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NEUROSCIENCE

An autophagy-related protein Becn2 regulates cocaine
reward behaviors in the dopaminergic system

Yoon-Jin Kim'#, Qingyao Kong?*, Soh Yamamoto'*, Kenta Kuramoto', Mei Huang*, Nan Wang'*,
Jung Hwa Hong', Tong Xiao', Beth Levine®?, Xianxiu Qiu"’#, Yanxiang Zhao’, Richard J. Miller®,
Hongxin Dong® Herbert Y. Meltzer*, Ming Xu?, Congcong He'®

Drug abuse is a foremost public health problem. Cocaine is a widely abused drug worldwide that produces various
reward-related behaviors. The mechanisms that underlie cocaine-induced disorders are unresolved, and effective
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treatments are lacking. Here, we found that an autophagy-related protein Becn2 is a previously unidentified reg-
ulator of cocaine reward behaviors. Becn2 deletion protects mice from cocaine-stimulated locomotion and reward
behaviors, as well as cocaine-induced dopamine accumulation and signaling, by increasing presynaptic dopamine
receptor 2 (D2R) autoreceptors in dopamine neurons. Becn2 regulates D2R endolysosomal trafficking, degradation,
and cocaine-induced behaviors via interacting with a D2R-bound adaptor GASP1. Inactivating Becn2 by upstream
autophagy inhibitors stabilizes striatal presynaptic D2R, reduces dopamine release and signaling, and prevents
cocaine reward in normal mice. Thus, the autophagy protein Becn2 is essential for cocaine psychomotor stimulation
and reward through regulating dopamine neurotransmission, and targeting Becn2 by autophagy inhibitors is a

potential strategy to prevent cocaine-induced behaviors.

INTRODUCTION

Control of drug abuse and addiction has emerged as one of the major
medical and social challenges of our time. Cocaine is one of the most
widely abused recreational drugs throughout the world. Although
many efforts have been made to understand cocaine abuse and
addiction, the mechanisms that underlie these effects are not fully
understood, and therapeutic strategies for preventing and treating
cocaine-induced behaviors are lacking (1). Mesolimbic dopamine
(DA) signaling has been reported to play an important role in the
regulation of cocaine-associated reward and motivation (2), and its
dysregulation is implicated in a variety of neurological/neuropsychiatric
disorders such as drug addiction, depression, and schizophrenia.
The neurotransmitter DA is released from axons of midbrain dopa-
minergic neurons located in the ventral tegmental area (VTA) pro-
jecting to the nucleus accumbens (NAc; or ventral striatum) and the
prefrontal cortex (3). The psychostimulant drug cocaine elevates syn-
aptic DA levels in the NAc by blocking DA reuptake by the DA
transporter (DAT). The resulting synaptic DA surge increases post-
synaptic activation of DA receptors, producing psychomotor stim-
ulation after acute exposure and behavioral sensitization, craving,
and reward-related behaviors after repeated usage (2, 4, 5).
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DA release is negatively regulated by presynaptic striatal DA
receptor 2 (D2R) in dopaminergic neurons, a G protein-coupled
receptor (GPCR) that functions as an autoreceptor (6-8) and regu-
lates many aspects of cellular and behavioral responses to cocaine
exposure (9-11). On one hand, aberrant D2R function in the brain
increases the risk of substance abuse (12-14), and on the other hand,
D2R is substantially down-regulated in addicted brain (5, 15, 16).
Mice in which the D2R autoreceptors are deleted showed supersen-
sitivity to cocaine, including increased locomotor stimulation and
conditioned place preference (CPP) for cocaine (11). Since elevation
in synaptic DA concentration in the NAc is essential for exerting
cocaine’s effects in locomotor control, behavioral sensitization, and
reward seeking, understanding the factors controlling DA release is
important for preventing cocaine abuse, and reducing DA release
and elevating D2R availability may be an effective potential strategy
for treating cocaine-associated behaviors. However, the in vivo mech-
anism responsible for the down-regulation of D2R in response to
drugs of abuse remains mysterious.

In this study, we discover that Becn2/Beclin 2, an autophagy-
related protein and a Beclin/Becn family member that forms a complex
with the autophagy-inducing class III phosphatidylinositol 3-kinase
(PtdIns 3-kinase) Vps34 (17, 18), genetically links the physiological
and behavioral effects of cocaine to the autophagy pathway. Auto-
phagy is an essential lysosomal degradation pathway induced by stress,
such as starvation (19) and exercise (20). During autophagy, auto-
phagosomes enwrap and deliver damaged or unnecessary cargos to
lysosomes for breakdown and nutrient recycling. Although accumu-
lating evidence indicates that autophagy proteins are implicated
in a variety of diseases, such as type 2 diabetes, neurodegeneration,
and cancer (21-23), whether and how they play a role in drug seek-
ing and abuse are essentially unknown.

High dosages of cocaine cause cytotoxicity and have been reported
to induce autophagy and autophagic cell death in cultured neurons
and astrocytes (24, 25). However, whether there is a link between
autophagy and the behavioral responses of cocaine in vivo and the
underlying basis is not known. Ablation of an autophagy gene Atg7
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specifically in DA neurons was previously reported to cause a slight
increase in baseline DA secretion (without cocaine injection) (26);
yet, whether the increase is physiologically important or whether it
would lead to behavioral changes in response to psychostimulants
has not been investigated.

Here, we use a number of global and conditional knockout (KO)
and knock-in (KI) mouse models to demonstrate the role and mech-
anism of an autophagy protein Becn2 and autophagy inhibitors in
cocaine-evoked physiological responses and reward behaviors via
DA regulation. We reveal that defects in Becn2 prevent cocaine-
induced behavioral responses, reduce cocaine-induced extracellular
DA accumulation, and increase presynaptic D2R levels in the NAc,
suggesting that the autophagy protein Becn2 is a pivotal player in
regulating cocaine-induced behaviors by degrading D2R autorecep-
tors and regulating DA release in DA neurons. In addition, we provide
evidence that Becn2 is a potential therapeutic target in the preven-
tion of cocaine responses and propose a model in which targeting
Becn2 by upstream autophagy inhibitors prevents cocaine-induced
extracellular DA accumulation and drug-reward behaviors. Our study
demonstrates how an autophagy-related protein regulates DA signal-
ing and behavioral responsiveness to cocaine and suggests the
neurotherapeutic potential of using autophagy modulators to pre-
vent seeking and abuse of psychoactive substances.

RESULTS

Haplodeletion of Becn2, but not Becn1, prevents cocaine
psychomotor stimulation and reward behaviors

To study the function of Beclin/Becn family members in the regula-
tion of cocaine-induced behaviors, we used heterozygous KO mouse
models of Becnl and Becn2 as tools in behavioral studies, because
homozygous KO of either Becnl or Becn2 causes complete or par-
tial embryonic lethality (17, 27). We first analyzed their behavioral
responsiveness to acute cocaine injection, using cocaine-induced
locomotor stimulation as a readout. We found that Becn2*~ KO mice have
markedly lower locomotor activity after cocaine treatment (15 mg/kg)
than wild-type (WT) littermates in open-field tests (Fig. 1A). In con-
trast, heterozygous KO of Becn1 does not significantly affect cocaine-
stimulated locomotion (Fig. 1A). To systematically characterize
whether Becn?2 regulates the pharmacological effects of cocaine, we
analyzed the dose-dependent response to cocaine of Becn2"'~ KO
mice and WT littermates in open-field tests at a lower dose (5 mg/kg)
and a higher dose (30 mg/kg) of cocaine. In addition to cocaine
(15 mg/kg), we found that Becn2*’"~ KO mice also showed reduced
locomotor activity induced by a high cocaine concentration (30 mg/kg)
(fig. S1A). Further, we did not detect changes in Becnl expression
in Becn2*'™ KO mice (fig. S1B). Thus, together, these data suggest
that Becn2, but not another autophagy-related Beclin protein Becnl,
plays an important role in regulating behavioral responses to acute
cocaine exposure.

We next analyzed the function of Becn2 in reward behaviors in-
duced by repeated exposure to cocaine. The CPP test, although not
sensitive to dose-response studies, is widely used to measure reward
learning. We found that compared with WT littermates, Becn2*'~
KO mice spend less time in the cocaine-paired environment after
8 days of alternate cocaine and phosphate-buffered saline (PBS) in-
jections (Fig. 1B), suggesting that Becn2 is also essential for cocaine-
induced reward learning. Notably, CPP to food, a nondrug reward,
is not affected in Becn2™~ KO mice (fig. S1C), suggesting that Becn2
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haplodeletion does not cause an overall learning deficit, and reduced
cocaine CPP in Becn2*'~ KO mice is not caused by defective learning.

The rodent intravenous self-administration (IVSA) models vol-
untary drug intake in humans and is an ideal model for studying
voluntary drug seeking and taking (28). Since haplodeletion of Becn2
reduces CPP to cocaine, we asked whether Becn2 regulates self-
administration of cocaine in vivo to model human addiction char-
acterized by voluntary and escalated cocaine intake. Following 10 days
of IVSA training (0.6 mg/kg per infusion of cocaine dose), Becn2*'~
KO mice showed significantly lower active nose pokes and infusion
numbers and self-administered less cocaine than WT controls
(Fig. 1C). Dose-response studies also showed that Becn2"'~ KO mice
exhibited a tendency of lower active nose pokes and cocaine intake
than WT controls after IVSA training with two different cocaine
doses (0.1 and 1.0 mg/kg per infusion) (Fig. 1D). These results sug-
gest that Becn2 depletion decreases acquisition of cocaine-taking
behaviors, which is consistent with the findings in CPP and locomotor
activity. Thus, we concluded that Becn2 is essential to regulate be-
havioral responsiveness to both acute and repeated cocaine exposure.

Haplodeletion of Becn2 reduces cocaine-induced
extracellular accumulation of DA but not other neurotransmitters
To study the mechanism through which Becn2 regulates behavioral
responses to cocaine, we performed ultraperformance liquid chroma-
tography (UPLC) profiling for cocaine-amplified, Becn2-regulated
neurotransmitters in the NAc and cortex of WT and Becn2*'~ KO mice
following microdialysis. We found that cocaine-induced extracellular
accumulation of DA (both the exact quantity and the percentage of
baseline concentration; Fig. 2A), but not other neurotransmitters such
as acetylcholine (ACh), serotonin (5-hydroxytryptamine), and gluta-
mate (fig. S2A), is blocked in the NAc of Becn2"'~ KO mice. Extra-
cellular levels of DA metabolites in the NAc, such as DOPAC
(3,4-dihydroxyphenylacetic acid) and HVA (homovanillic acid), were
not regulated by cocaine or Becn?2 either (fig. S2B). In addition, in
the prefrontal cortex, there is also a significant reduction in cocaine-
amplified release of DA in Becn2*’~ KO mice compared to WT litter-
mates (fig. S2C). Together, these data suggest that haplodeletion of
Becn2 limits DA release to the NAc and cortex, which becomes
evident following exposure to cocaine.

