DAutophagy == Teplor &Franci

s Autophagy

ISSN: (Print) (Online) Journal homepage: https://www.tandfonline.com/loi/kaup20

Autophagy coupled to translation is required for
long-term memory

Kiran Pandey, Xiao-Wen Yu, Adam Steinmetz & Cristina M. Alberini

To cite this article: Kiran Pandey, Xiao-Wen Yu, Adam Steinmetz & Cristina M. Alberini (2021)
Autophagy coupled to translation is required for long-term memory, Autophagy, 17:7, 1614-1635,
DOI: 10.1080/15548627.2020.1775393

To link to this article: https://doi.org/10.1080/15548627.2020.1775393

A
h View supplementary material &'

@ Published online: 17 Jun 2020.

N
CJ/ Submit your article to this journal &

||I| Article views: 1633

A
& View related articles &'

@ View Crossmark data (&'

CrossMark

f&] Citing articles: 9 View citing articles (&

Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalinformation?journalCode=kaup20


https://www.tandfonline.com/action/journalInformation?journalCode=kaup20
https://www.tandfonline.com/loi/kaup20
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/15548627.2020.1775393
https://doi.org/10.1080/15548627.2020.1775393
https://www.tandfonline.com/doi/suppl/10.1080/15548627.2020.1775393
https://www.tandfonline.com/doi/suppl/10.1080/15548627.2020.1775393
https://www.tandfonline.com/action/authorSubmission?journalCode=kaup20&show=instructions
https://www.tandfonline.com/action/authorSubmission?journalCode=kaup20&show=instructions
https://www.tandfonline.com/doi/mlt/10.1080/15548627.2020.1775393
https://www.tandfonline.com/doi/mlt/10.1080/15548627.2020.1775393
http://crossmark.crossref.org/dialog/?doi=10.1080/15548627.2020.1775393&domain=pdf&date_stamp=2020-06-17
http://crossmark.crossref.org/dialog/?doi=10.1080/15548627.2020.1775393&domain=pdf&date_stamp=2020-06-17
https://www.tandfonline.com/doi/citedby/10.1080/15548627.2020.1775393#tabModule
https://www.tandfonline.com/doi/citedby/10.1080/15548627.2020.1775393#tabModule

AUTOPHAGY
2021, VOL. 17, NO. 7, 1614-1635
https://doi.org/10.1080/15548627.2020.1775393

Taylor & Francis
Taylor & Francis Group

RESEARCH PAPER

W) Check for updates

Autophagy coupled to translation is required for long-term memory
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ABSTRACT

An increase in protein synthesis following learning is a fundamental and evolutionarily conserved
mechanism of long-term memory. To maintain homeostasis, this protein synthesis must be counter-
balanced by mechanisms such as protein degradation. Recent studies reported that macroautophagy/
autophagy, a major protein degradation mechanism, is required for long-term memory formation.
However, how learning regulates autophagy and recruits it into long-term memory formation remains
to be established. Here, we show that inhibitory avoidance in rats significantly increases the levels of
autophagy and lysosomal degradation proteins, including BECN1/beclin 1, LC3-l, SQSTM1/p62 and
LAMP1, as well as autophagic flux in the hippocampus. Moreover, pharmacological inhibition or
targeted molecular disruption of the learning-induced autophagy impairs long-term memory, leaving
short-term memory intact. The increase in autophagy proteins results from active translation of their
mRNA and not from changes in their total mRNA levels. Additionally, the induction of autophagy
requires the immediate early gene Arc/Arg3.1. Finally, in contrast to classical regulation of autophagy
in other systems, we found that the increase in autophagy upon learning is dispensable for the increase
in protein synthesis. We conclude that coupling between learning-induced translation and autophagy,
rather than translation per se, is an essential mechanism of long-term memory.

Abbreviations: AAV: adeno-associated virus; ARC/ARG3.1: activity regulated cytoskeletal-associated pro-
tein; ATG: autophagy related; DG: dentate gyrus; GFP: green fluorescent protein; IA: inhibitory avoidance;
LAMP1: lysosomal-associated membrane protein 1; MAP1LC3B/LC3B: microtubule-associated protein 1
light chain 3 beta; ODN: oligodeoxynucleotide; qPCR: quantitative polymerase chain reaction; SBI:
SBI0206965; SQSTM1/p62: sequestosome 1; SUNSET: surface sensing of translation; TRAP: translating
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Introduction

A major evolutionarily conserved biological requirement of
long-term memory formation is a significant increase in de
novo protein synthesis. Different types of learning have been
shown to elicit de novo mRNA translation, inhibition of which
prevents the consolidation and storage of long-term memories
[1-3]. The proteins generated by this increased translation
include gene expression regulators as well as effector proteins
necessary for long-term synaptic plasticity and the restructur-
ing of neural processes that store the new memory [4].

The learning-induced increase in mRNA translation
demands activation of homeostatic mechanisms, which must
take place in order to rebalance protein homeostasis (proteos-
tasis), hence maintaining a healthy system. A major process
that controls proteostasis is protein degradation [5-7].
Whereas de novo protein synthesis has been more extensively
investigated in plasticity and memory, as well as in cognitive
disorders [3,8,9], much less is known about whether and how
protein degradation contributes to these processes.

Protein degradation occurs via two main intracellular cata-
bolic systems, the ubiquitin—proteasome and autophagy-lyso-
some systems, both of which have been implicated in long-term

memory [10,11]. Although degradation of synaptic proteins via
the ubiquitin-proteasomal system has been partially investigated,
the potential regulation of long-term synaptic plasticity by auto-
phagy has been much less explored.

Autophagy is an evolutionarily conserved degradation pro-
cess that sequesters cytoplasmic proteins, lipids, nucleic acids,
polysaccharides, and even organelles into double-membrane
phagophores termed autophagosomes for subsequent lysoso-
mal degradation. There are three distinct types of autophagy:
chaperone-mediated autophagy (CMA), microautophagy, and
macroautophagy/autophagy.

Autophagy is initiated by dephosphorylation of ULK1 (unc-51
like kinase 1), which leads to the nucleation and assembly of the
initial phagophore membrane by the BECN1/beclin 1-containing
class III phosphatidylinositol 3-kinase (PtdIns3K) complex [12].
Maturation of the autophagosome is promoted by the activities of
multiple proteins, including the conversion of the cytosolic form
of MAPILC3B/LC3B (microtubule-associated protein 1 light
chain 3 beta; LC3B-I) to lipidated LC3B-II, which is recruited to
the phagophore membranes. The increased level of LC3B-II cor-
relates with increased number of autophagosomes, and thus,
LC3B-II level is considered a proxy of the autophagic flux [13].
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Autophagy is key to maintaining the development, integrity,
and survival of neurons [6,14], is regulated in response to cellular
starvation, stressors and damage [15], and is altered in diseases
[16,17]. Deficiencies in autophagy are associated with disorders of
aging [18], neurodegeneration [19,20], and neural development
[21], all of which have in common a failure to remove damaged
proteins and defective organelles. Although it is known that auto-
phagy modulates synaptic organization and plasticity by degrading
post-synaptic receptors [22-24], our understanding of its contri-
bution to learning and memory remains limited. Recent studies
functionally implicated autophagy in memory formation. Hylin
et al. [25] found that water maze learning in mice increased the
number of autophagosomes and that pharmacological inhibition
of autophagy with 3-methyladenine or spautin-1 in the hippocam-
pus prior to training disrupts long-term memory retention; con-
versely, activating autophagy with an activator peptide (Tat-Beclin
1) improved long-term memory. Glatigny et al. [24] reported that
contextual fear conditioning (CFC) in mice significantly increased
mRNA levels of Pik3c3/Vps34 and Atg5 but decreased the levels of
Sqstm1/p62. They also found that viral-mediated knockdown of
the autophagy proteins RB1CC1/FIP200, BECN1 or ATGI2 or
hippocampal injection of autophagy pharmacological inhibitors
spautin-1 and leupeptin disrupted novel object recognition and
CFC memories, whereas Tat-Beclin 1 promoted retention of both
types of memories. Bhukel et al. [26] reported that impairing
autophagy in the Drosophila learning center (mushroom body),
but not in other brain regions, triggered changes normally
restricted to aged brains. They also showed that blocking autopha-
gy leads to impaired associative olfactory memory and a brain-
wide ultrastructural increase of presynaptic active zones (meta-
plasticity), a state incompatible with memory formation.

Although these studies revealed that autophagy regulation
takes place following learning and is implicated in memory
formation, the mechanisms by which autophagy is regulated in
response to learning remains unknown. In particular, the rela-
tion between de novo mRNA translation and autophagy remains
to be understood. In fact, a fundamental and evolutionarily
conserved requirement for long-term memory is de novo
mRNA translation, which is rapidly induced upon learning
[3,27,28]. Thus far, studies on cancer, metabolic stress and cell
survival have led to the general conclusion that activation of
mRNA translation suppresses autophagy, whereas autophagy is
required to generate amino acids for crucial protein synthesis
[29,30]. Therefore, one would predict that autophagy induced by
learning is necessary for the increase in mRNA translation.

Here, we employed inhibitory avoidance (IA) in rats to
determine: i) whether learning regulates the levels of proteins
critical for all stages of autophagy, ii) whether and how
autophagy is linked to learning-induced translation, and iii)
how this link contributes to memory formation.

