depression-like behaviors and neuronal hyperfunctions.

a, Conditional hemiknock-out of Atg7in LHb neurons of heterozygotes fails to
induce depressive-like phenotypes (Nycherryicre = 9/12 for FST and SPT; Ny cerry/cre =
10/12 for OFT). b, Conditional knock down of Atg7 with shRNA-Atg7 directly
leads toincreased immobile durationin FST and decreased sucrose preference
in SPT (Negepsshacey = 7/10 for FST and SPT). ¢, Experimental designs and conditional
knock-down of BECN1 with shRNA-BECNI1 directly leads toincreased immobile
durationin FST and decreased socialinteraction ratio in SIT (Ny,cherryshaeen: =
9/14 for FST, Ny cherrysshaeen = 6/5 for SIT). d, Conditional knock-down of Atg5S with
shRNA-AtgS5 directly leads to increased immobile duration in FST, decreased
sucrose preference in SPT,and decreased trends of social interaction ratio in

SIT (Nggrpsshacgs = 7/8 FOr FST, Nigrpsshaces = 7/group for SPT and SIT). e, Conditional
knock-out of Atg7in LHb astrocytes fails to induce depressive-like phenotypes
(Necrp/cre = 7/6 for FST, SPT and SIT). f, Conditional knock-out of Atg7in vHippo
neurons fails toinduce depressive-like phenotypes (Nycherry/cre = 4/7 for FST, SPT
andSIT). g, Piechartsillustrating the percentage of three types of LHb neurons
withAtgSknock-down and its EGFP controls (Nggrpshacgs = 41/40 neurons,
Negrpshaces = /5 Mice). h-j, Representative traces (h) and quantification (i-j)

of spontaneous neurotransmission in LHb neurons with Azg5 deficiency

(i, Negrpsshacgs = 40/40 NEUTONS, Negrpnargs = 5/5 MICE; j, Negrpsnacgs = 39/40 neurons,
Negrpshacgs = 5/5 mice). Two-sided Unpaired t-test (a-d, iand j), Two-sided Mann-
Whitney test (e and f) and two-sided Chi-square (g). Dataare mean +s.e.m.
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Extended DataFig.14 | Autophagy controls the occurrence and magnitude
of LHb synaptic plasticity. a, Experimental design.b,c, Representativeimages
(left) and quantification (right) of p62 or Beclin-1western blot showing LTD
induction protocolinstantly enhances autophagy level in LHb of naive mice
(i.e.,decreased p62 and increased Beclin-1(b, n,cherry/ocnier = 3/group for p62,
Nicherryiochier = 4/group for Beclin-1) but not CRS mice (€, Nycherry/ochier = 3/group
for p62, Nycherryiocnier = 4/group for Beclin-1).d, LFSfailstoinduce LTD in the LHb
of CRS mice (N, =9 neurons, 7 mice; negs = 11neurons, 7 mice). e, SBlabolishes
theLTDinductionandinducesaslight butsignificant LTPin LHb neurons
(n=7neurons, 6 mice). f, Schematics of stereotaxic surgeries. g, Conditional
knock-out of Atg7abolishes LTD in LHb neurons (n,,;., = 11 neurons, 6 mice;

N, =10neurons, 7 mice). h, Kinetics and representative traces showing
conditional knock-out of Atg7increases the LTP magnitude in LHb neurons

(N g7, = 8 NeUrons, 3 mice; n ;. = 10 neurons, 8 mice). i, tBP, but not tBP-scm,
directlyinduces dose-dependent pharmacological LTD inthe LHb of CRS mice
(1pMtBP,n=10neurons, 8 mice; 5pM tBP, n =11neurons, 7 mice; 1uM tBP-scm,
n=10neurons, 7 mice).j, TAT-GluA2,, peptide, but notits scrambled analog
(TAT-GluA2;,-scm), disrupts the tBP-induced LTD in the LHb of CRS mice
(TAT-GluA2,,, n =9 neurons, 6 mice; TAT-GluA2,,-scm, n =9 neurons, 7 mice).

k, tBP fails toinduce LTD in the LHb of Azg7*"*”~ mice (n =11 neurons, 7 mice).
Two-sided Unpaired t-test for all. Dataare mean + s.e.m.Schematicsina,f
adapted fromref. 29, Elsevier.
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chronicstress, LHb autophagy is suppressed by the over-activation of mTOR
signaling. Consequently, LHb autophagy isincapable of counterbalancing the
excessive synaptic weight through GluRs degradation, therefore slowing down
towards GluRs endocytosis and causing the “exhaustion” phase of stress,
neuronal hyperactivity and depression-like phenotypes. Adapted fromref. 29,

Elsevier.