This finding is further corroborated by our biochemical data on
cocaine-induced DA signaling. Increased synaptic DA activates the
postsynaptic mitogen-activated protein kinase (MAPK) pathway,
including MAPK kinase 1/2 (MEK1/2) and extracellular signal-
regulated kinase 1/2 (ERK1/2) cascades (29). We found that acute
cocaine treatment induces MEK and ERK phosphorylation (activa-
tion) in WT mice but fails to do so in Becn2*'~ KO mice in both
the NAc and the whole striatum region (Fig. 2B and fig. S2D).
In addition, we found that phosphorylation of CREB (adenosine
3,5’-monophosphate response element-binding protein) at Ser' >,
a transcription factor playing an important role in addiction and a
downstream signal of the synaptic activity and MAPK pathway
(30, 31), is also blunted in the NAc of Becn2’™ KO mice after
cocaine treatment, compared to WT littermates (Fig. 2C). Note that
Becn2"™~ KO mice have a comparable anxiety level as WT mice, an-
alyzed by elevated zero maze (fig. S3), which is consistent with the
normal basal DA levels and signaling in their NAc without cocaine
treatment (Fig. 2). These data suggest that Becn2 haplodeletion re-
duces cocaine-induced kinase activation, supporting a role of Becn2
in the cocaine-induced extracellular accumulation of DA. Thus, we
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Fig. 1. Haplodeletion of Becn2 prevents cocaine-induced psychomotor stimulation and reward behaviors. (A) Becn2*'~ KO mice, but not Becn1*/~ KO mice, are
protected from cocaine-stimulated locomotion. Left: Locomotor activity of WT, Becn1*'~ KO, and Becn2*'~ KO mice monitored by open-field test upon intraperitoneal
injection of cocaine (15 mg/kg; arrow). Right: Quantification of distance traveled in 10 min before and after cocaine treatment. WT, N =23; Becn - KO, N=12; Becn2*~
KO, N = 18. (B) Becn2*'~ KO mice show reduced CPP to repeated cocaine dosage. WT and Becn2*'~ KO mice received cocaine (15 mg/kg) or PBS injection alternately for
8 days (conditioning), and their time spent in the paired (cocaine-injecting) chamber and the unpaired (PBS-injecting) chamber was recorded (CPP test). The CPP score is
calculated as the difference in time (seconds) spent in the paired and unpaired chambers. WT, N = 24; Becn2*'~ KO, N=19. (C) Cocaine IVSA in Becn2*'~ KO and WT control
mice. The cocaine dose used was 0.6 mg/kg per infusion. Active nose-poke, inactive nose-poke, and infusion numbers were recorded in 3-hour sessions each training day.
N =12 per group. (D) IVSA dose response in Becn2*/~ KO and WT mice. Cocaine doses used were 0.1, 0.6, and 1 mg/kg per infusion. Numbers of active nose poke, inactive
nose poke, and cocaine infusion and the amount of cocaine intake were recorded in 3-hour sessions each training day. Data represent means + SEM. N =8 per group.
*P <0.05; **P < 0.01; ***P < 0.001; NS, not significant.

30f19

Kim et al., Sci. Adv. 2021; 7 : eabc8310 19 February 2021

T20Z ‘9T Yose uo /Bio Bewaousios saoueApe//:diy woly papeojumod


http://advances.sciencemag.org/

SCIENCE ADVANCES | RESEARCH ARTICLE

A Nucleus accumbens (NAc)
Dopamine
- WT .
25,  Cocaine == Beon2'" KO 23009  Cocaine
’ ©
—_ » 2504 W
S 2.04 3 = B Becn2"- KO
= i 2007 100
.g " X 150 X 80
= O 60
§ 106 2 1004 5
Q é < 40
8 0.51 & 504 20
Q.
0 1 1 1 1 1 J Do 0 Te Te L I " I 0
-60 -30 0 30 60 90 120 ~60 -30 0 30 60 90 120
Time (min) Time (min)
B NAc
4- | WT
* +/—
wT Becn2"- KO é 3 & Becn2™ KO
Cocaine: - + - + % 21 NS
Mouse#: 1 2 3 4 5 12345 1 2345 1 2345 §_1-
p-MEK1/2 [mm= — mm——— | e 0
Cocaine: - + - +
MEK1/2 | _— | |‘ —_—— = |
59 s
p'ERK1/2 —— — — L —— — . A — ¥ 4
[i4
w3
reiz [ Bes 4 e el -
=| o 24 NS
. (- L —_—
Actin | | o ::—l S 14
04
Cocaine: - + - +
C NAc
- WT
WT Becn2- KO @ Becn2'- KO
Cocaine: - + - + o 2.0 =
Mouse#: 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 & 15 NS
o
p-CREB|""‘-“‘--D-I| |-- - - -..._-| 51_0
L
o
CREB |----g..-| I..------J (6)_0'5
0

Actin |~——————| _M Cocaine: - + I

Fig. 2. Haplodeletion of Becn2 prevents DA release and signaling in response to cocaine. (A) Microdialysis analyses showing concentration and percentage of baseline
of DA in NAc of WT and Becn2 KO mice at the indicated time points before and after cocaine injection. Area under the curve (AUC) is quantified for 120 min after cocaine
injection. WT, N=9; Becn2*/~ KO, N = 8. (B) Cocaine-induced kinase activation is blunted in Becn2*/~ KO mouse brain. Western blot analyses and quantification of cocaine-
induced MEK and ERK phosphorylation in the NAc of WT and Becn2*™~ KO mouse brain 15 min after cocaine (15 mg/kg) or vehicle intraperitoneal injection. N =5 mice.
(€) Cocaine-induced CREB phosphorylation is blunted in Becn2*'~ KO mouse brain. Western blot analyses and quantification of cocaine-induced CREB phosphorylation in
the NAc of WT and Becn2*/~ KO mouse brain 15 min after cocaine (15 mg/kg) or vehicle intraperitoneal injection. N =4 mice. *P < 0.05; **P < 0.01; ***P < 0.001.

conclude that Becn2 regulates cocaine-amplified DA release and DA
signaling in the NAc.

Becn2 functions in DA neurons to regulate cocaine responses
To further map the neuronal populations in which Becn2 regulates
cocaine responses and DA release, we generated a floxed Becn2 KO
(Becn2ﬂ°"/ﬂ°x) mouse line to study its neuronal-specific function (fig.
S4A). On one hand, we deleted Becn2 specifically in DA neurons

Kim et al., Sci. Adv. 2021; 7 : eabc8310 19 February 2021

during adulthood, by delivering the DA neuron-specific TH (tyrosine
hydroxylase) promoter Cre into the VTA of Becn2™1°* mice via
adeno-associated virus 2/9 (AAV2/9) by stereotaxic microinjection
(fig. S4, B and C). We found that similar to global Becn2*'™ KO mice,
Becn 2%, TH-Cre mice showed less locomotion stimulation (Fig. 3A)
and CPP (Fig. 3B) in response to cocaine than control mice, suggest-
ing that Becn2 in DA neurons is important for cocaine-induced
psychomotor stimulation and reward-learning behaviors.
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Fig. 3. Becn2 functions in DA neurons to regulate cocaine-induced locomotor activation and reward learning. (A) Cocaine-stimulated locomotion of Becn21oX/flox
(Becn2™) mice sham-treated or stereotaxically microinjected with AAV expressing Cre driven by the TH promoter was monitored by open-field test upon intraperitoneal
injection of cocaine (15 mg/kg; arrow). Right: Quantification of distance traveled in 10 min before and after cocaine treatment. N=7 per group. (B) CPP of Becn2flo¥/flox
(Becn2™) mice sham-treated or stereotaxically microinjected with AAV expressing TH-Cre. The mice received alternate cocaine and PBS injection for 3 days (conditioning),
and their time spent in the paired (cocaine-injecting) chamber and the unpaired (PBS-injecting) chamber was recorded before (Baseline) and after conditioning (Test).
Becn2™ sham, N = 14; Becn2”® AAV TH-Cre, N'=12. (C) Cocaine-induced locomotion monitored by open-field test in Becn2*/~ KO (KO) mice stereotaxically microinjected
with AAV expressing Becn2 or GFP driven by the TH promoter upon intraperitoneal injection of cocaine (15 mg/kg; arrow). Right: Quantification of distance traveled in
10 min before and after cocaine treatment. WT, N=10; KO + AAV-TH-GFP, N = 13; KO + AAV-TH-Becn2, N =10. (D) CPP of WT and Becn2*'~ KO mice stereotaxically micro-
injected with AAV expressing TH-Becn2 or TH-GFP. WT, N=11; KO + AAV-TH-GFP, N = 8; KO + AAV-TH-Becn2, N=6. *P < 0.05; **P < 0.01; ***P < 0.001.
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On the other hand, we found that DA neuron-specific re-expression
of WT Becn2 in the global Becn2"’~ KO mice rescues their cocaine-
induced behaviors. We delivered WT Becn2 driven by the TH pro-
moter to Becn2*'~ KO mouse brain via AAV2/9 by stereotaxic
injection into the VTA (fig. S5) and found that re-expressing WT
Becn2 in DA neurons is sufficient to rescue both cocaine-stimulated
locomotion (Fig. 3C) and cocaine-induced reward-seeking behaviors
(Fig. 3D) in the Becn2*'~ KO mice. Together, these data suggest that
Becn2 regulates cocaine-induced behaviors in DA neurons, which
is consistent with our finding on the role of Becn2 in DA release.

Becn2 depletion restores presynaptic D2R in the NAc
and prevents lysosomal trafficking of endocytosed D2R
We next sought to investigate the mechanism by which Becn2 func-
tions in DA neurons. We found that loss of Becn2 causes a partial,
but not a complete, defect in basal autophagy, evidenced by reduced
flux of green fluorescent protein (GFP)-LC3 (the autophagosome
reporter) puncta in the whole cell, soma, and major neurites of cul-
tured primary DA neurons isolated from Becn2"~ KO mice (fig. S6A);
reduced flux of LC3-II (autophagosome membrane-associated
lipidated LC3) and p62 (the autophagy cargo receptor) in SH-SY5Y
neuroblasts transfected with Becn2 short hairpin RNA (shRNA)
(fig. S6B); and reduced flux of endogenous LC3 puncta in DA neu-
rons in the VTA of Becn2*/~ KO mouse brain in vivo (fig. S6C).
In addition, different from proteasomal inhibition by MG132
(N-carbobenzyloxy-L-leucyl-L-leucyl-1-leucinal) or lysosomal inhi-
bition by chloroquine, Becn2 depletion does not cause a proteostasis
impairment in SH-SY5Y neuroblasts (fig. S7, A and B). In addition,
primary DA neurons isolated from Becn2"’~ KO mice do not show
a defect in cell morphology or growth, compared with those from
WT littermates (fig. S7, C and D). Similarly, in vivo, the density of
DA neuron neurites in the NAc is comparable in WT mice and
Becn2*'~ KO mice by TH immunostaining (fig. S7E), suggesting no
apparent degeneration or death of DA neurons in Becn2®'~ KO mice.