Results

IA learning upregulated autophagy and lysosome
proteins

IA learning in rats, which produces a long-term contextual
aversive memory after a single training trial, significantly
increased the levels of proteins involved in various steps of
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autophagy and lysosomal degradation. Specifically, we carried
out immunohistochemical staining of hippocampal rat sec-
tions at 1 h after training to relatively quantify: 1) BECN1,
which is required for the nucleation of phagophore, 2) LC3B,
which exists in an inactive cytosolic form that appears as
diffused cytoplasmic immunostaining, and as phosphatidy-
lethanolamine-conjugated form, which is recruited to autop-
hagosomal membranes and appears as punctate
immunostaining [13], 3) SQSTM1/p62 (sequestosome 1),
which interacts with poly-ubiquitinated protein aggregates
through a ubiquitin-binding domain and with LC3B through
its LC3-binding domain, and shuttles ubiquitinated proteins
to autophagosome, and, 4) LAMPI1 (lysosomal-associated
membrane protein 1), a marker of the heterogeneous popula-
tion of acidic vesicles including late endosomes and
lysosomes.

As shown in Figure 1, the levels of all these proteins
significantly increased with training throughout the dorsal
hippocampus relative to untrained controls. Morphological
assessment of the immunofluorescence in CA1 stratum pyr-
amidale and stratum radiatum and dentate gyrus (DG) stra-
tum granulosum and stratum moleculare indicated that the
proteins were mainly localized in neurons, except for
SQSTM1 and LAMP1, which were detected in both neuronal
and non-neuronal types of cells (Figure S1). Double immu-
nostaining with antibodies specific for autophagy proteins and
markers specific for neurons (MAP2 [microtubule-associated
protein 2]), astrocytes (GFAP [glial fibrillary acidic protein])
or microglia (AIF1/IBA1 [allograft inflammatory factor 1])
further confirmed that the inductions of BECN1 and LC3B
were found only in neurons. The number of colocalized ele-
ments was expressed as percent of cells positive for the auto-
phagy or lysosomal marker relative to the neuronal, astrocyte
of microglia marker. The induction of SQSTM1 was found to
be 98% in neurons and about 2% in microglia, and the
induction of LAMP1 was found to be 92.5% in neurons and
about 6% in astrocytes and 1.5% microglia (data not shown).

In the CA1 and DG hippocampal subregions, staining for
all proteins exhibited both diffuse cytosolic and punctate
fluorescence patterns. Punctate fluorescence of autophagy
markers like LC3B, BECN1 and LAMP1, and substrates, like
SQSTM1, is considered representative of autophagic struc-
tures [31]; hence, in addition to total fluorescence intensity,
we quantified the number and size of puncta.

Quantifications of confocal images taken in the soma or
process layers revealed that IA training increased the total
fluorescence intensity of BECN1, LC3B and LAMP1 in both
soma and processes, but the increase in SQSTM1 intensity
was observed exclusively in the soma (Figure 1), suggesting
that SQSTM1-selective autophagy mostly concerns neuronal
cell bodies. Nuclei, which were identified by 4',6-diamidino-
2-phenylindole (DAPI) labeling, were negative for all four
markers. In both CA1 and DG, training significantly increased
the number of puncta of all markers and the average sizes of
BECN1 and LAMP1 puncta. IA training significantly
increased the average size of LC3B puncta in CAl, but not
in DG, whereas the average size of SQSTM1 puncta did not
change in either hippocampal subregion. The increased num-
ber of puncta, presumably indicating the number of
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Figure 1. IA learning increased the levels of autophagy and lysosome proteins in the dorsal hippocampus. Representative dorsal hippocampal sections (top panels; scale bar:
500 pm) and confocal images of fields of view of the CA1 and DG hippocampal subregions (scale bar: 20 um) with higher-magnification enlargements below (scale bar: 5 pm) of
the corresponding boxed areas immunostained for (A) BECN1, (B) LC3B, (C) SQSTM1, and (D) LAMP1. Sections were obtained from rats trained (Tr) and euthanized 1 h later (n = 4).
Control untrained rats (U) were left in their home cages (n = 4). For each rat, 16 images (8 per side) were quantified and averaged. Dots represent the average values for each rat.
Two independent experiments of n = 2 each. Bar graphs represent relative quantifications of total immunofluorescence intensities (Total), intensity in cell soma (Soma) versus
processes (Process), and number and average size of puncta of the indicated proteins in CA1 and DG. (E) Representative western blots and densitometric analyses of LC3B (LC3-I
and -ll) normalized to ACTB, and the ratio LC3-II:LC3-I in dorsal hippocampus extracts obtained from rats trained and euthanized 1 h later. Control untrained rats (U) were left in
their home cages. n = 9 rats per group. Two independent experiments of n = 5 each and n = 4 each, respectively. Data are expressed as mean percentages + s.e.m of mean
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autophagic structures, and size of puncta, a measure of the
amount of cargo sequestered in the autophagic structures,
suggests that IA learning considerably alters the autophagy
process in the hippocampus. This increase in autophagy pro-
teins, in fact, may be due to either increase in autophagosome
formation or a blockade of autophagic flux, which would
accumulate autophagy proteins because of inhibition of fusion
of autophagosomes with lysosomes. Similar changes in immu-
nofluorescence intensities of BECN1, LC3B, SQSTMI1, and
LAMP1 were also observed in the CA2 and CA3 subregions
of the hippocampus (data not shown).

These training-induced changes in the dorsal hippocampus
were selective for associative learning: unpaired context-shock
experience (Un), which does not evoke IA memory [32,33],
did not change the intensity, number, or size of BECNI,
LC3B, SQSTM1, or LAMP1 puncta (Figure S1). Moreover,
immunostaining of each autophagy marker was confirmed
with additional antibodies (see methods for details, data not
shown) and the specificity of antibodies used was confirmed
by antisense oligodeoxynucleotide-mediated knockdown (see
below).

Western blot analysis for LC3B revealed a significant
increase in LC3B-II but no change in LC3B-I 1 h following
training (Figure 1E).

Unfortunately, despite extensive attempts to quantify
BECN1, SQSTM1 and LAMP1 by western blot analyses in
dorsal hippocampal extracts (seven different types of lysis
buffer and multiple tissue dissection conditions described in
the methods section), we failed to produce reproducible
results, except for LC3B in extracts obtained with sample
buffer (described in the methods section). In other words, in
some but not all repetitions of western blot experiments, we
were able to detect significant increases in BECN1, SQSTM1
and LAMP1 (examples of no change shown Figure S2). The
different outcome on BECN1, SQSTM1 and LAMP1 western
blots compared to immunohistochemical assessments could
be due to the injury response caused by tissue dissection
required for western blots and/or relative changes vs. antibody
reactivity. Alternatively, it is also possible that changes could
not be reliably detected by western blot analysis due to
a relatively limited number of cell populations affected by
training. Nevertheless, these changes could be consistently
detected by immunohistochemical analyses.

Collectively, our data demonstrated that IA learning upre-
gulates proteins critical for autophagy throughout the dorsal
hippocampus. The proteins accumulate with distinctive fea-
tures in particular sub-regions and subcellular compartments.

IA learning increased autophagic flux

To measure autophagic flux, AAV-mCherry-GFP-LC3B was
expressed in the dorsal hippocampus of rats [34]. The fused
mCherry-GFP-LC3B is a pH-sensitive sensor that is used to
monitor autophagy in live cells. The GFP tag is acid-sensitive
while the mCherry tag is acid-insensitive. As LC3B-II is
recruited to autophagosomal membranes, the double-tagged
mCherry-GFP-LC3B-labeled puncta appear yellow in autop-
hagosomes. However, fusion of autophagosomes to late endo-
somes or lysosomes (i.e., when there is autophagic flux)
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results in acidic amphisomes or autolysosomes where the
green fluorescence from GFP is lost, hence resulting in an
increase in red puncta. Subsequently, the red fluorescence
from mCherry is lost when the double-tagged protein is
degraded.

Three weeks of viral infection showed reliable and strong
expression of mCherry-GFP-LC3B in the dorsal hippocampus
(Figure 2A) and was used in all our autophagic flux
experiments.

Autophagic flux was assessed 1 h after IA training by
analyzing four parameters to measure autophagosome content
and LC3B flux: (i) the percentage of infected (transduced)
cells containing LC3B puncta to assess the changes in
response to learning; (ii) the ratio between number of red
and yellow LC3B puncta to evaluate LC3B flux; (iii) the total
number of GFP and mCherry puncta per cell, to account for
amount of vesicular content; and (iv) the average size of red
LC3B puncta.

In the CAl subregion of dorsal hippocampus of the
untrained control rats, 41.4% of AAV-transduced cells con-
tained LC3B puncta. The remaining 58.6% of transduced cells
showed strong but diffused cytosolic LC3B staining. Upon IA
training, the number of transduced cells were similar com-
pared to that of untrained but the number of cells with LC3B
puncta increased significantly to 59.6% of the transduced cells
(Figure 2B). In the DG of untrained rats, 24.6% of transduced
cells contained LC3B puncta. Upon training, the number of
cells with LC3B puncta in DG increased significantly to 57.4%
of the transduced cells (Figure 2C). Training also significantly
increased the total number of LC3B puncta, especially the
number of red LC3B puncta, indicating that LC3B punctate
structures increased in acidified compartments. Notably, rela-
tive to untrained controls, trained rats showed a trend toward
an increase in the number of LC3B puncta per cell, which was
not statistically significant (p = 0.07); however, they had
a significant increase in the size of red LC3B puncta in CAl
(Figure 2B). In DG, training significantly increased the num-
ber of LC3B puncta per cell and decreased the size of red
puncta (Figure 2C). We concluded that IA training signifi-
cantly augmented autophagic flux in the dorsal hippocampus.
In addition, the differences in the size of red puncta in
different sub-regions of the hippocampus suggested that au-
tophagy is differentially regulated in the different hippocam-
pal sub-regions.