Extended DataFig.15|Hypothesized model. LHb autophagy is switched
onrapidlyinanenergy-dependent manner (within minutes) via AMPK
phosphorylation, acting as the “alarmreaction” phase of stress. As stress
exposure persists, excitatory afferents onto LHb are gradually potentiated,
and LHb autophagy may be constantly recruited for degrading excessive
synaptic GluRs, resulting in the “resistance” phase. During the late phase of
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Software and code
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Data collection Electrophysiology data were collected by using pCLAMP 10.6 software (Axon Instruments). Photometry data were collected by a fiber
photometry system (Inper Ltd., China). Western Blot data were collected by using ChemiDoc Touch Imaging System and ChemiDoc MP. gRT-
PCR data were collected by using LightCycler 480. Behavioral data were collected via using Any-maze software (Stoelting). Images were
obtained by Nikon NIS Element 4.51 software, Olympus Slideview VS200 microscope and an Olympus Fluoview FV3000 confocal
microscope.For bulk RNA-seq, StringTie(v1.3.4d) and ballgown(http://www.bioconductor.org/packages/release/bioc/html/ballgown.html)
were used to estimate the expression levels of all transcripts and determine mRNA expression abundance by calculating FPKM value;for
scRNA-seq, post-processing and quality control were carried out by 10X Cell Ranger package (v1.2.0; 10X Genomics). For electron microscopy,
Thermo Scientific Talos L120C Electron Microscopy was used; For immunoelectron microscopy, TEM (Tecnai Spirit Bio-Twin) with an
accelerating voltage of 120 kV, charged-couple device (CCD) camera (Gatan, 15081901W0832, Germany) was used

Data analysis Sequencing data were analyzed using the OmicStudio tools at https://www.omicstudio.cn/tool. Slice electrophysiology data were analyzed
using Clampfit 10.6 (Molecular Devices) and Mini Analysis Program (Synaptosoft Inc., NJ). Photometry data were analyzed by using a
processing software (Inper Ltd., China) and MATLAB code (Thinker Tech Nanjing Biotech Co., Ltd.). qRT-PCR data were analyzed by Lightcycler
480 software version 1.5. Western blot data were analyzed by Image Lab v5.2. Behavioral data were analyzed via using Graphpad prism v8,
immunohistochemistry data were analyzed by Fiji-image J v1.54f, and STORM data were analyzed by Nikon NIS Element 4.51 software.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

All raw and processed sequencing data generated in this study have been deposited in the NCBI Gene Expression Omnibus (GEO) under accession numbers
GSE287175 (bulk RNA-seq) and GSE287308 (scRNA-seq). Raw, uncropped images of western blots are provided in the Supplementary Information. Source data are
provided with this paper.

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender none
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other socially relevant
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Population characteristics none
Recruitment none
Ethics oversight none
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Sample size The required sample sizes were determined based on our prior experience conducting similar experiments.
Data exclusions  Data points were excluded from analyses if the viral injection site or drug delivery site was out of the interested region.

Replication All experiments were conducted using at least 2 cohorts of animals. The results were reproducible across cohorts and combined for the final
analysis.

Randomization  For all experiments, mice were randomly grouped.

Blinding For all experiments, investigators were blinded to group allocation during experimentation and data analysis. The offline data analysis was
performed blindly.
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Antibodies used Primary antibodies:for western blot, rabbit anti-p62 (1:2000, #PM045, MBL), rabbit anti-Beclin-1(1:1000, #3495, CST), mouse anti-
Atg7 (1:1000, #67341-1-1g, Proteintech), mouse anti-ubiquitin (1:1000, #3936, CST), rabbit anti-p-AMPKa (Thr172) (1:1000, #2535,
CST), rabbit anti-p-mTOR (1:1000, #ab137133, Abcam), rabbit anti-p-p70 S6 Kinase 1-T421/S424 (1:1000, #AP0502, Abclonal), rabbit
anti-p-Akt (1:1000, #4058, CST), rabbit anti-Cleaved Caspase-3 (1:1000, #9664, CST), rabbit anti-GluA1 (1:1000, #ab31232, Abcam),
rabbit anti-GluA2 (1:1000, #11994-1-AP, Proteintech), rabbit anti-GluN1 (1:1000, #ab109182, Abcam), rabbit Anti-GABAA Receptor
alpha 1 (1:1000, #ab252430, Abcam), mouse anti-B-actin (1:5000, #MA5-15739, Thermo Fisher Scientific), or rabbit anti-a-tubulin
(1:2000, #11224-1-AP, Proteintech); for immunohistochemistry experiment: mouse anti-LC3, 1:200, #A17424, Abclonal; rabbit anti-
NeuN, 1:500, #A19086, Abclonal; rabbit anti-LC3, 1:1000, #ab192890, Abcam; mouse anti-PSD95, 1:500, #ab13552, Abcam; or
guinea pig anti-NeuN, 1:500, #ABN90, Sigma-Aldrich; mouse anti-LC3, 1:100, #83506, CST. Secondary antibodies, for western blot,
including anti-mouse IgG, HRP-linked antibody (1:10000, #31430, Thermo Fisher Scientific) and anti-rabbit IgG, HRP-linked antibody
(1:5000, #31460, Thermo Fisher Scientific) ; goat anti-mouse, 1:100, #AS0O08, Abclonal or 1:1000, #A-21235, Thermo Fisher Scientific;
goat anti-rabbit, 1:1000, #AS060, Abclonal, or 1:1000, #A-11008, Thermo Fisher Scientific; goat anti-guinea pig, 1:1000, #A-21435,
Thermo Fisher Scientific; goat anti-mouse, 1:1,000, #A11001, Invitrogen.