To study how Becn2 regulates DA release and signaling, we ana-
lyzed the level of key receptors in DA signaling in the striatum. We
found that haplodeletion of neither Becn2 nor Becnl affects the level
of DIR (DA receptor 1) or DAT in the striatum (fig. S8A). Instead,
we previously found that the level of D2R showed a trend of an
increase in the whole brain of Becn2"’~ KO mice by Western blot
analysis (17). Because D2R is expressed both presynaptically in
dopaminergic neurons and postsynaptically in D2R-positive medium
spiny neurons in the NAc, to determine whether Becn2 affects pre-
synaptic D2R that negatively regulates DA release, we adapted a
biochemical method to isolate crude synaptosomes and presynaptic
membranes prepared from the NAc of the control Becn2™¥/10% mjce
and Becn2™/1°% mice injected with AAV-TH-Cre (fig. S8B). We
validated our purification method using Synaptophysin (SVP38) and
DAT as presynaptic markers and PSD95, Homer1, GluR1, and NR1
as postsynaptic markers (fig. S8B). We found that D2R is higher on
presynaptic membranes in the NAc of Becn2™/1°% TH-Cre mice
than in control mice (Fig. 4A), suggesting that Becn2 down-regulates
presynaptic D2R in DA neurons. In support of the data, the pre-
synaptic D2R level is also higher in the NAc, but not the prefrontal
cortex, of the global Becn2*'~ KO mice than that of WT littermates
(fig. S8C). Together, these data support the hypothesis that D2R is a
degradation target of Becn2 in DA neurons.

Further, through a biotin protection degradation assay in human
embryonic kidney (HEK) 293 cells stably expressing Flag-D2R (32),

Kim et al., Sci. Adv. 2021; 7 : eabc8310 19 February 2021

we found that shRNA knockdown of Becn2 (fig. S8D) blocks D2R
degradation through the endocytic trafficking pathway after agonist
treatment (Fig. 4B), suggesting that Becn2 is required for agonist-
induced endolysosomal degradation of D2R. To further demonstrate
how Becn?2 regulates D2R stability, we analyzed the role of Becn2 in
the intracellular trafficking of D2R in response to agonists, by ex-
amining D2R colocalization with different organelle markers. In the
absence of Becn2 following shRNA knockdown, we found that D2R
can still be endocytosed, but internalized D2R is trapped in endosomal
structures instead of being transported to lysosomes (Fig. 4C). We
did not detect changes in the amount of endosomes (EEA1) or
lysosomes (LAMP1) upon Becn2 depletion (fig. S8E), suggesting
that Becn2 does not affect the level of endosomes or lysosomes per se;
rather, it affects D2R trafficking through the endolysosomal pathway.

In addition, we found that in the NAc of Becn21®/1°%; TH-Cre
mice, while D2R in presynaptic membrane fractions increases (Fig. 4A),
there is only a slight increase of D2R in the total PNS (postnucleus
supernatant) fraction, and the level of D2R in the intracellular cyto-
solic S2 (supernatant fraction 2) fraction is decreased rather than
increased (fig. S8F). These data suggest that Becn2 depletion in DA
neurons ultimately increases the plasma membrane-localized D2R
but not the cytoplasmic pool of D2R, which we propose is caused by
enhanced recycling of D2R to the cell surface upon Becn2 loss. To
test this hypothesis, we analyzed D2R recycling in cultured cells. We
found that in Becn2-deficient cells, most of the endocytosed D2R is
recycled back to the cell surface after agonist removal, detected by
pulse-chase fluorescence imaging of antibody-labeled cell surface
D2Rs (Fig. 4D), suggesting that Becn2 plays an essential role in the
endolysosomal trafficking of D2R and prevents it from recycling back
to the plasma membrane. Together, these data suggest that Becn2
plays a pivotal role in down-regulating the levels of D2R in presyn-
aptic DA neurons projecting to the NAc, by promoting lysosomal
trafficking of endocytosed D2R.

D2R antagonism rescues cocaine-induced behaviors

and extracellular DA accumulation in Becn2 KO mice

To further test the hypothesis that the effect of Becn2 depletion is
mediated through D2R up-regulation, we determined whether D2R
antagonists would rescue cocaine-induced behaviors in Becn2*'~
KO mice to the WT level. Because it is reported that D2R antago-
nists preferentially inhibit presynaptic D2R autoreceptors when used
at low doses (33, 34), we injected the mice with vehicle or the highly
selective D2R antagonist L-741,626 at a low dose (3 mg/kg) (35, 36)
30 min before each cocaine injection in open-field and CPP experi-
ments. Consistent with previously reported results (37), L-741,626
at the dose of 3 mg/kg does not increase cocaine-stimulated loco-
motion in WT mice; however, we found that L-741,626 treatment
effectively rescued the peak of cocaine-stimulated locomotion in
Becn2*™ KO mice to the WT level (Fig. 5A). We noticed that in
global Becn2 KO mice, D2R antagonist treatment rescued the peak
level, but not the complete time course, of cocaine-induced locomo-
tion (Fig. 5A). We reasoned that the partial rescue is possibly due to
arelatively lower DA storage caused by increased D2R autoreceptor
upon Becn2 depletion, leading to a faster DA depletion. In addition,
L-741,626 also rescued the cocaine reward behavior in Becn2*’'~ KO
mice to the WT level (Fig. 5B). Consistent with cocaine-induced
behaviors, we found that L-741,626 treatment 30 min before co-
caine injection also rescues cocaine-induced extracellular DA ac-
cumulation in the NAc of Becn2*’™ KO mice to the WT level, by
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Fig. 4. Becn2 promotes D2R endolysosomal degradation and down-regulates presynaptic D2R on DA neurons. (A) Synaptosomes and the presynaptic membrane
fraction were isolated from the NAc pooled from 10 Becn21°X mice sham-treated or stereotaxically microinjected with AAV expressing TH-Cre. WCL, whole-cell lysates;
Crude, crude synaptosomes; Pre, presynapses. Synaptophysin (SVP38), presynaptic marker; PSD95, postsynaptic marker. Quantification is shown above each protein
band. f/f, Becn21/°%. /f TH, Becn2°¥/1°* TH-Cre. (B) Biotin protection degradation assay in HEK293 cells stably expressing Flag-D2R transfected with scrambled or Becn2
shRNA. 100%, total biotinylated D2R; strip, remaining biotinylated D2R after cell surface stripping of biotin; NT, levels of internalized biotinylated D2R with vehicle treatment
after stripping; “30”and “180", levels of internalized biotinylated D2R with agonist treatment (10 uM DA) for 30 or 180 min, respectively, after stripping. Biotinylated Flag-D2R
was precipitated with anti-Flag antibody, analyzed by SDS-PAGE, and detected with streptavidin overlay. N =3 independent experiments. (C) Immunofluorescence imaging
on trafficking of endocytosed D2R to endosomes (EEA1) or lysosomes (LAMP1). Flag-D2R HEK293 cells transfected with scrambled or Becn2 shRNA were fed with
anti-Flag antibody and treated with the agonist DA for 30 or 60 min. Colocalization between D2R and EEA1 or LAMP1 was calculated as the Pearson’s correlation coeffi-
cient. Data are shown as means + SEM of three independent experiments (N = 3); in each experiment, a minimum of 60 cells under each condition were used for analyses.
(D) Immunofluorescence imaging on Flag-D2R recycling. Flag-D2R HEK293 cells transfected with scrambled or Becn2 shRNA were fed with anti-Flag antibody and treated
with DA for 30 or 180 min or with DA for 140 min followed by agonist washout for 30 min. *P < 0.05; **P < 0.01.
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Fig. 5. D2R antagonism rescues cocaine-induced psychomotor stimulation, reward seeking, and DA accumulation in Becn2*'~ KO mice. (A) Cocaine-stimulated
locomotion of Becn2*~ KO mice is partially rescued by D2R antagonism. WT or Becn2*/~ KO (KO) mice received injection of the selective D2R antagonist L-741,626 (3 mg/kg)
30 min before cocaine injection during open-field test. Open-field locomotion and quantification of distance traveled in 10 min before and after cocaine treatment are
shown. WT + vehicle, N=13; WT + L-741,626, N=11; KO + vehicle, N = 14; KO + L-741,626, N=11. (B) D2R antagonism rescues cocaine-induced CPP of Becn2 KO mice. WT
and Becn2 KO mice were subjected to 3-day conditioning [alternate PBS injection in the morning (a.m.) and cocaine injection (15 mg/kg) in the afternoon (p.m.)]. During
conditioning, mice were injected with vehicle or L-741,626 (3 mg/kg) 30 min before each cocaine injection. CPP scores at baseline and after conditioning were recorded.
WT + vehicle, N=18; WT + L-741,626, N = 11; KO + vehicle, N= 18; KO + L-741,626, N = 11. (C) Microdialysis analyses showing concentration and percentage of the baseline
of DA in the NAc of Becn2*/~ KO mice and WT littermates treated with L-741,626. Area under the curve is quantified for 120 min after cocaine injection. N=5 mice per

group. *P < 0.05; **P < 0.01; ***P < 0.001.

microdialysis/UPLC (Fig. 5C). Thus, we concluded that Becn2 reg-
ulates the behavioral effects of cocaine by down-regulating D2R in
presynaptic DA neurons.

Becn2 regulates cocaine-induced physiological

and behavioral responses by binding to

D2R-associated GASP1

In the presence of agonists (such as DA), D2Rs are internalized and
bind to GASP1 (GPCR-associated sorting protein 1) (32, 38, 39),
which is required for the lysosomal degradation of D2R independently
of ubiquitination or components of the canonical ESCRT (endosomal

Kim et al., Sci. Adv. 2021; 7 : eabc8310 19 February 2021

sorting complex required for transport) machinery (40, 41). How-
ever, little is known regarding the molecular mechanisms of D2R
down-regulation in response to cocaine in vivo. We previously found
that GASP1 is a binding partner of Becn2 and identified a small
region (amino acids 69 to 88) of human Becn2, as well as a single
residue within this region (isoleucine at position 80; %%, that medi-
ates the interaction with GASP1 (17, 42). To study the function of
Becn2-GASP1 binding in D2R regulation, we expressed the loss-of-
GASP1 interaction human Becn2 mutants, Becn22%-% and Becn2'8%5,
in HEK293 cells stably expressing Flag-D2R. Using biotin protection
degradation assays, we found that both Becn22%°-8% and Becn2!80
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significantly delay DA-induced degradation of D2R (fig. S9A), sug-
gesting that the Becn2-GASP1 interaction is required for D2R deg-
radation. To study whether Becn2 regulates D2R degradation and
cocaine-induced behaviors via GASP1 binding, we mapped the cor-
responding GASP1-binding residues in mouse Becn2 to amino acids
77 to 98 (homologous to human Becn2 amino acids 69 to 88) and
the serine at position 97 within this region of mouse Becn2 (fig. S9B).