Inhibition of autophagy impaired long-term memory

We then tested the effect of blocking autophagy-lysosome
functions in the dorsal hippocampus of rats immediately
after IA training on memory retention. First, we determined
the dose-response curves of: i) SBI0206965 (SBI), a selective
blocker of ULK1 phosphorylation that prevents initiation of
phagophore formation; ii) bafilomycin A;, a vATPase inhibi-
tor that blocks autophagosome-lysosome fusion, thus pre-
venting autophagic flux, and two inhibitors of lysosomal
function: iii) chloroquine, which blocks lysosomal acidifica-
tion and iv) leupeptin, which blocks cysteine-serine-threonine
peptidases. These experiments identified optimal doses of the
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Figure 2. |A learning increased autophagic flux in the dorsal hippocampus. (A) Representative dorsal hippocampal sections (scale bar: 500 um), confocal images of
fields of view (scale bar: 50 um), and higher-magnification enlargements (scale bar: 10 um; below) taken from (B) CA1 and (C) DG subregions of dorsal hippocampus
infected with AAV-mCherry-GFP-LC3B in rats trained (Tr) and euthanized 1 h later, compared with untrained (U) rats. Bar graphs represent relative quantifications of
yellow and red LC3B puncta fluorescence intensity (autophagic flux), percentage of infected (transduced) cells containing LC3B puncta, total number of LC3B (yellow
and red LC3B) puncta per cell, and average size of red LC3B puncta per cell in CA1 and DG. Data are shown as mean percentages + s.e.m. of untrained control (U)
mean values. n = 4 rats per group. Two independent experiments of n = 2 each. Autophagic flux: for each rat, 16 images (8 per side) were quantified and averaged.
Total number and size of puncta: for each rat, 20-25 cells were quantified and averaged. Dots represent the average values for each rat. Two-way ANOVA followed by
Sidak’s post-hoc analysis. Unpaired t-test was used for all other comparisons. * P < 0.05, ** P < 0.01, *** P < 0.001. Numeric values and detailed statistical analyses

are reported in Table S1.

autophagy-lysosomal inhibitors that significantly impaired
memory retention (Figure S3).

Using the optimal doses, we then confirmed that SBI and
bafilomycin A; block autophagic flux in the hippocampus
in vivo. By preventing degradation of autophagy proteins,
these inhibitors are in fact expected to cause their accumulation

[31,35]. Compared to vehicle, bilateral hippocampal injection
of either 5 mM of SBI or 0.02 uM of bafilomycin A; caused
significant accumulation of training-induced LC3B and
SQSTM1 in both CAl and DG (Figure 3A,B) at 1 h after
training. Bafilomycin A; significantly enhanced the cytoplasmic
fluorescence (total intensity) of LC3B and SQSTMI1 as well as
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untrained rats (U, Veh). For A and B, n = 4 rats per group; two independent experiments of n = 2 each. For each rat, 16 images (8 per side) were quantified and
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the size of LC3B puncta, which appeared as large aggregates, in
both CA1l and DG of trained rats; furthermore, it decreased the
number of LC3B puncta but increased the number of SQSTM1
puncta in both hippocampal subregions. SBI significantly upre-
gulated the level of cytoplasmic LC3B fluorescence; it also
increased the size of LC3B puncta but significantly reduced
the number of LC3B puncta in CAl, but not in DG, and did
not change SQSTMI puncta size or number in either subregion
(Figure 3A,B). Neither SBI nor bafilomycin A; changed the
LC3B or SQSTM1 fluorescence intensities or puncta number
and size in untrained rats, confirming that the changes in
autophagy protein levels are IA learning-dependent (Figure
S4A,B). As an increase in the intensity and size of LC3B and
SQSTM1 puncta in the presence, as compared to absence, of
a lysosome inhibitor, presumably correlates with the number of
autophagosomes that would have been degraded during the
treatment period [31], we concluded that the inhibitors indeed
blocked the progression of autophagy induced by IA learning.

Finally, we determined the effect of all inhibitors on learn-
ing, short-term and long-term memory retentions. Bilateral
hippocampal injection of SBI, bafilomycin A;, chloroquine
(2 mM), or leupeptin (10 mM) immediately after IA training
significantly impaired memory retention at 1 d (Test 1, T1)
and 7 d (Test 2, T2) after training (Figure 3C). The memory
loss caused by the inhibitors was not reversed by a reminder
footshock (RS) given in a different context 1 d after Test 2 and
tested 1 d later (Test 3, T3), indicating that blocking autopha-
gy prevents memory consolidation and storage. Furthermore,
bilateral injection of autophagy or lysosomal inhibitor had no
effect on short-term memory (STM), tested 1 h after training
(Figure 3D). The inhibitors’ failure to affect short-term mem-
ory indicated that their disruptive effects on long-term mem-
ory were not due to nonspecific alteration in the ability to
perform the inhibitory avoidance task.

Furthermore, none of the inhibitors affected locomotion/
anxiety measures, as determined by open field response 1 d
after injection. In fact, compared to vehicle-injected controls,
rats that received the injection of the autophagy inhibitors had
similar total distance traveled, mean velocity, and time spent
in the center of the open field arena (Figure 3E). Rats that
received bilateral injection of inhibitors into the dorsal hippo-
campus, which exhibited memory impairment, were able to
acquire a new IA memory following retraining, indicating that
the hippocampus was not functionally damaged by the injec-
tion of the inhibitors (Figure S3). Finally, hippocampi injected
with SBI or bafilomycin A; showed no evidence of cell death,
as determined by TUNEL immunostaining 24 h after injection
(Figure S4C,D). We concluded that autophagy and lysosomal

degradation in the hippocampus are required for long-term
memory formation.

Knockdown of ATG7, BECN1, or LC3B disrupted long-term
memory

To confirm the pharmacological data, we employed selective
targeted knockdown of key proteins involved in autophagy or
lysosomal functions. In order to avoid compensatory changes
arising in response to persistent inhibition of autophagy, we
used temporally limited knockdown approaches via antisense
oligodeoxynucleotide (ODN) or siRNA delivery. These are
efficient methods extensively proven to block increases in
proteins evoked by learning [32,33,36,37]. Specifically, we
employed antisense oligodeoxynucleotide (ODN) against
either Becnl or Lc3b, or siRNA against the autophagosome
biogenesis regulator Atg7 [38].

Compared to the respective control sequences, Atg7 siRNA
and antisense ODN’s against BecnI or Lc3b, injected bilaterally
into the dorsal hippocampus 0.5 h before IA training, signifi-
cantly decreased the levels of the respective target proteins 1 h
after training (Figures 4 and S5A,B).

Atg7 siRNA and antisense ODNs against Becnl or Lc3b
significantly impaired memory retention 1 d after IA training
(Test 1, T1) relative to the respective control sequences.
Memory impairment persisted at 7 d after training (Test 2,
T2) (Figure 4). A reminder footshock given in a different
context failed to reinstate memory (Test 3, T3), indicating
an effect of memory formation rather than expression or
inhibition. Retraining a day later resulted in significant mem-
ory retention the following day (Test 4, T4), showing that the
disruption of memory by the antisense ODNs or siRNAs did
not functionally damage the hippocampus. We detected no
effects on short-term memory (STM) (Figure 4), or locomo-
tion and anxiety measures tested using the open field task
(Figure S5C), with either antisense ODNs or Atg7 siRNA. In
sum, similar to what we found with pharmacological inhibi-
tors, also targeted molecular knockdown of ATG7, BECNI or
LC3B, restricted to a short temporal window around the time
of IA learning, impaired the formation of long-term memory,
while leaving learning and short-term memory intact.

Autophagy induced by IA learning required de novo
translation, but this translation did not require
autophagy

Next, we investigated whether IA learning-dependent upregu-
lation of autophagy protein levels and autophagic flux resulted
from transcriptional or translational regulation. Because the

averaged. Dots represent the average values for each rat. One-way ANOVA followed by Tukey’s post-hoc analysis. (C-E) Experimental schedules are shown above
graphs. (C) Memory retention is expressed as mean latency + s.e.m. (in s). Rats were bilaterally injected (1) with SBI, bafilomycin A;, chloroquine, or leupeptin
immediately after training (Tr), and retention was tested 1 d (Test 1, T1) and 7 d (Test 2, T2) after training. One day later, the rats then underwent a reminder shock
(RS) and were tested again one day later (9th day after training; Test 3, T3). n = 8-12 rats per group. For SBI, chloroquine and leupeptin: two independent
experiments of n = 4 each. For bafilomycin A;: three independent experiments of n = 4 each. Two-way repeated measure ANOVA across testing times followed by
Sidak’s post-hoc analysis. (D) Memory retention is expressed as mean latency + s.e.m. (in s). Rats trained (Tr) and bilaterally injected (1) with SBI, bafilomycin A,,
chloroquine, or leupeptin immediately after training were tested 1 h later for short-term memory. (E) Rats trained (Tr) and injected (1) immediately after with the
autophagy inhibitors were assessed for average distance traveled (in cm), mean velocity (in cm/s), and time spent in the center of the open field (in s). For D and E,
n = 8 rats per group. Two independent experiments of n = 4 each. One-way ANOVA followed by Tukey’s post-hoc analysis. * P < 0.05, ** P < 0.01, *** P < 0.001.