Validation Here are the links of the websites that show validation of the antibodies used in this study:
Primary antibodies:
Western blot:
https://ruo.mbl.co.jp/bio/e/dtl/A/?pcd=PM045
https://www.cellsignal.com/products/primary-antibodies/beclin-1-d40c5-rabbit-mab/3495?qgs=keyword_redirect&qt#3495
https://www.ptglab.com/products/ATG7-Antibody-67341-1-Ig.htm
https://www.cellsignal.com/products/primary-antibodies/ubiquitin-p4d1-mouse-mab/3936
https://www.cellsignal.com/products/primary-antibodies/phospho-ampka-thr172-40h9-rabbit-mab/2535
https://www.abcam.cn/products/primary-antibodies/mtor-phospho-s2481-antibody-epr427n-ab137133.html
https://abclonal.com.cn/catalog/AP0502
https://www.cellsignal.com/products/primary-antibodies/phospho-akt-ser473-193h12-rabbit-mab/4058
https://www.cellsignal.com/products/primary-antibodies/cleaved-caspase-3-asp175-5ale-rabbit-mab/9664
https://www.abcam.cn/products/primary-antibodies/glutamate-receptor-1-ampa-subtype-antibody-ab31232.html
https://www.ptglab.com/products/GRIA2-Antibody-11994-1-AP.htm
https://www.abcam.cn/products/primary-antibodies/nmdar1-antibody-epr24812-ab109182.htmi
https://www.abcam.cn/products/primary-antibodies/gaba-a-receptor-alpha-1-antibody-epr23539-255-ab252430.html
https://www.thermofisher.cn/cn/zh/antibody/product/Beta-Actin-Loading-Control-Antibody-clone-BA3R-Monoclonal/MA5-15739-
BTIN
https://www.ptglab.com/products/TUBA1B-Antibody-11224-1-AP.htm
Immunohistochemistry:
https://abclonal.com.cn/catalog/A17424
https://abclonal.com.cn/catalog/A19086
https://www.abcam.cn/products/primary-antibodies/Ic3b-antibody-epr18709-autophagosome-marker-ab192890.html
https://www.abcam.cn/products/primary-antibodies/psd95-antibody-7e3-1b8-synaptic-marker-ab13552.html
https://www.sigmaaldrich.cn/CN/zh/product/mm/abn90
https://www.cellsignal.com/products/primary-antibodies/lc3b-e5g2k-mouse-mab/83506
Secondary antibodies:
western blot:
https://www.thermofisher.cn/cn/zh/antibody/product/Goat-anti-Mouse-lgG-H-L-Secondary-Antibody-Polyclonal/31430
https://www.thermofisher.cn/cn/zh/antibody/product/Goat-anti-Rabbit-IgG-H-L-Secondary-Antibody-Polyclonal /31460
https://abclonal.com.cn/catalog/AS008
https://www.thermofisher.cn/cn/zh/antibody/product/Goat-anti-Mouse-lgG-H-L-Cross-Adsorbed-Secondary-Antibody-Polyclonal/
A-21235
https://abclonal.com.cn/catalog/ASO60
https://www.thermofisher.cn/cn/zh/antibody/product/Goat-anti-Rabbit-lgG-H-L-Cross-Adsorbed-Secondary-Antibody-Polyclonal/
A-11008
https://www.thermofisher.cn/cn/zh/antibody/product/Goat-anti-Guinea-Pig-1gG-H-L-Highly-Cross-Adsorbed-Secondary-Antibody-
Polyclonal/A-21435
https://www.thermofisher.cn/cn/zh/antibody/product/Goat-anti-Mouse-lgG-H-L-Cross-Adsorbed-Secondary-Antibody-Polyclonal/
A-11001




Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in

Research

Laboratory animals

Wild animals
Reporting on sex
Field-collected samples

Ethics oversight

All mice (aged 7-15 weeks, if not specified) were bred in our colony (i.e., Atg7flox/ flox lines50 and GFP-LC3 lines) or purchased from
SLAC (i.e., C57BL/6J and CD-1 mice). CD-1 mice (4-6 months old retired breeder) were single-housed, and all other mice were housed
4-5 per cage if not specified. All animals were subjected to a 12-hour light-dark cycle (light on from 7 a.m. to 7 p.m.) with food and
water ad libitum. All mice were housed in a stable environment (23-25 °C ambient temperature and 50% humidity).

This study did not involve wild animals.

Only male mice were used in this study.

No field-collected samples were applied in this study.

All animal research and experimental procedures were approved by the Animal Care and Use Committee of the animal facility at
Zhejiang University.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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