By coimmunoprecipitation analyses, we found that a deletion
mutant of amino acids 91 to 98 Becn2*”'%, as well as a point mu-
tant Becn2%*7", abolishes Becn2-GASP1 binding in mouse cell lines
(Fig. 6A). To further analyze the mechanism of Becn2 in cocaine
reward in vivo, we used the CRISPR-Cas9 technique (43) to generate
a Becn2**”" KI mouse model (fig. $9, C to E), in which we confirmed
a loss of interaction between endogenous Becn2 and GASP1 in the
brain by coimmunoprecipitation (Fig. 6B). The Becn2%”" KI mice
show normal viability, development, and fertility. Thus, we have
identified a point mutation in mouse Becn2 that blocks its interac-
tion with GASP1 and generated a new Becn2**”" mouse model to
study the function of Becn2-GASP1 interaction in cocaine-induced
behavior and DA signaling. We found that similar to Becn2*’~ KO
mice, Becn2¥”" KI mice (losing GASP1 interaction) have significantly
decreased locomotor activity stimulated by two different doses of
cocaine (15 and 30 mg/kg) in open-field tests, compared to WT litter-
mates (Fig. 6C and fig. S1A), suggesting that the Becn2-GASP1 inter-
action is essential for cocaine-stimulated behavior. Furthermore, we
investigated whether removing Becn2-GASP1 interaction protects
mice from the effects of repeated cocaine dosage. Repeated cocaine
usage leads to behavioral sensitization to cocaine, as indicated by
further enhancement of drug-induced locomotor stimulation (9, 44).
We found that after 8 days of repeated cocaine treatment, both
Becn2*'~ KO mice and loss-of-GASP1 interaction Becn2**”" KI mice
show reduced locomotion sensitization in open-field tests, compared
to WT littermates (Fig. 6D), suggesting that the Becn2-GASP1 in-
teraction, as well as Becn2, is essential for mediating the sensitizing
effect of cocaine. Together, these data suggest that Becn2 plays an
essential role in the regulation of the behavioral effects of cocaine
via GASP1 binding, and blocking Becn2-GASP1 binding protects
mice from these effects.

To support the conclusions, we further studied whether Becn2
regulates cocaine-induced striatal DA signaling via GASP1 binding.
We measured cocaine-induced MEK and ERK phosphorylation in
WT and Becn2%”" KI mice with and without acute cocaine treat-
ment. We found that cocaine induces phosphorylation of MEK and
ERK in WT mice, but fails to do so in Becn2%’" mice, in the NAc
(Fig. 6E), suggesting that Becn2-GASP1 binding is required for
cocaine-induced DA signaling. In addition, by synaptosome studies,
we found that similar to Becn2 deletion, the Becn2**"* mutant also
increases the presynaptic D2R level in the NAc (Fig. 6F), suggesting
that the interaction between Becn2 and GASP1 is crucial for pre-
synaptic D2R degradation. In sum, these data support a model in
which Becn2 regulates D2R degradation, cocaine-induced kinase
signaling, and behavioral stimulation through interacting with the
D2R adaptor GASP1 (Fig. 6G).

Autophagy inhibitors upstream of Becn2 prevent

the behavioral effects of cocaine in WT mice

Our data suggest that Becn2 is a potential target for the prevention
of cocaine-responsive behaviors. Since Becn2 is an autophagy-related
protein and is regulated by upstream autophagy regulators, we pro-

Kim et al., Sci. Adv. 2021; 7 : eabc8310 19 February 2021

pose that upstream autophagy inhibitors can inactivate Becn2 and
prevent cocaine-induced DA signaling and behaviors. To test our
hypothesis, we studied the therapeutic potential of two brain-penetrable
small molecules that inhibit autophagy at early stages upstream of
Becn2, SBI-0206965 and Spautin-1: SBI-0206965 inhibits the ULK1
kinase (45), which is an upstream kinase essential for activating the
Vps34 PtdIns 3-kinase and autophagy (46, 47), and Spautin-1 de-
stabilizes the Vps34 kinase complex by inhibiting the deubiquiti-
nating enzymes USP10 and USP13 (48). We found that compared to
vehicle, treatment of WT mice with either SBI-0206965 or Spautin-1
for 5 days before a single dosage of cocaine significantly reduces
cocaine-stimulated locomotion in open-field tests (Fig. 7A). Further-
more, we found that a 5-day treatment of SBI-0206965 (or Spautin-1)
prevents acquisition of cocaine-induced reward learning in WT mice
by CPP tests (Fig. 7B). Thus, we concluded that upstream autophagy
inhibitors can reduce cocaine-induced locomotion and reward be-
haviors. Notably, SBI-0206965 or Spautin-1 does not lead to a
further prevention of cocaine-induced locomotion (Fig. 7A) or CPP
(Fig. 7B) in Becn2"'~ KO mice, suggesting that the effect of the
upstream autophagy inhibitors on cocaine-induced behaviors is
through Becn2. Given these findings, as well as the aforementioned
data demonstrating that the cocaine-stimulated behavior is specifi-
cally affected by Becn2 but not Becn1 (Fig. 1A), we propose that the
effect of upstream autophagy inhibitors on cocaine responses is
mediated through Becn2 but not bulk autophagy degradation.

Autophagy inhibition restores presynaptic D2R
autoreceptor and prevents cocaine-induced extracellular DA
accumulation and signaling

Cocaine acts by binding to the DAT, blocking the removal of DA
from the synapse, and resulting in elevated extracellular DA levels.
To determine whether autophagy inhibition upstream of Becn2
affects cocaine-induced DA accumulation, we measured DA levels
after an acute cocaine injection in WT mice pretreated with the
ULK1 kinase inhibitor SBI-0206965 for 8 days. We performed
microdialysis in the NAc of freely moving mice, and the dialysates
collected were quantified using the liquid chromatography-mass
spectrometry (LC-MS) method (49). Consistent with the findings
from Becn2"'~ KO mice, we found that pretreatment of WT mice
with SBI-0206965 significantly attenuated cocaine-induced DA ac-
cumulation in the NAc (Fig. 8A). In addition, in line with reduced
DA accumulation, SBI-0206965 inhibits cocaine-induced kinase ac-
tivation, including MEK and ERK, in the striatum of WT mice
(Fig. 8B). These data support our model that inhibition of autophagy
at early stages prevents cocaine-induced DA accumulation and sig-
naling. Furthermore, via synaptosome studies, we found that similar
to the effect of Becn2 depletion, treatment with the autophagy in-
hibitor SBI-0206965 increases the presynaptic level of D2R in both
the striatum (Fig. 8C) and the NAc (fig. S10) of WT mice but does
not further increase presynaptic D2R in Becn2*'~ KO mice (fig. S10),
suggesting that the effects of the upstream autophagy inhibitor on
D2R metabolism is through Becn2. These findings support our
model that Becn2-regulated D2R degradation can also be prevented
by upstream autophagy inhibitors. In summary, these data support
our model that upstream autophagy modulators regulate cocaine-
induced DA signaling and behavioral responses (Fig. 8D): Autophagy
inhibitors reduce DA signaling and prevent cocaine-responsive
behaviors and have therapeutic potential against adverse effects of
psychostimulant drugs.
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Fig. 6. Becn2 regulates the behavioral and physiological effects of cocaine by interacting with GASP1. (A) Identification of the mouse Becn2 S97L point mutation
that abolishes Becn2-GASP1 binding in mouse cells. Coimmunoprecipitation of endogenous GASP1 in Neuro2A cells transfected with indicated Flag-tagged mouse
Becn2 constructs. IP, immunoprecipitation. (B) Coimmunoprecipitation of GASP1 by Becn2 in brain lysates of WT and Becn2%%7" KI mice. SL, S97L; IgG, immunoglobulin G.
(C) Left: Locomotor activity of WT and Becn2°°’" KI mice monitored by open-field test upon injection of cocaine (15 mg/kg). Right: Quantification of distance traveled in
10 min before and after cocaine treatment. WT, N=16; Becn2597L, N=12.(D) Becn2*'~ KO and Becn2°°’" KI mice show reduced behavioral sensitization to repeated
cocaine dosage, monitored by open-field test of WT, Becn2*/~ KO, or Becn2*"" mice after eight consecutive days of cocaine treatment. WT, N=9; Becn2*/~ KO, N=8;
Becn2*’!, N'=12. (E) Western blot analyses of cocaine-induced MEK and ERK phosphorylation in the NAc of WT and Becn2°’* KI mouse brain 15 min after cocaine or
vehicle intraperitoneal injection. N=5 mice. (F) The Becn2**’" mutant increases presynaptic D2R in the NAc. Western blot analyses of D2R in whole-cell lysates, crude
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is shown above each protein band. (G) Model of the autophagy protein Becn2 in the regulation of dopaminergic transmission and cocaine-induced behaviors. We pro-
pose that Becn2 mediates cocaine responsiveness (stimulation, sensitization, and reward) by down-regulating presynaptic D2Rs and promoting DA release via interacting
with GASP1. Red D2R, presynaptic D2R; blue D2R, postsynaptic D2R; D1R, DA receptor 1. *P < 0.05; **P < 0.01; ***P < 0.001.
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Fig. 7. Autophagy inhibitors upstream of Becn2 prevent cocaine-induced locomotion and reward learning. (A) A ULK1 kinase inhibitor and a Vps34 kinase complex
inhibitor prevent locomotion stimulation by cocaine. Left: Cocaine-induced hyperactivity monitored by open-field test of WT and Becn2*/~ KO (KO) mice intraperitoneally
treated with vehicle or autophagy inhibitors (2 mg/kg) SBI-0206965 or Spautin-1 once daily for 5 days, before cocaine injection (15 mg/kg). Right: Distance traveled in
10 min before and after cocaine injection in open field by WT and Becn2*/~ KO (KO) mice treated with vehicle, SBI-0206965, or Spautin-1. WT + vehicle, N=9; WT +
SBI-0206965, N =9; WT + Spautin-1, N=11; KO + vehicle, N=18; KO + SBI-0206965, N = 15; KO + Spautin-1, N=6. (B) Autophagy inhibition reduces CPP to repeated cocaine
dosage. WT or Becn2*’~ KO (KO) mice were treated with vehicle (DMSO) or autophagy inhibitors [SBI-0206965 (2 mg/kg) or Spautin-1 (2 mg/kg)] once daily for 5 days,
followed by 3-day conditioning [alternate PBS injection in the morning (a.m.) and cocaine injection in the afternoon (p.m.)]. CPP scores at baseline and after conditioning

were recorded. WT + vehicle, N=10; WT + SBI-0206965, N = 7; WT + Spautin-1, N = 9; KO + vehicle, N = 14; KO + SBI-0206965, N =9. *P < 0.05; **P < 0.01; ***P < 0.001.