Numerical values and detailed statistical analyses are reported in Table S1.
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Figure 4. Knockdown of ATG7, BECN1, or LC3B expression impaired long-term memory. Experimental schedules shown at the top are related to: left panels, protein
knockdown efficiency; middle panels, short-term memory; and right panels, long-term memory of (A) Atg7 siRNA, (B) BecnT antisense-ODN, and (C) Lc3b antisense-
ODN. Left panels: Representative western blot and densitometric analyses of ATG7 normalized to ACTB in dorsal hippocampus extracts obtained from rats bilaterally
injected (1) with Atg7 siRNA, and relative quantifications of total immunofluorescence intensities of BECNT and LC3B in dorsal hippocampus sections obtained from
rats bilaterally injected with antisense-ODNs (AS-ODN) against Becn1 or Lc3b relative to controls (control-siRNA or scrambled-ODN) 0.5 h before training and
euthanized (Euth) 1 h after training. Control (Untrained, U) rats were bilaterally injected with the same interfering sequences and euthanized at matched timepoints.
Western blot: n = 4 rats per group. Each dot represents a densitometric value from one rat. Inmunostaining: n = 4 rats per group. Two independent experiments of
n = 2 each. For each rat, 16 images (8 per side) were quantified and averaged. Dots represent the average values for each rat. Two-way ANOVA followed by Sidak’s
post-hoc test showed significant knockdown. Middle panels: short-term memory retention expressed as mean latency + s.e.m. (in s) of rats bilaterally injected (T)
with siRNA or antisense-ODNs 0.5 h before training (Tr) and tested 1 h after training (Test), relative to controls. Right panel: long-term memory, expressed as mean
latency + s.e.m. (in s) of rats bilaterally injected (1) with Atg7 siRNA or antisense-ODNs or control sequences 0.5 h before training (Tr). Memory retention was tested 1
d (Test 1, T1) and 7 d after training (Test 2, T2). Rats then received a reminder shock (RS) 1 d later and were tested again the day after (Test 3, T3). Rats were then
retrained and tested 1 d after re-training (Test 4, T4). For middle and right panels: n = 8 rats per group. Two independent experiments of n = 4 each. Two-way
repeated-measures ANOVA followed by Sidak’s post-hoc analysis. * P < 0.05, ** P < 0.01, *** P < 0.001. Numerical values and detailed statistical analyses are reported
in Table S1.
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immediate early gene Arc/Arg3.1 (activity-regulated cytoske-
letal-associated protein, encoding for the protein ARC/
ARG3.1, thereafter referred to as ARC) is rapidly induced in
neurons following stimuli at both the transcriptional and
translational levels, its upregulation is widely used as an
index of neuronal activation, particularly in learning and
memory, where it plays critical roles [39-41].

Quantitative polymerase chain reaction (qQPCR) of dorsal
hippocampal extracts revealed that, while, as expected, IA
training significantly increased the mRNA level of Arc at 1 h
after training, the mRNA levels of Becnl, Lc3b, Sgstml and
Lampl in trained rats remained unchanged relative to
untrained controls (Figure 5A).

We then investigated the IA learning-induced translational
regulation of ARC and two of the autophagy/lysosomal mar-
kers, LC3B and LAMPI, using the translation inhibitor ani-
somycin. Anisomycin or vehicle was injected bilaterally into
the dorsal hippocampus 0.5 h before training, and, in parallel,
into untrained controls. The animals were euthanized 1 h
after training, or at matched timepoints for the control rats.
Immunohistochemical analyses revealed that anisomycin
blunted the training-dependent increases in ARC, LC3B, and
LAMPI intensities in both CAl and DG (Figure 5B) without
changing the levels of the three proteins in untrained controls
(Figure S6A). These data indicated that IA learning-
dependent upregulation of ARC, LC3B and LAMP1 requires
de novo translation. Furthermore, anisomycin given bilaterally
0.5 h before training completely blocked the training-induced
autophagic flux, as determined by mCherry-GFP-LC3B
immunofluorescence in CAl and DG at 1 h after training
(Figures 5C and S6B) but had no effect in untrained rats. In
fact, only in trained rats, anisomycin significantly decreased
the intensity of red puncta, the total number of LC3B puncta
per cell, the average size of red LC3B puncta in CAl and DG
cells (Figure 5C), and the percentage of infected (transduced)
cells containing LC3B puncta (Figure S6C). Hence, learning-
dependent upregulation of autophagy proteins and the result-
ing autophagic flux is regulated at the level of translation.

To further confirm that the increase of autophagy protein
levels following IA learning is a consequence of active transla-
tion, we determined whether mRNAs encoding for autophagy
proteins are bound to ribosomes. Toward this end, we immu-
noprecipitated phosphorylated RPS6 (ribosomal protein S6;
Ser 240-244, hereafter pRPS6) and then performed qPCR on
the ribosome-bound mRNAs to identify the fraction of
mRNAs that are presumably undergoing translation in acti-
vated neurons [41,42]. Immunohistochemical staining con-
firmed the expected significant increase of pRPS6 protein
levels in the dorsal hippocampus 1 h after training (Figure
6A). Immunoprecipitation with anti-pRPS6 antibody yielded
a significantly higher amount of bound RNA from the dorsal
hippocampal extracts of trained rats compared to untrained
controls (Figure 6B). qPCR analyses of these pRPS6-bound
RNA fractions showed significant enrichment of Arc, Lc3b,
Sgstml and Lampl but not Becnl mRNAs in trained rats
relative to untrained controls (Figure 6C).

To confirm these data using another approach, we
employed translating ribosome affinity purification (TRAP)
[43] using AAV-hSyn-EGFP-RPL10A. Three weeks of

infection showed reliable expression of GFP-labeled ribosomal
protein RPL10A specifically in neurons of dorsal hippocam-
pus (Figure 6D). Anti-GFP antibodies immunoprecipitated
significantly higher amounts of bound mRNAs from the dor-
sal hippocampi of trained rats compared to untrained controls
(Figure 6E). qPCR analyses of GFP-RPL10A-bound mRNAs
showed that there was a significant enrichment of Arc, Lc3b,
Sgstml and Lampl but not Becnl mRNAs 1 h after training
relative to the untrained controls (Figure 6F).

The current general view suggests that autophagy is
required to generate amino acids for crucial protein synthesis
[29,30]. Therefore, to determine whether autophagy is neces-
sary for the increase in protein synthesis evoked by IA learn-
ing, we assessed global protein synthesis in the dorsal
hippocampi of rats by employing surface sensing of transla-
tion (SUnSET) [44]. As shown in Figure 6G, the increase in
global protein synthesis evoked 1 h after IA learning was not
affected by the autophagy inhibitor bafilomycin A; injected
together with puromycin 0.5 h before training, indicating that
learning-induced de novo translation does not require
autophagy.

Collectively, these data indicated that IA learning signifi-
cantly increases autophagy by regulating the translation of
mRNAs encoding for autophagy proteins. They also showed
that autophagy is dispensable for the increase in protein
synthesis evoked with learning.

ARC was required for the increase in autophagy following
IA learning

ARC is rapidly translated in active dendritic compartments
following neuronal activation [45] and is critical for traffick-
ing endosomal network vesicles [46], a subcellular compart-
ment in potential communication with lysosomes. In
addition, experiments in neuronal cultures suggested that
ARC is a target of autophagy [47]. Thus, we asked whether
and how ARC induction relates to the induction of autopha-
gy. Given the fact that ARC is rapidly translated following
learning and that autophagy requires translation, here, we
tested whether ARC induction is upstream of translation of
autophagy proteins.

As shown by immunofluorescence-based relative quantifi-
cation analyses in CAl and DG, bilateral injection of Arc
antisense ODN (AS-ODN) into the dorsal hippocampus com-
pared to scrambled ODN (SC-ODN) 0.5 h before training, as
expected [36], validated the knockdown of the learning-
dependent increase in ARC at 1 h after training. Arc-AS
ODN did not change ARC levels in untrained control rats
Notably, Arc-AS ODN also blunted the IA-dependent induc-
tion of LC3B and LAMP1 (Figure 7A) without changing ARC,
LC3B, or LAMPI intensities in the hippocampi of untrained
control rats (Figures 7A and S7A), once again supporting the
conclusion that upregulation of autophagy, like that of ARC,
is learning-dependent. Consistent with these data, Arc-AS
ODN also completely blocked the increase in autophagic
flux in dorsal hippocampus, as determined by the fluorescence
analyses of yellow and red LC3B puncta following AAV-
mCherry-GFP-LC3B infection. Specifically, Arc-AS ODN sig-
nificantly decreased the total number of LC3B puncta per cell,
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Figure 5. Increase in the levels of autophagy proteins and autophagic flux following learning required de novo translation. (A) Quantification of relative mRNA levels
of Arc, Becn1, Lc3b, Sgstm1 and Lamp1 in dorsal hippocampus 1 h after IA training. Data are presented as mean percentages + s.e.m. of untrained rats (U). n = 7-9
rats per group. Two independent experiments of n = 5 each and n = 2-4 each. (B) Representative confocal images of CA1 and DG areas (scale bar: 20 ym) and
quantifications showing ARC, LC3B, and LAMP1 immunofluorescence intensities from rats bilaterally injected with anisomycin (Ani) or vehicle (Veh) 0.5 h before
training and euthanized 1 h after training. Control (Untrained) rats were bilaterally injected with anisomycin or vehicle and euthanized at matched timepoints. Data
are presented as mean percentages + s.e.m. of vehicle-injected untrained rats (U, Veh). n = 4 rats per group. Two independent experiments of n = 2 each. For each



1624 K. PANDEY ET AL.

rat, 16 images (8 per side) were quantified and averaged. Dots represent the average values for each rat. Two-way ANOVA followed by Tukey's post-hoc analysis. (C)
Representative confocal images (scale bar: 10 pm) and quantifications of AAV-mCherry-GFP-LC3B-infected cells in CA1 and DG, showing red and yellow LC3B puncta
in the dorsal hippocampus of rats bilaterally injected with anisomycin (Ani) or vehicle (Veh) 0.5 h before IA training and euthanized 1 h after training. Relative
quantifications of total number of LC3B puncta per cell and average size of red LC3B puncta per cell in CAT and DG areas. Data are presented as mean percentages +
s.e.m. of the value in vehicle-injected untrained rats (U, Veh). n = 4 rats per group. Two independent experiments of n = 2 each. Autophagic flux: for each rat, 16
images (8 per side) were quantified and averaged. Total number and size of puncta: for each rat, 20-25 cells were quantified and averaged. Dots represent the
average values for each rat. Two-way ANOVA followed by Tukey's post-hoc analysis. * P < 0.05, ** P < 0.01, *** P < 0.001. Numerical values and detailed statistical

analyses are reported in Table S1.

the average size of red LC3B puncta in CA1 cells (Figure 7B),
and the percentage of infected (transduced) cells showing
LC3B puncta (Figure S7B). Untrained control rats injected
with either Arc-AS ODN or SC-ODN did not show any
significant differences (Figures 7B and S7C).

We concluded that ARC induced by training is required
for the IA learning-dependent increase in autophagy proteins
and autophagic flux.

Discussion

We showed that episodic learning leading to long-term mem-
ory causes significant upregulation of proteins involved in
autophagy and lysosomal degradation as well as of autophagic
flux in the dorsal hippocampus. Quantifications based on
morphological — assessment and confirmed by co-
immunostaining with cell type-specific markers indicated
that this upregulation occurs mostly in neurons. However,
our data did not exclude that learning increases autophagy
to a lesser extent also in other cell types, such as astrocytes
and microglia. We also showed, in agreement with previous
findings [24-26], that autophagy induced by learning is
required for long-term memory formation. Thus, autophagy,
in addition to its established roles in neuronal survival and
response to starvation, stress or injuries, plays a critical role in
healthy brain functions, such as learning and memory.

We found that the increase in autophagy proteins upon IA
learning does not result from changes in their mRNA levels,
but rather from their translational regulation, as shown by
multiple evidences that revealed increased recruitment of
Lc3b, Sgstml and Lampl mRNAs to actively translating ribo-
somes upon training. This regulation at the translational level
is peculiar, as in most biological systems investigated thus far,
with the exception of two studies, one in Drosophila early
oogenesis [48] and the other in HEK cell cultures and nutrient
starvation [49], the regulation of autophagy and lysosomal
pathways expression had been reported to occur mostly at
the transcriptional [50,51] and post-translational levels
[52,53]. Hence, our data suggest that in the brain, and parti-
cularly in neurons, the regulation of autophagy and lysosomal
functions in response to experience follows distinctive
regulations.

Furthermore, in contrast to starvation, stress, cancer and
apoptosis, conditions in which autophagy and mRNA transla-
tion seem to be inversely related [30,54], we found that upon
IA learning, there is a positive coupling between autophagy
and de novo protein synthesis. We also found that while
autophagy requires de novo translation, the global de novo
translation evoked by IA learning is not dependent on

autophagy, thus indicating that with learning, the regulation
of translation is upstream of the induction of autophagy.

Important future questions to be addressed are: the iden-
tity of cargoes targeted by the learning-induced autophagy,
the possible distinctive functions of compartmentalized reg-
ulations in pre-synaptic, post-synaptic, and soma structures
and in distinct cell types, and the elucidation of whether and
how selective regulations of autophagy occur in different
functional conditions. For example, autophagy induced by
starvation or injury may employ differential mechanisms of
autophagy regulations compared to that evoked by learning.

Neurons are highly compartmentalized and, in response
to stimuli, such as learning, undergo high rates of vesicle
trafficking, membrane restructuring, and morphological
changes, in addition to de novo protein synthesis [46,55].
Autophagy can rapidly supply material support, as well as
control homeostatic regulation of all these changes. Thus,
our data showing a coupling between the increase in protein
synthesis and the induction of autophagy upon IA learning
provide a possible explanation for how activated neurons can
maintain protein homeostasis under healthy conditions.
Furthermore, de novo translation is known to be required
for structural plasticity of dendritic spines as well as of
presynaptic compartments [7,56], and growing evidence sug-
gests that activity induces translation near the stimulated
spines to regulate cytoskeletal remodeling and spine mor-
phogenesis [55]. Hence, we propose that, rather than trans-
lation per se, it is the coupling of activity-dependent
translation and autophagy that is critical for structural plas-
ticity. We speculate that autophagy plays an important role
in degrading molecules and/or structures that need to be
removed in order to allow new changes to occur efficiently.
We also speculate that this balance in activity-dependent
protein synthesis and degradation is critical for maintaining
healthy neuronal functions and that its alteration leads to
diseases of protein accumulation.

We found that the IA learning-induced increase in levels of
the autophagy proteins BECN1, LC3B, SQSTM1 and LAMP1,
detected mostly in neurons, was widespread throughout the
hippocampus and its subregions, indicating that autophagy,
like de novo translation, occurs abundantly in a variety of
neuronal populations. The distinct cellular and subcellular
distribution of the increase in autophagy and lysosomal pro-
teins BECN1, LC3B and LAMP1 indicated that these proteins
augmented in both soma and processes of neurons whereas
SQSTM1 increased only in the soma. SQSTM1 and LAMPI,
however, also increased in astrocytes and microglia. Hence,
distinct, cell type-specific and compartmentalized regulations
of autophagy and lysosomal degradation processes [14]
underlie long-term memory.
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Figure 6. IA learning increased the recruitment of Arc and autophagy markers mRNAs to actively translating ribosomes. (A) Representative confocal images of CA1
and DG subregions (scalebar: 10 pm) showing p-RPS6 immunostaining 1 h after training. (B) RNA yield immunoprecipitated with anti-pRPS6 or control (IgG) antibody
from dorsal hippocampal extracts of untrained (U) and trained (Tr) rats. n = 6 rats per group; Six independent experiments. Two-way ANOVA followed by Tukey's
post-hoc analysis. (C) Relative levels of Arc, Becnl, Lc3b, Sqstm1 and Lamp1 mRNAs determined by gqPCR performed on RNA immunoprecipitated with anti-pRPS6
antibody or IgG from dorsal hippocampus extracts of untrained (U) and trained (Tr) rats. Each U and Tr anti-pRPS6 immunoprecipitation were normalized against its
relative 1gG group. n = 6 rats per group. Six independent experiments. Unpaired t-test. (D) Dorsal hippocampus images (scale bar: 500 pm) and representative
confocal images of CA1 and DG subregions (scalebar: 10 um) showing infection of AAV-hSyn-EGFP-RPL10A. (E) Yield of RNA immunoprecipitated using anti-GFP
antibodies from dorsal hippocampal extracts of untrained (U) and trained (Tr) rats infected with AAV-EGFP-RPL10A (EGFP-RPL10A) compared to uninfected controls
(Control). AAV-EGFP-RPL10A untrained or trained, n = 8 rats per group; uninfected untrained or trained, n = 4 rats per group. (F) qPCR performed on RNA
immunoprecipitated with anti-GFP antibodies from dorsal hippocampus extracts of AAV-EGFP-RPL10A infected untrained (U) or trained (Tr) rats with primers specific
for Arc, Becnl, Lc3b, Sgstm1 and Lamp1 mRNAs. Data were normalized against the respective control values. n = 8 rats per group. Eight independent experiments.
Unpaired t-test. (G) Representative western blots and densitometric analyses expressed as mean + s.e.m. of puromycin normalized to ACTB carried out in dorsal
hippocampus extracts obtained from rats bilaterally co-injected with puromycin and bafilomycin A; (Baf) or vehicle (Veh) 0.5 h before training and euthanized 1 h
after training. A control sample without puromycin injection was included as negative control (Con). Data are presented as mean percentages * s.e.m. of vehicle-
injected untrained rats (U, Veh). n = 7 rats per group. Two independent experiments of n = 4 each and n = 3 each. Two-way ANOVA followed by Sidak’s post-hoc
analysis. * P < 0.05, ** P < 0.01, *** P < 0.001. Numerical values and detailed statistical analyses are reported in Table S1.

Our data showing that IA learning significantly increases to the different post-training time of assessment, which, in our
SQSTML level are in contrast to the earlier report of Glatigny case was 1 h after a single IA learning event, whereas Glatigny
et al. [24], who found a decrease in SQSTM1 after a 4-d CFC et al. (2019) measured SQSTMI1 level 1 h after 4 d of CFC
training or 5 d water maze training. This difference could be due  training (with 3 exposures per day) or 5 d of water maze training
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Figure 7. ARC is required for the learning-dependent increase in autophagy and autophagic flux. (A) Representative confocal images of CA1 and DG areas and
relative quantifications showing ARC, LC3B, and LAMP1 immunofluorescence intensities in the dorsal hippocampi of rats bilaterally injected with Arc antisense ODN
(AS-ODN) or scrambled ODN (SC-ODN) 0.5 h before IA training and euthanized 1 h after training. Control (Untrained, U) rats, which remained in their home cage,
were bilaterally injected with Arc AS-ODN or SC-ODN and euthanized at matched time points. Data are presented as mean percentages * s.e.m. of scrambled ODN-
injected untrained rats (U, SC). n = 4 rats per group. Two independent experiments of n = 2 each. For each rat, 16 images (8 per side) were quantified and averaged.
Dots represent the average values for each rat. Two-way ANOVA followed by Tukey’s post-hoc analysis. (B) Representative confocal images of CA1 and DG dorsal
hippocampal subregions (scale bar: 10 pm) showing red and yellow LC3B puncta in rats bilaterally injected with Arc AS-ODN or SC-ODN 0.5 h before training and
euthanized 1 h after training. Relative quantifications of fluorescence intensities of yellow and red LC3B puncta (Autophagic flux), total number of LC3B puncta per
cell, and average size of red LC3B puncta per cell in CA1 and DG areas. Data are presented as mean percentages + s.e.m. of scrambled ODN-injected untrained rats
(U, SC-ODN). n = 4 rats per group. Two independent experiments of n = 2 each. Autophagic flux: for each rat, 16 images (8 per side) were quantified and averaged.
Total number and size of puncta: for each rat, 20-25 cells were quantified and averaged. Dots represent the average values for each rat. Two-way ANOVA followed by
Tukey’s post-hoc analysis. * P < 0.05, ** P < 0.01, *** P < 0.001. Numeric values and detailed statistical analyses are reported in Table S1.