DISCUSSION

Drug addiction is a chronic disease affecting reward, motivation,
memory, and related circuitry in the brain. Drug abuse not only
afflicts patient health and creates a burden on the health care system
but also causes a variety of societal problems. DA is a key neurotrans-
mitter that plays a pivotal role in drug addiction through its actions
in the mesolimbic system. Increases in striatal DA have been impli-
cated in the psychomotor-stimulating, behavioral-sensitizing, and
addictive effects of cocaine. New ways of treating drug abuse involv-
ing novel drug targets are urgently needed. The data presented here
highlight the haploinsufficiency of the autophagy gene Becn2 in
cocaine-induced behaviors (locomotor stimulation, behavioral sen-
sitization, and reward) (Figs. 1 and 6D and fig. S1A), cocaine-
amplified DA release (Fig. 2A and fig. S2C), and kinase signaling
(Fig. 2, Band C, and fig. $2D), suggesting that Becn2 is required for
cocaine-induced physiological and behavioral responses. Notably,
we noticed that in Becn2*’~ KO mice, baseline locomotion and DA
levels (without cocaine) are similar to those in WT mice. We reason

Kim et al., Sci. Adv. 2021; 7 : eabc8310 19 February 2021

that under basal conditions, one copy of WT Becn2 is sufficient to
maintain a certain level of tonic DA release, and differences only
become evident (amplified) in the presence of cocaine.

DA release is regulated by multiple neuronal populations, includ-
ing DA neurons, GABAergic interneurons, and striatal cholinergic
interneurons (4). By conditional KO of Becn2 using Becn2 floxed
mice and rescue of Becn2 in global KO mice, we mapped the func-
tion of Becn2 in the development of cocaine reward primarily to DA
neurons (Fig. 3). Nonetheless, although we propose that Becn2 in
DA neurons plays a pivotal role in the regulation of cocaine responses,
we cannot completely rule out that other neurons in the DA circuitry
also facilitate Becn2-regulated cocaine-induced behaviors by indi-
rectly regulating DA neuron firing or function (e.g., compare cocaine-
stimulated locomotion in Fig. 3A to Fig. 1A). In the AAV-directed
rescue experiment, although the majority (86%) of GFP-expressing
cells are TH-positive DA neurons, we detected that 14% of GFP-
expressing cells did not show the TH signal, suggesting a leakage of ex-
pression from the AAV-rTH-PI-GFP construct in a small population
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Fig. 8. Autophagy inhibition upstream of Becn2 restores striatal presynaptic D2R and prevents cocaine-amplified DA release and signaling. (A) Microdialysis
analyses showing concentration and percentage of the baseline of DA in the NAc of WT mice pretreated with SBI-0206965 or vehicle. Area under the curve is quantified
for 120 min after cocaine injection. N = 6 mice per group. (B) Striatal tissues were collected 15 min after intraperitoneal injection of cocaine or vehicle from WT mice treat-
ed with vehicle or SBI-0206965 (2 mg/kg) once daily for 5 days. Western blot analyses of cocaine-induced MEK and ERK phosphorylation are shown. N =4 mice. (C) The
upstream autophagy inhibitor SBI-0206965 increases presynaptic D2R in the striatum. Western blot analyses of D2R in whole-cell lysates, crude synaptosomes, and pre-
synapses in the striatum pooled from eight WT mice intraperitoneally treated with either vehicle (DMSO) or SBI-0206965 (SBI) at 2 mg/kg once daily for 5 days. Synaptophysin
(SVP38), presynaptic marker; PSD95, postsynaptic marker. Quantification is shown above each protein band. (D) Model on how upstream autophagy inhibitors prevent
cocaine-induced dopaminergic transmission and behavioral responses via Becn2. The function of the Becn2-GASP1 complex on D2R autoreceptor degradation and DA
release is prevented by autophagy inhibitors upstream of Becn2. *P < 0.05; ***P < 0.001.

of non-DA neurons in the VTA. Whether Becn2 plays arole in other ~ with our finding that global or DA neuron-specific depletion of
types of neuronal cells in the VTA region is worthy of investigation = Becn2 increases presynaptic D2R autoreceptor levels (Fig. 4A and
in the future. The use of other neuronal Cre lines (such as ChAT-Cre  fig. S8C) and decreases cocaine reward behaviors (CPP and IVSA;
and VGAT-Cre mice) will be helpful to comprehensively understand ~ Figs. 1 and 3).
the role of Becn2 in the DA system. By imaging, we found that in the absence of Becn2, D2R is recycled
Our data also suggest that presynaptic D2R in the NAcisacritical ~ back to the plasma membrane instead of being degraded in lyso-
degradation target of Becn2. Mutant mice that lack D2 receptors  somes (Fig. 4). Thus, we propose a model that down-regulating D2R
self-administered cocaine at higher rates than their heterozygous or  autoreceptors is the underlying mechanism of Becn2 in DA release
WT littermates, and pretreatment with the D2-like antagonist in-  and cocaine responses (Fig. 6G). In this model, we propose that the
creased rates of self-administration of cocaine (50). This is consistent  effect of Becn2 on D2R degradation is not through general endosomal
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or autophagic degradation of membrane receptors, because we found
that on one hand, Becn2 does not affect the level of other important
DA signaling molecules either in presynaptic neurons (such as DAT)
or in postsynaptic neurons (such as D1R) (fig. S8A), as well as other
molecules including the chemokine receptor CXCR4 and the receptor
tyrosine kinase platelet-derived growth factor receptor (17); on the
other hand, another autophagy protein Becnl does not affect cocaine-
induced behavior (Fig. 1A).

Mechanistically, we found that the binding between Becn2 and
the D2R-associated protein GASP1 is key for D2R degradation and
behavioral stimulation in response to cocaine. Becn2 point mutant
mice lacking GASP1 binding (Becn2**”" KI) are protected from hyper-
activity and kinase signaling stimulated by cocaine as are Becn2*'~
KO mice (Fig. 6, C to E). Consistent with the prevention of cocaine-
induced behaviors in Becn2*’~ KO mice and Becn2%”" KI mice,
GASP1 KO mice have also been reported to show attenuated hyper-
locomotion and behavioral sensitization to cocaine (51, 52), further
supporting our model that GASP1 is the adaptor protein linking D2R
to Becn2 for down-regulation and mediating the function of Becn2
in cocaine responses. Our sequence analysis on Becn2 and GASP1
also explains the previous observation that there is a species speci-
ficity with respect to Becn2-GASP1 interactions; i.e., human GASP1
only interacts with human, but not mouse, Becn2, and vice versa
(17). The protein alignment revealed that mutating I* to serine (S)
in human Becn2 blocks its binding with human GASP1; notably,
mouse Becn2 contains a threonine (T), which is structurally and bio-
chemically similar to serine, at the same residue position (fig. S9B).
Likewise, in mouse Becn2, if S97 is substituted by L (the corresponding
residue in human Becn2), the Becn2-GASP1 binding is also abolished
(Fig. 6, A and B).

Although besides D2R autoreceptors, we have not identified other
receptors regulated by Becn2 that might also be associated with
reduced DA release thus far, we cannot completely rule this out. In
the future, proteomic approaches might be used to systemically pro-
file Becn2-regulated cell surface receptors, for example, TMT (tandem
mass tag) labeling followed by MS in whole brain and different
brain regions (including NAc, VTA, and prefrontal cortex) of WT
and Becn2 mutant mice (including Becn2"’~ KO and Becn2®"" KI
mice). These studies will help address whether there are key candi-
date receptors other than D2R that may also show an increase in
both Becn2*'~ KO and Becn2%”" KI mice.

Together, we propose that Becn2 promotes DA release from the
axon terminal by degrading D2R autoreceptors via GASP1 binding,
thereby enhancing the stimulating and addictive effects of cocaine
(Fig. 6G). The model raises the possibility that targeting Becn2 may
be a new strategy in treating the effects of many abusive drugs whose
actions involve DA release in the limbic system. We therefore pro-
posed that upstream autophagy inhibitors that block the function of
Becn2 would suppress cocaine-induced DA accumulation, DA signal-
ing, and behavior. This idea is supported by our data that a number
of autophagy inhibitors (including SBI-0206965 and Spautin-1) that
block early-stage autophagy kinases inhibit cocaine-induced loco-
motor stimulation and reward behaviors, kinase activation, and DA
release (Figs. 7 and 8). SBI-0206965 or Spautin-1 does not show
further prevention of cocaine-induced locomotion (Fig. 7A) or CPP
(Fig. 7B) in Becn2™'~ KO mice, demonstrating that the effect of
these inhibitors on cocaine-induced behaviors is through Becn2. In
addition, SBI-0206965 does not further increase presynaptic D2R
levels in Becn2"’~ KO mice (fig. $10), suggesting that the effects of
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the upstream autophagy inhibitor on D2R metabolism is also through
Becn2. Hence, our research provides the first evidence suggesting
that the autophagy protein Becn2 is a previously unknown potential
therapeutic target for treating cocaine-induced disorders. Note that
during drug treatment for cocaine responses, we avoided long-term
autophagy inhibition, because we reasoned that chronically blocking
a degradation pathway might affect proteostasis and cause potential
side effects in vivo. Instead, the protocol we used was short-term
autophagy inhibitor treatment (5 days) (Figs. 7 and 8). We have tested
the safety of the autophagy-inhibiting compounds (including SBI-
0206965 and Spautin-1) administered by intraperitoneal injection
for 4 weeks at the indicated dose and did not detect obvious adverse
effects on mouse survival or activity. However, to fully rule out that
short-term autophagy inhibitor usage may have side effects, various
metabolic parameters will have to be closely monitored in mice, for
example, through the use of metabolic cages.

In summary, these studies demonstrate how an autophagy-related
gene regulates psychostimulant-evoked physiological and behavioral
responsiveness via the DA circuitry. Future studies will be helpful to
demonstrate the in-depth mechanisms of Becn2 and its autophagy
binding partners in cocaine seeking and relapse including electro-
physiology, signal transduction, and gene expression, as well as
elucidating related neuronal circuits. To achieve such goals, we have
generated useful genetic tools, including global and conditional
Becn2 KO mice, as well as the KI mouse line loss of binding with
GASP], to further understand the mechanism and physiological link
among Becn2, autophagy, and drug responsiveness. We propose that
in addition to cocaine responses, Becn2 and autophagy-modulating
compounds may regulate a variety of mental disorders and drug
abuse syndromes that involve DA signaling, such as depression,
schizophrenia, and addiction to other drugs of abuse such as
amphetamine and methamphetamine.

MATERIALS AND METHODS

Animals

All animal experiments have been approved by the Northwestern
University Institutional Animal Care and Use Committee. All mice
were maintained on a 14-hour light/10-hour dark cycle at an ambient
temperature of 22°C and 42% humidity. All mice used in the study
were male adult mice in the C57BL/6J background. The global
Becn1*'~ and Becn2"'™ heterozygous KO mice have been described
previously (17, 27). DAT-Cre mice were obtained from the Jackson
Laboratory (JAX #006660).

Behavioral experiments were conducted during the light cycle.
Male mice at 8 to 12 weeks of age were used for behavioral testing
and were acclimated to the test room at least 1 hour before the initia-
tion of all experiments. Cocaine (Sigma-Aldrich, C5776) was dis-
solved in PBS.

Conditional Becn2 mice were generated using a targeting
vector in which exonl and exon2 of Becn2 were flanked by LoxP
sites, and a neomycin cassette flanked by FRT sites was inserted
between exon2 and the 3" LoxP site (fig. S4A). Ten micrograms of
targeting vector was linearized and electroporated into C57BL/6 x
129/SvEv hybrid embryonic stem (ES) cells. After selection with
G418, surviving clones were expanded for polymerase chain reac-
tion (PCR) analysis to identify recombinant ES clones, using the
forward primer 5'-TGTGTCAGTTTCATAGCCTGAAGAACGAG-3'
and reverse primer 5'-GGCATAGCCTCATTTCCTTCCTGGG-3'.

flox/flox
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Secondary confirmation of positive clones identified by PCR was
performed by Southern blotting analysis, using the probes indicated
in fig. S4A. Briefly, genomic DNA was digested with Sac I or Nco I
and electrophoretically separated on 0.8% agarose gel. After trans-
fer to a nylon cellulose membrane, the digested DNA was hybrid-
ized with the probe targeted against the 5’ external region after
Sac I digestion: CTGCCCAAAGCTGGAAAGTGGAAAGAGA-
CATAGTACACCTGACATCATGAGAAGAGAATAATA-
ATACTCCCTGGAATGAGATAGTCACTAAACTACCT-
GAGAAGCCTTCCTTCAGCACAGGTGGGTGCCTGTG-
GATCCTCACTGCTCGGCTGCACTTACCAGGCAATGT-
GTTTCTCTCCTTCTTCGCCTCCTCCTTCTCCAATACCT-
GTCTCCTTTCTCAGACACTCACTCATTTC-
TATTTTCTCTCTGGACCCAGGCTGGCCTTCCTCTGGAGTC-
CCAGGTCCCACCACAGCTGGCAACAGTTTCTAAGCAC-
CATTGAGTCTAGTCGAACACTGCCTGATTGTCCATGCTG-
CGCTCTAAGATAGCTTGTACTTCATTCACTTCCAAA-
CAAAGAAGCTGAACATCGAGTTCATAAATAAACTGT-
TAGTGAAACGAAATTAGCACCACAGGCTCTCTGCATC-
CAAATATTGTATCATATCAGGAGCAGCGAAAGATTGGC-
TA, and with the probe targeted against the 3’ internal region
after Nco I digestion: ACGGAGACAGGCACATGACA-
CAAAAGCTTGCTCTAGCTCTTTCCATCATAGGCTCTGAG-
CCATATTCAACAATGGTTACTTTTGCTTTATGTTTTGAG-
GTTCGTAGAAAGGAACGATGCCAAGCCCAACAGAAG-
GTCTCAAGCCATCACACAATCACCAGCCAAGGAAGTTTT-
GACGTGAGAGGAAGCTCCAACAGTGAGGGTCGTTGAGA-
CAAAACTTCCTCAACTCAGATCCTTGTAGTCACAGTATG-
ACAGCACAATGTTAGAAGCTGGGATCCCAGGAAAAG-
CAGGGAAGTTGGGGAAAGTTGGCCTCGAGAGGATCAGA-
CAGAGCTGGCCACAGACAGTTATGAGGGTGT-
GAAGAACTCCAGTCTGCTCATTGAGTTCAGAGTCATATC-
GTGGACAATAGTCACTGGATCAGAGAATAGCAG-
CAAGATGTGTCTGGACAAG. Offspring were genotyped for
the floxed allele by PCR with the forward primer CCCGGCT-
TAGACTTTTTTCTAAAGATG and the reverse primer GAGG-
TAAGCAGAGTAAAAGTGCAGAG. The Becn2™"* mice were
backcrossed to the C57BL/6] strain for >10 generations.

Becn2%7" KI mice were generated by the CRISPR-Cas9 strategy.
Briefly, the targeting construct containing a Neomycin cassette
flanked by LoxP sites and the TCT—TTG mutation was electropo-
rated into C57BL/6 ES cells. G418-resistant clones were picked,
screened by PCR with the forward primer GCTGACCGCTTCCTC-
GTGCTTTA and the reverse primer GAATGGAATGTCTCTT-
GAGTTCGCAG, and sequenced by the sequencing primer TGGC-
CGTCTAAATCCTCTAGCTCC. Secondary confirmation of positive
ES clones identified by PCR was performed by Southern blot analyses,
using a probe targeting the Neomycin cassette (Neo-probe) ampli-
fied by the Neo-probe forward primer TCATCTCACCTTGCTCCT-
GC and the Neo-probe reverse primer AAGGCGATAGAAGGC-
GATGC. ES clones containing the KI allele showed a 6.6-kb band
after Eco RV digestion and a 9.0-kb band after Hind III digestion.
Tertiary confirmation is performed by DNA sequencing using the
sequencing primer 5-TGATCCATTTCCAAATACGCTGC-3'.

Autophagy modulation

Autophagy inhibitors SBI-0206965 (APExBio, A8715) and Spautin-1
(AdooQ Bioscience, A12942) were dissolved in 100% dimethyl sulf-
oxide (DMSO) at stock concentrations of 20 mg/ml (SBI-0206965)
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and 25 mg/ml (Spautin-1), respectively. The stock solutions were
then diluted in PBS to make a 0.2 mg/ml working concentration.
Mice were intraperitoneally injected with vehicle (PBS), SBI-0206965,
or Spautin-1 at 2 mg/kg of body weight once per day for 5 days
before cocaine injection (15 mg/kg).

Open field

Locomotor activity was recorded using the LimeLight software
(Coulbourn Instruments). Mice were habituated to the open-field
arena (dimensions, 56 cm by 56 cm) for 20 min before intraperitoneal
cocaine injection at different doses (5, 15, or 30 mg/kg). Activity was
recorded for 30 min after cocaine administration. Comparison was
performed between the distance traveled 10 min before cocaine in-
jection (baseline) and the distance traveled during the interval of 5
to 15 min after cocaine injection. To measure behavioral sensitiza-
tion to cocaine, mice were intraperitoneally injected with cocaine
(15 mg/kg) once per day for 8 days, and locomotor was recorded on
day 8 as described above.

Conditioned place preference

A randomized unbiased procedure was used. The chambers were
rectangular in shape (45 cm by 20 cm by 20 cm) and consisted of
two compartments with differences in visual and tactile cues, sepa-
rated by a removable door. One compartment had walls with a
black-and-white striped pattern, and the other had walls with black
dots at a white background. The floors were interchangeable and
consisted of distinct apertured or smooth textures. Overviews of the
experimental setup and schedule are shown in Figs. 1B, 3, B and D,
and 7B. The procedure consisted of three phases: baseline pretest-
ing, conditioning, and the CPP test. Pretesting (baseline) took place
on day 1, when the mice were given free access to the entire apparatus
for a 20-min period, and the time spent in each of the two compart-
ments was recorded and analyzed using the LimeLight software
(Coulbourn Instruments).

For cocaine CPP, mice were administered with alternate intra-
peritoneal injections of cocaine (15 mg/kg) or PBS and then were
placed into one conditioning chamber for PBS pairing and the other
for cocaine pairing for 30 min after each injection. For food-induced
CPP, mice were reduced to 85% of their ad lib weight over 7 days
before the beginning of conditioning. Mice were maintained at this
weight throughout the experiment and received their daily feeding
1 hour after conditioning sessions to eliminate mnemonic effects of
chow. During the 50-min conditioning period, mice were given
Froot Loops (food) in one chamber and nothing in the other chamber.
The conditioning phase consisted of a 4-day schedule of double-
conditioning sessions per day separated by an interval of at least
3 hours. Food was introduced on the baseline pretest day to habituate
the mice to Froot Loops.

After conditioning, CPP testing (test) was conducted using the
same procedure as in the pretest phase. A CPP score was calculated
by subtracting the time spent in the PBS/no food-paired chamber
from the time spent in the cocaine/food-paired chamber (seconds).

Jugular vein catheterization surgery and mouse
self-administration

Mouse jugular vein catheterization surgery and mouse self-administration
are adapted from our previous publication (53). Indwelling catheters
were constructed of polyurethane tubing (inner diameter, 0.012";
outer diameter, 0.025”; Braintree Scientific Inc., Braintree, MA).

140f 19

T20Z ‘9T Yose uo /Bio Bewaousios saoueApe//:diy woly papeojumod


http://advances.sciencemag.org/

SCIENCE ADVANCES | RESEARCH ARTICLE

Becn2*'~ and WT mice were anesthetized with isoflurane. Incisions
were made on the skin of the head and ventral neck, and the right
jugular vein was externalized. The end of the catheter was inserted
into the jugular vein via a small incision and was secured to the
vein and surrounding tissues with silk sutures (SouthPointe Surgical
Supply Inc., Coral Springs, FL). The exit port of the catheter passed
subcutaneously to the back where it was attached to a vascular ac-
cess button (Instech, Plymouth Meeting, PA), which was embedded
under mouse back skin and secured with suture. Buprenorphine
(Sigma-Aldrich, St. Louis, MO) was subcutaneously administered
(0.10 mg/kg) for postoperative analgesia once a day for at least 3 days.
To extend catheter patency, the catheters were flushed once a day
immediately after surgery or cocaine self-administration training
with 0.05 ml of heparin in saline (30 U/ml; Thermo Fisher Scientific,
Pittsburgh, PA). Cocaine IVSA was conducted in standard mouse
operant conditioning chambers (ENV-307A, Med Associates, Georgia,
VT) located in a behavioral procedure room. The chambers were
equipped with nose-poke sensors (ENV-313M, Med Associates) in
two holes located on one side of the chamber 1.0 cm above the floor;
cue and hole lamps located, respectively, above and in each hole;
and a house light located on the top of the chamber opposite the
holes. During cocaine IVSA training, one hole was set as active and
the other inactive. Nose pokes in the active hole triggered pump
(PHM-100, Med Associates) infusions (3 s) and turned on both cue
lamp and hole lamp (10 s). Nose pokes in the inactive hole and
active hole during the timeout period (30 s) had no programmed
consequences but were recorded. The vascular access button was
connected to the spring tether (Instech, Plymouth Meeting, PA)
via a magnetic adaptor for drug infusions. Swivels were suspended
above the chamber. An infusion pump and a syringe were located
inside of each cubicle.