(with 4 trials per day). Differences in SQSTM1 regulation could
also be related to the different learning paradigms used or the
strength of training. Although an increase in SQSTMI is often
linked to inhibited autophagy because SQSTMI1 itself
undergoes degradation [31], the opposite has also been

described, as, in fact, SQSTMI1 increase has also been
found concomitant to an increase in autophagic flux [57].
Therefore, a single timepoint assessment of SQSTM1 levels
cannot be taken as indication of an increase or decrease in
autophagy. It should also be considered that autophagy is



a dynamic process whereby some autophagy proteins them-
selves undergo degradation through autophagic flux; thus,
assessing the levels of autophagy proteins over time, follow-
ing learning, should reveal important information about
their temporal progression. Finally, the regulation of
SQSTMI1 upon learning suggests that there could be
a crosstalk between autophagy and proteasomal degradation
of ubiquitinated proteins [58]. Our results also do not
exclude that macroautophagy occurs in parallel with the
other common forms of the autophagy pathways, microau-
tophagy and chaperone-dependent autophagy.

An intriguing finding of our studies is the requirement of
ARC to increase autophagy in response to IA learning.
Recently, Yan et al., (2018) [47] reported that ARC is actually
a target of autophagy because treatment of neuronal cultures
with autophagy or lysosomal inhibitors resulted in ARC accu-
mulation. Although the mechanisms by which ARC controls
the increase in autophagy upon learning and might also be
a target of autophagy remain to be elucidated, our results add
to the established pleiotropic functions of ARC [45,46,59,60]
and emphasize its contribution to the control of compartmen-
talized functions in activated neurons.

Given the severity of abnormal protein accumulation in
neurodegeneration, aging and neurodevelopmental disorders
[9,19], including autism, Alzheimer disease, prion disease,
Parkinson disease, Huntington disease and amyotrophic lat-
eral sclerosis, our results imply that deficits in stimulus-
dependent regulations, rather than just baseline alterations,
and the coupling between mRNA translation and autophagy
might be a primary checkpoint dysregulated in aging and
several other brain diseases.

Materials and methods
Animals

Adult male Long-Evans rats weighing 200-250 g (age
2-4 months) were used for the experiments. Rats were
doubly housed or individually housed after surgery and
maintained on a 12-h light/dark cycle with ad [libitum
access to food and water. Experiments were performed
during the light cycle. All rats were handled for 3 min
per day for 5 d before any procedure. All protocols com-
plied with the National Institutes of Health Guide for the
Care and Use of Laboratory Animals and were approved
by the New York University Animal Welfare Committee.
A total number of 672 rats were used for this study.

Cannulae implants

Rats were anesthetized with ketamine (75 mg/kg) and xylazine
(10 mg/kg). Stainless steel cannulae (22 gauge) were
implanted stereotactically and bilaterally to target dorsal hip-
pocampi (4.0 mm posterior to bregma, 2.6 mm lateral from
midline and 2.0 mm ventral). Rats were given meloxicam
(3 mg/kg, once before surgery) for post-operational analgesia
and allowed to recover for at least 8 d before any other
procedures.
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Inhibitory avoidance (IA)

IA was conducted as described in Chen et al. 2011 [32].
Briefly, the IA chamber (Med Associates Inc®, MED-APA-
Bl R; Fairfax, VT) consisted of a rectangular Perspex box,
divided into a safe (lit) compartment and a shock (dark)
compartment. Footshocks were delivered to the grid floor
of the shock compartment via a constant-current scrambler
circuit. The two compartments were separated by a sliding
door. The chamber was located in a sound-attenuated room
illuminated by dim red light. During the training session,
each rat was placed in the safe compartment with its head
facing away from the door. After 10 seconds (s) the door was
automatically opened, allowing the rat access to the shock
compartment. Latency to enter the shock compartment was
taken as a measure of acquisition. A 2-s 0.6-mA footshock
was administered and the rat was returned to its home cage
10 s after delivery of the footshock. Memory retention was
tested at the indicated time points by placing the rat back
into the safe compartment and by measuring the latency to
enter the shock compartment after door opening. No foot-
shock was administered during testing. Testing was termi-
nated at 900 s and performed blind to treatments. The
reminder shock (RS) procedure was used to test whether
impaired memory could be re-instated; if reinstatement
does not occur, it indicates lack of memory, while if rein-
statement does occur, it indicates memory inhibition. RS
consisted of giving the animals a 2-s 0.6-mA footshock in
a different context, which was a square chamber (Med
Associates Inc®, MED-VFC2-USB-R, Fairfax, VT) with
three transparent walls, one opaque Plexiglas wall and
a floor grid with narrower spacing, in a separate, well-lit
room. Naive rats were handled but otherwise remained in
the home cage (Untrained, U). During unpaired context-
shock experience (Un), rats were briefly exposed to the
training apparatus and an hour later given a footshock in
the same context. This unpaired exposure does not evoke IA
memory [32,33].

Open field behavior

Rats were allowed to freely explore an open field arena (75 cm
X 75 cm x 20 cm) for 10 min, and their movements auto-
matically tracked using Ethovision-XT (Noldus Information
Technology). Locomotion was assessed using measures of
total distance traveled (cm), as well as average velocity (cm/
s). The arena was divided into 16 quadrants, and the time,
measured in seconds (s) spent in the four center quadrants
was taken as time spent in the center of the open field, which
is generally used as a measure of anxiety.

Immunofluorescent staining

Immunofluorescent staining, confocal imaging and analyses
of autophagy markers (BECN1, LC3B, SQSTM1, LAMP1) and
ARC were done as described in Yazdankhah et al., 2014 [61];
Martinet et al., 2017 [62]; Pi et al., 2017 [63]; Ye et al., 2017
[37]. Briefly, rats were anesthetized with an intraperitoneal
injection of 750 mg/kg chloral hydrate and transcardially
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perfused with 4% paraformaldehyde (Sigma-Aldrich, 158127)
in 1x phosphate-buffered saline (PBS; 137 mM NaCl [Sigma-
Aldrich, S3014], 2.7 mM KCI [Sigma-Aldrich P9541], 10 mM
Na,HPO, [Sigma-Aldrich, S5136] and 1.8 mM KH,PO,
[Sigma-Aldrich, P5655], pH 7.4). Their brains were post-
fixed in the same solution overnight at 4°C, followed by
30% sucrose (30 g sucrose [Sigma-Aldrich, S0389] in 100 ml
of 1x PBS, pH 7.4) for 72 h. 20 pm brain sections were
collected as cryosections for free-floating immunofluorescent
staining. Immunostaining was performed with antigen retrie-
val, which consisted of boiling the brain sections in nanopure
H,O for 2 min. The sections were then incubated with the
blocking solution (1x PBS, pH 7.4 with 0.25% Triton X-100
[Sigma-Aldrich, T8787], 4% normal goat serum [Cell
Signaling Technology, 5425], 1% bovine serum albumin
[Sigma-Aldrich, A2058]) for 2 h at room temperature, fol-
lowed by incubation with the primary antibodies in the block-
ing solution for 24 h at 4°C. The following primary antibodies
were used: rabbit anti-ARC antibody (1:2000; Synaptic
Systems, 156 003), rabbit anti-BECN1/Beclin 1 antibody
(1:500; Novus Biologicals, NB110-87318), mouse anti-LC3B
antibody (1:500; Enzo Life Sciences, ALX-803-080-C100), gui-
nea pig anti-SQSTMI1/p62 antibody (1:1000; American
Research Products, 03-GP62-C), rabbit anti-LAMP1 antibody
(1:2000; Abcam, ab24170), and rabbit anti-phospho-RPS6/S6
ribosomal protein antibody (1:1000; Cell Signaling
Technology, 2215). Subsequently the brain sections were
given 3 washes, each of 15 min, with 1x PBST (1x PBS, pH
7.4 containing 0.025% Triton X-100), and then incubated with
the secondary antibody, which consisted of goat anti-rabbit
Alexa Fluor 488 (1:1000, Thermo Fisher Scientific, A32731) or
goat anti-rabbit Alexa Fluor 647 (1:1000, Thermo Fisher
Scientific, A32733) or goat anti-mouse Alexa Fluor 488
(1:1000, Thermo Fisher Scientific, A32723) or goat anti-
guinea pig Alexa Fluor 488 (1:1000, Invitrogen, A-11073) for
2 h at room temperature. The sections were given 3 washes,
each of 15 min, with 1x PBST, rinsed with 1x PBS, pH 7.4 and
then mounted with Prolong Diamond antifade mountant with
DAPI (Invitrogen, P36962). The following additional primary
antibodies were also tested and confirmed the immunostain-
ing patterns and results obtained with the autophagy and
lysosomal markers used and shown in this study: BECNI1:
rabbit anti-BECN1 (1:500; Abcam, ab207612), LC3B: rabbit
anti-LC3B antibody (1:250; Cell Signaling Technology, 2775),
rabbit anti-LC3B antibody (1:500; Novus Biologicals, NB100-
2220); SQSTM1: rabbit anti-SQSTMI1 (1:500; Cell Signaling
Technology, 5114); LAMPI: rabbit anti-LAMP1 antibody
(1:1000; Novus Biologicals, NB120-19294).