After 3 to 7 days of recovery from the catheterization surgery,
mice were initially subjected to 3-hour daily sessions of cocaine IVSA
under a fixed ratio 1 (FR1) schedule for 5 days, and the cocaine re-
inforcement schedule was then changed to an FR2 for an additional
5 days. The unit dose of cocaine was used at 0.6 mg/kg per infusion
over 3 s (infusion volume, 6.6 ul) for IVSA in our study. Stable
IVSA, defined as deviations of less than 20% of the mean active re-
sponses in three consecutive training sessions, is established after
10 days of training. Following acquisition of IVSA, mice were tested
for IVSA with unit doses of 0.1, 0.6, and 1 mg/kg per infusion of
cocaine, respectively. Active and inactive responses to different doses
were recorded for 3 hours for each dose.

Elevated zero maze

The level of anxiety of animals was assessed in the elevated zero maze
test according to the method previously described (54). The zero
maze apparatus consisted of a 5-cm-wide circular track with an inside
diameter of 45 cm and elevation of 35 cm. It contained two open
quadrants and two close quadrants enclosed by 15-cm-high walls.
Mice were placed in one of the closed quadrants and allowed to in-
vestigate the zero maze for 5 min. During this time, the mice were
traced to determine total distance, distance traveled in open quad-
rants, time spent in open quadrants, number of crossings, and latency
by the LimeLight software (Coulbourn Instruments).

In vivo microdialysis and DA measurement
The in vivo microdialysis and DA measurement methods are adapted
from previous literature (55). Adult mice weighing 25 to 30 g were used
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for intracerebral microdialysis. A guide cannula was stereotaxically
implanted above mouse NAc [anterior-posterior (AP), +1.2 mm;
medial-lateral (ML), £1.0 mm; dorsal-ventral (DV), 4 mm] from
bregma. Twenty-four hours after implantation, a microdialysis probe
(2 mm dialyzing membrane, CMA-7, Harvard Apparatus, Cambridge,
MA) was inserted into the guide cannula and lowered down to the
NAc region in freely moving animals. The microdialysis probe was
flushed with artificial cerebrospinal fluid at a flow rate of 1 ul/min
using a microsyringe pump (Harvard Apparatus, Cambridge, MA).
Once the probe was positioned, the probe was flushed at 1 ul/min
for 180 min. Dialysate samples were collected at 60 and 30 min be-
fore and 0, 15, 30, 45, 60, 90, and 120 min after cocaine injection
(15 mg/kg, ip). Ten microliters of dialysate was derivatized using
BzCl. DA-1,1,2,2-d4 was used as an internal standard. At the com-
pletion of the experiment, animals were euthanized, and probe
placement was confirmed with histology.

Derivatized dialysate samples were analyzed by LC-MS using
Agilent 1290 UHPLC coupled to a 6460 triple quadrupole mass spec-
trometer (Santa Clara, CA) in multiple reaction monitoring mode.
Five microliters of samples was injected onto an InfinityLab Porshell
120EC-C18 (2.1 mm x 100 mm, 4 um, 100 A pore size). Samples
were analyzed in triplicate. Electrospray ionization was used in posi-
tive mode. Automated peak integration was performed using Agilent
MassHunter Workstation Quantitative Analysis for QQQ; all peaks
were visually inspected to ensure proper integration.

Synaptosome isolation

Purified synaptosomes were prepared through a discontinuous
Percoll gradient as previously described (56, 57) with modifications
to obtain presynaptic membrane. A workflow of synaptosome iso-
lation is displayed in fig. S8B. Briefly, mouse NAc and striatum were
collected and homogenized with 10 volumes of ice-cold homogeniz-
ing buffer [320 mM sucrose, 1 mM EDTA, 0.3 mM dithiothreitol
(DTT), and 5 mM tris (pH 7.4)] using Teflon-glass homogenizer
with 12 strokes and centrifuged at 1000g for 10 min at 4°C (whole-cell
lysate). The supernatant was further centrifuged at 17,000¢ for 20 min
at 4°C, and the obtained pellet (crude synaptosomes) was resus-
pended in 300 pl of homogenizing buffer and 1.2 ml of 3% Percoll
solution [3% Percoll, 320 mM sucrose,] mM EDTA, 0.3 mM DTT,
and 5 mM tris (pH 7.4)]. A Percoll gradient was made by layering
1.5 ml of 23% Percoll solution followed by 1.5 ml of 10% Percoll.
Resuspended crude synaptosomes were deposited on top of the Percoll
gradient and centrifuged at 31,000g for 5 min at 4°C. Centrifugation
speed was decelerated from the maximum down to 500 rpm and
then from 500 to 0 rpm. The synaptosome fraction was collected
between the 10% and the 23% Percoll bands and washed in 10 vol-
umes of sucrose/EDTA buffer [320 mM sucrose, 1 mM EDTA, and
5 mM tris (pH 7.4)] by centrifugation at 200,000g for 15 min at 4°C.
The pellet was resuspended in 0.5% Triton X-100/2 mM EDTA
solution, rotated for 15 min at 4°C, and centrifuged at 20,000g for
20 min at 4°C. The supernatant was used as the presynaptic mem-
brane fraction, and the pellet was dissolved in 0.5% SDS/50 mM
Hepes/2 mM EDTA solution as the postsynaptic density fraction.

Preparation of AAVs

The AAV-rTH-PI-Cre-SV40 plasmid and virus [1 x 10" genomic
copies (GC)/ml] were purchased from Addgene (no. 107788). AAV-
rTH-PI-EGFP and AAV-rTH-PI-mBecn2 virus (7 x 102 GC/ml)
were generated by the Boston Children’s Hospital Viral Core. The
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AAV-rTH-PI-GFP and AAV-rTH-PI-mBecn2 plasmids were
modified as follows. To construct the TH promoter—driving EGFP-
and mBecn2-AAV plasmids, the pAAV-rTH-PI-Cre-SV40 (Addgene,
no. 107788) was modified by replacement of the original Cre gene
with the EGFP gene or mBecn2 gene via the restriction sites Bsr GI
and Xba I using the In-Fusion HD Cloning Kit (Takara). The resulting
plasmids were named “pAAV-rTH-PI-EGFP” and “pAAV-rTH-
PI-mBecn2 AAV.” EGFP and mBecn2 were cloned from the pPEGFP-N1
(Takara) and Flag-CMV-mBecn2 plasmids (17), respectively, using
the following primers: primers for AAV-rTH-PI-GFP construction:
forward primer: 5'-AGTCGAGAATTGTACAGCCACCATGGT-
GAGCAAGGGCGAGGAGCTGTT-3'; reverse primer: 5'-GCGG-
CCCGACTCTAGACTACTTGTACAGCTCGTCCATGCCGA-
GAGA-3'; primers for AAV-rTH-PI-mBecn2 construction: forward
primer: 5'-AGTCGAGAATTGTACAGCCACCATGTCTCCTGC-
CCTCTTCCT-3’; reverse primer: 5'-GCGGCCCGACTCTAGAC-
TATTAAGGCCTCTGGACTCTGGAAAAC-3".

Stereotaxic surgery

For intracranial injection, 7-week-old mice were deeply anesthetized
by intraperitoneal injection of ketamine (100 mg/kg)/xylazine (10 mg/kg),
placed in the stereotaxic apparatus (Stoelting Instruments), and in-
tracranially injected with AAV-rTH-PI-Cre-SV40 (500 nl, 1.9 x
10" viral genomes/ml), AAV-rTH-PI-EGFP (1 ul, 7 x 102 GC/ml),
or AAV-rTH-PI-mBecn2 AAV (1 pl, 9 x 10> GC/ml) at 100 nl/min
into the VTA (coordinates relative to bregma: AP, 3.2 mm; ML,
0.3 mm; DV, —4.3 mm). The injection tip was left in place for at
least an additional 5 min and then slowly retracted. The incision was
closed with sutures. Mice remained on a heating pad until fully re-
covered from anesthesia and were given meloxicam (0.2 mg/kg,
subcutaneously) at 24-hour intervals for 2 days after surgery to aid
recovery. Animals were allowed to recover and housed for 3 weeks
to enable optimal virus expression before behavioral experiments.

Immunostaining of brain sections

Immunostaining of brain sections was used to validate AAV-directed
gene targeting or expression (mice were euthanized 2 to 3 weeks
after AAV administration) and to image DA neuron neurite density
in the NAc. Brain tissues were collected after perfusion with PBS and
4% paraformaldehyde (PFA). PFA-fixed brain tissues were cryostat-
sectioned at 40 um thickness. Sections were permeabilized with 0.5%
Triton X-100 for 30 min and then blocked in 5% normal goat serum
for 1 hour at room temperature. Free-floating coronal sections were
immunostained with anti-Becn2 (Millipore, ABC253), anti-GFP
(Invitrogen, A11120), and anti-TH (Millipore, AB152 and MAB318)
antibodies and then with Alexa Fluor or Alexa Fluor Plus 488-
conjugated secondary antibody (Invitrogen, A-11008, A-11001, and
A32723) and Alexa Fluor 594-conjugated secondary antibody
(Invitrogen, A-11012 and A-11005). Slides were mounted using
ProLong Diamond Antifade Mountant (Invitrogen, P36961). Fluo-
rescence images were acquired using a Nikon CSU-W1 spinning
disk confocal microscope. The images were analyzed using Nikon’s
NIS-Elements.

Rescue experiment with D2R antagonist

The D2R antagonist L-741,626 (AdooQ Bioscience, A133694) was
dissolved in DMSO at the stock concentration of 30 mg/ml and then
diluted in PBS to a working concentration of 0.3 mg/ml. Mice were
intraperitoneally injected with vehicle (PBS) or L-741,626 at 3 mg/kg
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of body weight 30 min before cocaine injection (15 mg/kg) in an
open-field test for locomotion analysis or at the conditioning phase
of CPP.

Biotin protection degradation assay

The biotin protection degradation assay was performed essentially
as previously described (17). HEK293 cells stably expressing Flag-
tagged D2R were transfected with scrambled shRNA or hBecn2
shRNA. After 72 hours, cells were washed with ice-cold PBS and
incubated with Sulfo-NHS-SS-Biotin (0.3 mg/ml; Thermo Fisher
Scientific, #21331) for 30 min at 4°C. After PBS wash, cells were then
returned to warm media for treatment. Cells labeled with “100%”
and “stripped” were left on ice in PBS. Other cells were treated with
10 uM DA for the indicated time (30 or 180 min) while “NT” was
treated with DMSO as a vehicle control. Cells except the 100% group
were then washed with cold PBS followed by treatment with the
stripping solution (50 mM glutathione, 0.3 M NaCl, 75 mM NaOH,
and 10% fetal bovine serum) at 4°C for 30 min. Cells were then treated
with the quench solution (50 mM iodoacetamide and 1% bovine
serum albumin in PBS) at 4°C for 20 min and extracted in lysis buffer
[0.1% Triton X-100, 150 mM NaCl, 25 mM KCl, 1x proteinase in-
hibitor, and 10 mM tris (pH 7.4)]. The D2R receptor was immuno-
precipitated using anti-Flag M2 antibody (Sigma-Aldrich) and
Protein A/G PLUS-Agarose beads (Santa Cruz Biotechnology, sc-2003)
at 4°C overnight. Precipitates were washed and treated with peptide
N-glycosidase F (New England Biolabs, P0705) at 37°C for 2 hours,
then denatured in SDS sample buffer without reducing agents, and
separated by SDS-polyacrylamide gel electrophoresis (PAGE).
Biotinylated proteins were visualized using the VECTASTAIN Elite
ABC immunoperoxidase reagent (Vector Laboratories, PK6100).
B-Actin from total cell lysates was used as an internal control for input.

Receptor trafficking and recycling assay by
antibody pulse chase
The antibody-feeding immunofluorescence-recycling assay was per-
formed as previously described (42, 58). Briefly, HEK293 cells stably
expressing Flag-D2R were transfected with scrambled shRNA or
hBecn2 shRNA. After 24 hours, cells were seeded on 0.5% gelatin-
coated coverslips, grown for 48 hours, and then fed with anti-FLAG
M1 antibody (Sigma- Aldrich, F3040) at the concentration of 3.5 ug/ml
for 30 min. Cells were left untreated as “O min” control or treated
with the agonist (DA, 10 uM) for 30 or 60 min, and then washed
with PBS without calcium to strip off the residual noninternalized
M1 antibody (M1 interaction to Flag is calcium sensitive). Cells were
fixed in 2% PFA (Sigma-Aldrich, P6148), permeabilized with
0.5% Triton X-100, and immunostained with anti-EEA1 (Invitrogen,
MA5-14794) or anti-LAMP1 (Cell Signaling Technology, #9091)
antibodies. An Alexa Fluor 488-conjugated secondary antibody
(Invitrogen, A-11037) was used to detect Flag, and an Alexa Fluor
594-conjugated secondary antibody (Invitrogen, A11037) was used
to detect EEA1 and LAMP1. Quantification of colocalization was
done using the Image] “coloc2” plugin with Costes threshold regres-
sion. The level of colocalization between D2R and EEA1 or LAMP1
was calculated as Pearson’s correlation coefficient, a well-established
measure of linear correlation between two variables (fluorophores)
in fluorescence microscopy (59).

To assess D2R recycling, cells were either fixed directly as 0-min
control or treated with 10 uM DA for 30 or 180 min. Then, cells
were washed in PBS without calcium to strip off noninternalized
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M1 antibody. To assess recycled D2R (“140 + 30 min washout”),
cells were subjected to agonist washout in PBS for 30 min, follow-
ing agonist (10 uM DA) treatment for 140 min and M1 antibody
strip-off. Cells were then fixed, permeabilized, and immunostained
as described above.

Autophagy analysis

For measuring the GFP-LC3 flux by microscopy, GFP-LC3 homo-
zygous transgenic mice were crossed to hBecn2 heterozygous KO mice
to generate GFP-LC3-expressing Becn2*'™ KO mice. Primary DA
neurons were isolated and cultured as previously described (60). Cells
were treated with or without 100 nM bafilomycin A1 for 4 hours on
day 10 in vitro. Cells were then fixed with 4% PFA, blocked, and
immunostained with anti-TH primary antibody (Millipore, AB152)
and Alexa Fluor 594-conjugated secondary antibody (Invitrogen,
A-11012). GFP-LC3 puncta were quantified by fluorescence microscopy.

For measuring the LC3 and p62 flux by Western blot analysis,
SH-SY5Y cells were transfected with pLKO.1-scrambled shRNA or
pLKO-hBecn2 shRNA (targeting site: AATTGGACTGCAGTTTCA-
GAG, NM_001290693.1,906-926). Seventy-two hours after transfec-
tion, cells were treated with or without 100 nM bafilomycin A1 for
4 hours. Cells were washed with DPBS and lysed in radioimmuno-
precipitation assay (RIPA) buffer, and lysates were analyzed by
Western blot analysis. The intensity of the LC3 and p62 bands was
determined by the Image]J software.

For measuring the LC3 flux in vivo, mice were intraperitoneally
injected with PBS or chloroquine (50 mg/kg). Four hours following
the injection, brain tissues were collected after perfusion with PBS
and 4% PFA. PFA-fixed brain tissues were cryostat-sectioned at 40 um
thickness. Sections were permeabilized with 0.5% Triton X-100 for
30 min and then blocked in 5% normal goat serum for 1 hour at room
temperature. Free-floating coronal sections were immunostained with
anti-TH (Millipore, MAB318) and anti-LC3 (Cell Signaling Technology,
3868) antibodies and then with Alexa Fluor Plus 488-conjugated
secondary antibody (Invitrogen, A32723) and Alexa Fluor Plus 594-
conjugated secondary antibody (Invitrogen, A32740). Slides were
mounted using ProLong Diamond Antifade Mountant (Invitrogen,
P36961), and fluorescence images were acquired using a Nikon
CSU-W1 spinning disk confocal microscope. The number of LC3
puncta (autophagosomes) was counted using the Image] software.

Proteostasis assay

Protein proteostasis and aggregation were assessed using the
PROTEOSTAT Protein Aggregation Assay (ENZO, ENZ-51023).
Proteostat is a molecular rotor dye that specifically detects protein
aggregates, inclusion bodies, and aggresome-like structures in cells and
cell lysates. SH-SY5Y cells were transfected with pLKO.1-scrambled
SshRNA or pLKO-Becn2 shRNA (targeting site: AATTGGACTG-
CAGTTTCAGAG, NM_001290693.1,906-926). Seventy-two hours
after transfection, scrambled shRNA-transfected cells were treated
with or without 10 pM proteasomal inhibitor MG132 for 4 hours or
50 pM lysosomal inhibitor chloroquine for 16 hours. Cells were
then stained with Proteostat according to the manufacturer’s in-
structions and observed by fluorescence microscopy. For quantifi-
cation of Proteostat fluorescence, 3 pg of protein was loaded in
black-bottom 96-well microplates, and the Proteostat detection
dye was added. Samples were incubated in the dark for 15 min.
Fluorescence intensity values were collected on a BioTek Synergy
HT microplate reader.
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Reverse transcription PCR

Total RNA was isolated from the prefrontal cortex and the VTA
using the TRIzol reagent (Invitrogen) and treated with DNA-free
reagent (Invitrogen, AM1906). One microgram of total RNA was
used for complementary DNA (cDNA) synthesis using the High-
Capacity cDNA Reverse Transcription Kit (Applied Biosystems,
4368814). Reverse transcription PCR was performed using the Plat-
inum Taq DNA Polymerase (Invitrogen). The primers used were as
follows: Becn2 forward primer: GACTGTCTTCAGCAGTTTGTGG;
Becn2 reverse primer: GTCAGCACTCAGGGGTCTAAG; Cre
recombinase forward primer: CGACCAGGTTCGTTCACTCA; Cre
recombinase reverse primer: CAGCGTTTTCGTTCTGCCAA; 36B4
forward primer: TTCGTGTTCACCAAGGAGGAC; 36B4 reverse
primer: ATGATCAGCCCGAAGGAGAAG.

Coimmunoprecipitation

For analysis of mouse Becn2-GASP1 interaction in vitro, mouse
Neuro2A cells were transfected with Flag-tagged mouse Becn2 con-
structs. At 48 hours after transfection, cells were lysed with lysis
buffer [50 mM tris (pH 8.0), 150 mM NaCl, 1 mM EDTA, 10% glycerol,
1% Triton X-100, and protease inhibitor cocktail]. To assess mouse
Becn2-GASP1 interaction in vivo, mouse brain was homogenized
in the above lysis buffer using the Dounce homogenizer. The lysates
were centrifuged at 14,000 rpm at 4°C for 20 min. The supernatant
was incubated with M2 anti-Flag antibody (Sigma-Aldrich) for cells
or with Becn2 antibody (Novus) for mouse brain and Protein A/G
PLUS-Agarose beads (Santa Cruz Biotechnology, sc-2003) with con-
stant agitation at 4°C for 2 hours. The precipitates were washed
three times with wash buffer [20 mM tris (pH 8.0), 150 mM NacCl,
1 mM EDTA, and 0.1% Triton X-100] and denatured in SDS load-
ing buffer at 95°C for 5 min. Eluates were separated by SDS-PAGE
and analyzed by Western blot analysis.

Western blot analysis

Cell or mouse brain protein was extracted in RIPA lysis buffer con-
taining 50 mM tris (pH 7.4), 150 mM NaCl, 1 mM EDTA, 1%
Triton X-100, and halt protease and phosphatase inhibitor cocktail
(Thermo Fisher Scientific, 78440) and subjected to Western blot
analysis. For analysis of kinase phosphorylation, NAc and striatal
tissues were isolated from mouse brain 15 min after cocaine (15 mg/
kg) or vehicle intraperitoneal injection. The following antibodies
were used in Western blot analysis: anti-MEK1/2 (Cell Signaling
Technology, 9122), anti-phospho-MEK1/2 Ser*'’/Ser**! (Cell Sig-
naling Technology, 9121), anti-p42/44 MAPK (ERK1/2) (Cell Sig-
naling Technology, 9102), anti-phospho-p42/44 MAPK (ERK1/2)
Thr"/Tyr*** (Cell Signaling Technology, 9101), anti-CREB (Cell
Signaling Technology, 9197), anti-phospho-CREB Ser'*? (Cell
Signaling Technology, 9198), anti-GASP1 (anti-GPRASP1, Prestige
Antibodies, Sigma-Aldrich, HPA000161), anti-Becn1 (Santa Cruz
Biotechnology, sc-11427), anti-Becn2 (Novus, NB110-60984 and
NB110-60982), anti-Flag-HRP (horseradish peroxidase) (Sigma-Aldrich,
A8592), anti-DIR (Sigma-Aldrich, D2944), anti-DAT (Millipore,
MAB369), anti-D2R (Abcam, ab85367), anti-Synaptophysin
(SVP38, Abcam, ab8049), anti-PSD95 (Novus, NB-300-556), anti-
Homerl (Antibodies-online Inc., ABIN1742339), anti-GluR1
(AMPA-R1, Millipore, AB1504), anti-NR1 (NMDA-R1, Abcam,
ab109182), anti-Synapsin1/SYNI (Cell Signaling Technology, 5297),
anti-LC3 (Novus, NB100-2220), anti-p62 (BD Biosciences, 610833),
and anti-ACTB/B-actin-HRP (Santa Cruz Biotechnology, sc47778
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HRP) antibodies. Band intensity of Western blot gel lanes was quan-
tified by the Image] software.

Statistical analysis

Statistical analysis was performed using the indicated analysis of
variance (ANOVA) or Student’s t test methods with the Excel or
GraphPad Prism software (table S1). The data shown are the means +
SEM. P values less than 0.05 were considered a significant difference.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/8/eabc8310/DC1

View/request a protocol for this paper from Bio-protocol.
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