Two sections between bregma —3.6 mm and —4.2 mm were
used for each set of staining. Four images per subregion (CA1
and DG) per side for each animal were captured as z-stacked
series of images by a Leica TCS SP8 confocal microscope
(Leica microsystems, Wetzlar, Germany) at 63x magnification
with 2x zoom. In all immunochemistry experiments n = 4 rats
per group were used. For each rat, 16 images (8 per each side)
were quantified and averaged. Experimenters blinded to
experimental conditions quantified the images using Image]
software (US, National Institutes of Health) and automated
custom macro programs. For intensity measurements, images

were processed to remove background and outlier noise. All
images in each experiment were processed using the same
parameters. The z-stack image was processed to generate the
maximum projection image and the intensity was measured
using Image] plugin.

Quantifications of autophagy markers in the cell soma and
process areas were conducted by using a modification of
a previously described method that measured immunofluor-
escence in hippocampal cell soma and processes [64].
Quantifications of immunofluorescence intensity were per-
formed on 63x 8-bit grayscale images and images were
acquired using the same parameters every time. Using the
free-hand line tool, we delimited the perinuclear areas visua-
lized with the DAPI channel in the CAl stratum pyramidale
(40 um length) and DG stratum granulosum (60 pum length)
and saved them as “soma-ROI”. An area outside to the soma-
ROI, of 50 pm in length in the CA1 stratum radiatum and of
70 pm in length in the DG stratum moleculare were saved as
“process-ROI”. For each image, rolling ball radius of 10 was
uniformly applied to subtract the background from the 8-bit
grayscale images; the background was established on parallel
sections incubated with only the secondary antibody. The
soma-ROI and process-ROI were overlaid on the autophagy
marker images and the mean gray values of the image stacks
normalized over the number DAPI counts (Image] plugin) in
each image were taken as the mean immunofluorescence
intensity values.

Puncta analyses for all autophagy markers in cell soma and
process were conducted as previously described to quantify
GFP-LC3B puncta [25]. Z-stack images of 250 um® were
captured at 63x magnification with 2x zoom, within the cell
soma or processes of CAl and DG. Z-stack images were
captured with a 0.3 um step size to obtain better signals at
a high resolution (1024 x 1024 pixels). Three images from the
z-stack around the same focal plane were averaged to create
a final image. In all puncta analysis experiments, n = 4 rats
per group were used. For each rat, 16 images (8 per each side)
were quantified and averaged. The analyses of number and
size of puncta per 250 um” area was performed by an experi-
menter blind to the groups. A threshold was uniformly
applied to the images of the autophagy markers to subtract
the diffused/cytosolic immunostaining. As described by
Klionsky and Eskelinen [65], autophagosome size is approxi-
mately 0.5-2 pm in diameter and the lysosome size approxi-
mately 0.5 um in diameter. These size parameters were used
to identify the puncta of autophagy markers and are consis-
tent with that recommended by Klionsky et al.,, 2016 [57].
Merged puncta were isolated using “Watershed” function.
“Analyze particle” plugin of Image] was used on the thre-
sholded images to measure both “number” and “size” of
puncta. Repetitive laser scanning over the tissues was avoided
to prevent quenching of the fluorescent signal.

For LC3B immunofluorescence, as described by Rosenfeldt
et al. [66], the anti-LC3B clone 5F10 antibody recognizes both
diffuse cytoplasmic LC3B (or LC3-I) and punctate LC3B (or
LC3-II) staining. For quantifications of immunofluorescent
intensities, we applied a threshold to subtract the diffuse
cytosolic LC3-I staining and captured the punctate staining.
As previously suggested [66], this is a reliable method to



detect differences in LC3B puncta indicative of autophago-
some quantification.

The specificities of the immunostainings were confirmed
by control brain sections stained with the respective second-
ary antibody alone, in the absence of primary antibody, which
showed no immunoreactivity.

AAV-mCherry-GFP-LC3B injections, tissue processing and
analyses

For measuring autophagic flux, we employed the AAV-
mCherry-GFP-LC3B virus generated with the plasmid used
by Castillo et al. (2017) [34] and generously provided by Prof.
Claudio Hetz (Institute of Biomedical Sciences, University of
Chile). Rats were bilaterally injected into the dorsal hippo-
campi with AAV-mCherry-GFP-LC3B (1 pl per side) at a con-
centration of 5.79 x 10'> Vg/ml. The rats remained in their
homecages for three weeks to allow expression of the
mCherry-GFP-LC3B. In experiments that also required injec-
tions of anisomycin or ODNs into the dorsal hippocampus,
rats received bilateral cannulae implants targeting the dorsal
hippocampus two weeks after viral injection. Rats were
allowed to recover for at least one week after cannula implants
before behavioral experiments. As described in the
“Immunofluorescent staining” of the method section, the
rats were euthanized and perfused transcardially with 4%
paraformaldehyde prepared in 1x PBS, pH 7.4, and their
brains were post-fixed in the same solution overnight at 4°C,
followed by incubation in 1x PBS, pH 7.4 with 30% sucrose
for 72 h. 20 um brain sections were prepared using cryostat
and used for immunohistochemical analyses. Sections were
mounted with Prolong Diamond antifade mountant with
DAPI (Invitrogen, P36962).

In all experiments, n = 4 rats per group was used. For each
rat, two sections of dorsal hippocampus at bregma —3.6 mm
and —4.2 mm (16 images, 8 per each side) were quantified and
averaged. To measure red and yellow LC3B puncta number
and size, CAl and DG images were captured as z-stacked
series of images by a Leica TCS SP8 confocal microscope
(Leica microsystems) at 63x magnification with 2x zoom.
Z-stack sections at 0.3 pum step-size were captured to obtain
better signals at high resolution (1024 x 1024 pixels). Three
images around a focal plane were taken and averaged for
puncta analyses. Increasing the number of pictures per focal
plane reduced the background favoring the clear detection of
red and green dots. Repetitive laser scanning over the tissues
was avoided to prevent quenching of the fluorescent signal. In
order to avoid saturation issues, the threshold of red and
green channels was set on trained conditions, where more
red and less green immunostaining was present. All images in
each experiment were processed using the same parameters.
All images were converted into 16-bit (binarized) files, for
both GFP and mCherry focal field (raw images). Background
signal was excluded by using a threshold over which fluores-
cent intensity was considered as positive in relation to nega-
tive (non-injected) control images in the maximum slope of
intensity for each channel. Integrated density of fluorescent
signals of the background-subtracted images were determined
for each channel using Image] plugins, including particle
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analysis and area coverage. Manual counting of dots was
performed by experimenters blind to treatment and behavior
conditions. Puncta number and size were determined as
described in the above section “immunofluorescence staining’.
The puncta number and average size were calculated by
normalizing against the number of infected cells. Puncta
analyses for these images were done using “Analyze particle”
plugin of Image]J. The ratio between red vs. yellow puncta was
taken as a measure of autophagic flux.

Bilateral injection of pharmacological compounds into
the dorsal hippocampus

SBI0206965 (SML1540), bafilomycin A; (B1793), chloroquine
diphosphate (C6628), leupeptin (L2884) and anisomycin
(A9789) were purchased from Sigma-Aldrich. SBI0206965
was first dissolved in dimethyl sulfoxide (DMSO, Sigma-
Aldrich, 276855) at 250 mM and then diluted to the final
concentrations in 1x PBS, pH 7.4/0.1% DMSO as detailed in
the Results. Bafilomycin A; was first dissolved in DMSO at
100 uM and then diluted to the final concentrations in 1x
PBS, pH 7.4/0.1% DMSO as detailed in the Results.
Chloroquine diphosphate and leupeptin were dissolved in 1x
PBS, pH 7.4 at the final concentrations as detailed in the
Results. One ul of final concentrations of these inhibitors
was injected per side into the dorsal hippocampi. Following
the dose-response results, as detailed in the Results section,
the optimal doses selected for each inhibitor were: 5 mM
SBI0206965, 0.02 puM bafilomycin A;, 2 mM chloroquine
and 10 mM leupeptin. These doses were employed for all
subsequent experiments. The control vehicle solutions for
SBI and bafilomycin A; consisted of 1x PBS, pH 7.4/0.1%
DMSO, and for chloroquine and leupeptin consisted of 1x
PBS, pH 7.4.

Anisomycin was dissolved at 250 pg/ul in 3 N HCI (Sigma-
Aldrich, H1758) at 37°C. The solution was then buffered to
pH 7.3 and to a final concentration of 125 pg/ul by adding 3 N
NaOH (Sigma-Aldrich, 72068) and saline (Sigma-Aldrich,
S8776). The anisomycin solution was prepared fresh on
the day of injection. The relative vehicle control solution
was saline buffered to pH 7.3. Rats were injected with 1 pl
per side through each guide cannula. The injection needle (28
gauge) extended 1.5 mm beyond the cannula. Injections were
carried out bilaterally with an infusion pump (Harvard appa-
ratus, B-13029, Holliston, MA) at a rate of 0.333 pl/min with
10 pl Hamilton syringes (Hamilton, 80365). The injection
needle was left in place for 2 min following the injection to
allow for complete dispersion of the solution into the tissue.
At the end of the behavioral experiments, brain sections were
examined under a light microscope to verify the cannula
placement. Rats with incorrect placement were discarded
from the study. Out of 656 rat surgeries, thirty-eight rats
(6%) were removed from the study due to erroneous cannulae
placements or surgery complications.

RNA extraction and qPCR analysis

RNA isolation followed by qPCR analyses were carried out as
described in Chen et al., 2011 [32]; Garcia-Osta et al., 2006
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[33]. Rats were euthanized by decapitation. Their brains were
quickly extracted and the brain regions of interest, i.e., the
dorsal hippocampi from bregma —1.6 mm to —5.4 mm, were
rapidly dissected on ice using a brain matrix and immediately
submerged into Qiazol (Qiagen, 79306). Dorsal hippocampi
from both sides of the brain from each animal was used as
one sample. Total RNA was isolated using the RNeasy Plus
Universal Kit (Qiagen, 73404) following the manufacturer’s
protocol and 250 ng of RNA was reverse transcribed using
QuantiTect Reverse Transcription Kit (Qiagen, 205311). PCR
amplification was performed as follows: an initial denatura-
tion step at 95°C for 5 min, followed by 40 cycles at 94°C for
30 s, 60°C for 30 s, 72°C for 20 s, and a final extension step at
72°C for 10 min. Quantitative real-time PCR (qPCR) analysis
was done using CFX96 Touch Real-Time PCR Detection
System (Bio-Rad, 1855196, Hercules, CA) with iQ SYBR
Green Supermix (Bio-Rad, 1708882). The sequences of pri-
mers used for RT-qPCR analysis are listed below (5’ - 3'):

Arc (NM_019361.1) Forward primer: CCCTGCAG
CCCAAGTTCAAG; Reverse primer: GAAGGCTCA
GCTGCCTGCTC

Becnl (NM_053739.2) Forward primer: TTGGCCAATAA
GATGGGTCTGAA; Reverse primer: TGTCAGGGACTCC
AGATACGAGTG

Le3b (NM_022867.2) Forward primer: AGCTCTGAAGG
CAACAGCAACA; Reverse  primer: GCTCCATGCA
GGTAGCAGGAA

Sqstml (NM_175843.4) Forward primer: AGGCTTTC
AGGCGCACTACC; Reverse primer: TGGCCATTGTCAGT
TCCTCATC

Lampl (NM_012857.2) Forward primer: TCTTCAGTGT
GCAGGTCCAG; Reverse primer: TGGACCAGAGA
TTCCCTTTG

Gapdh (NM_017008.4) Forward primer: GAACATCA
TCCCTGCATCCA; Reverse primer: CCAGTGAGCT
TCCCGTTCA.

Triplicates of each sample were analyzed by qPCR, and the
averaged cycle threshold (Ct) value was used for quantifica-
tion using the relative quantification method. The levels of
total Arc or autophagy markers in each sample were normal-
ized to the level of Gapdh of the same sample.

Oligodeoxynucleotides (ODN) injections

Atg7 siRNA (SMART pool Accell Atg7 siRNA, E-095596-00-
0005) and control siRNA (Accell non-targeting pool control
siRNA, D-001910-10-05) were purchased from GE Healthcare
Dharmacon, Inc. One pL of Atg7 siRNA or control siRNA at
2.5 pg/ pL in 1x siRNA buffer (60 mM KCl, 6 mM HEPES pH
7.5, and 0.2 mM MgCl,) was injected bilaterally into the
dorsal hippocampi 0.5 h before training.

ODNs used: Arc AS: 5'- GTCCAGCTCCATCTGCTCGC -
3'; Arc SC: 5- CGTGCACCTCTCGCAGCTTC - 3'; Becnl
AS: 5'- CCTTAGACCCCTCCATTCCTC - 3'; Becnl SC: 5'-
ACTCTCATCCCATCCCTGCTC - 3% Lc3b (targeting
MaplLc3b) AS: 5'- CTTCTCGGACGGCATGGCGCG - 3%
Le3b SC: 5'- GCAATGCGGTCCTTGCCGGCG - 3'. The
antisense ODNs were dissolved in 1x PBS, pH 7.4. The con-
trol scrambled ODNs contained the same base composition as

the antisense-ODNs but in a randomized order and had no
homology to any mammalian sequence in the GenBank data-
base. The ODNs were phosphorothioated on the three term-
inal bases at each end to protect against degradation. The
ODNs were reverse-phase cartridge-purified and purchased
from Gene Link. Rats were bilaterally injected with 1 pl con-
taining 2 nmol of ODNs per side into the dorsal hippocampi
0.5 h before training.

In vivo surface sensing of translation (SUnSET)

In vivo SUnSET was carried out as described [44]. Injections
of puromycin (puromycin dihydrochloride [50 pg per side];
Sigma, P8833), together with either vehicle (1x PBS, pH 7.4/
0.1% DMSO) or bafilomycin A; (2 nM) in 1 pl were injected
bilaterally into the dorsal hippocampus 0.5 h prior to IA
training. The rats were euthanized 1h after training, their
dorsal hippocampi were rapidly dissected, and protein
extracts were prepared as described in the “Hippocampi col-
lection and western blot analysis” section.

Ribosomal pRPS6 Immunoprecipitation

Immunoprecipitations of the RPS6 phosphorylated at Ser
240-244 were performed using rabbit anti-pRPS6 ribosomal
protein antibody (Cell Signaling Technology, 2215) as pre-
viously described [42].

Preparation of hippocampal extracts for immunoprecipita-
tion: Rats were euthanized, and their hippocampi were rapidly
dissected on ice in buffer B (1x HBSS [Thermo Fisher
Scientific, 14185052], 4 mM NaHCO; [Sigma-Aldrich,
S5761], 2.5 mM HEPES pH 7.4 [Invitrogen, 15630080],
35 mM glucose [Sigma, G8270], 100 pg/ml cycloheximide
[Sigma-Aldrich, 66-81-9]). Dorsal hippocampi from the
brain of each rat were pooled and used as one sample. The
pooled hippocampi were transferred to a glass homogenizer
(VWR, KT886000-0020), and resuspended in 1 ml of buffer
C (10 mM HEPES pH 7.4 [Invitrogen, 15630080], 150 mM
KCl [Sigma-Aldrich, P5405], 5 mM MgCl, [Sigma-Aldrich,
M8266], 100 nM calyculin A [Sigma-Aldrich, C5552], 2 mM
DTT [Sigma-Aldrich, DTT-RO], 100 U/ml RNaseOUT
[Thermo Fisher Scientific, 10-777-019], 100 pg/ml cyclohex-
imide [Sigma-Aldrich, 66-81-9], protease and phosphatase
inhibitor cocktail [Thermo Fisher Scientific, A32965]).
Samples were homogenized with 10 strokes of the glass homo-
genizer at 4°C. Homogenates were centrifuged at 2000 x g for
10 min at 4°C. The low-speed supernatant was transferred to
a new tube on ice, to which 90 pl of 10% NP40 (A.G.
Scientific, P-1505) and 90 pl of 1,2-diheptanoyl-sn-glycero
-3-phosphocholine (DHPC, Avanti Polar Lipids, 850306P:
100 mg/0.69 ml) were added. This solution was centrifuged
at 17000 x g for 10 min at 4°C. The resulting supernatant was
transferred to a new tube. A 20 pl aliquot of this solution was
removed, transferred to a new tube containing 350 ul buffer
RLT (supplied with Qiagen RNeasy Micro Kit, 74004), and
stored at —80°C (input RNA fraction). The remainder was
used for immunoprecipitation: first, 20 pl of IgG-loaded
Dynabeads (50% slurry) was used for pre-clearing. Then
each supernatant was divided in half; one half was



immunoprecipitated with beads loaded with anti-pRPS6 anti-
body and the other half with IgG antibody (control).

Preparation of Dynabeads for immunoprecipitations: 150 pl
of protein A Dynabeads (Thermo Fisher Scientific, 10001D)
were incubated with 4 pg of rabbit anti-pRPS6 antibody or
equal concentration of rabbit IgG (Millipore Sigma, 12-370)
in buffer A (10 mM HEPES pH 7.4, 150 mM KCl, 5 mM
MgCl,, 1% NP40, 0.05% IgG-free BSA [Sigma-Aldrich,
A2058]) at 4°C for 1 h under gentle rotation. Beads were
washed three times with buffer A.

Immunoprecipitations, RNA extraction and qPCR:
Immunoprecipitations were carried out for 1 h at 4°C. The
beads were then washed four times with buffer D (10 mM
HEPES pH 7.4, 350 mM KCI, 5 mM MgCl,, 2 mM DTT, 1%
NP40, 100 U/ml RNaseOUT, and 100 pg/ml cycloheximide).
The third wash was done by transferring the beads to a new
tube and at RT. The RNA was then eluted by addition of
buffer RLT (350 pl, supplied with Qiagen RNeasy Micro Kit)
to the beads on ice; the beads were removed using a magnet,
and the immunoprecipitated RNA was purified using the
RNeasy Micro Kit. The concentration of RNA was assessed
using NanoDrop™ One/OneC Microvolume UV-Vis
Spectrophotometer (Thermo Fisher Scientific, ND-ONE-W),
and the entire amount of RNA precipitated with anti-pRPS6
antibody or IgG was reverse-transcribed to ¢cDNA using
iScript™ Reverse Transcription Supermix kit (Bio-Rad,
1708841). qPCR was performed using the iQ™ SYBR® Green
Supermix (Bio-Rad, 1708882). The sequences of primers used
for RT-qPCR analysis are listed below (5" - 3'): Arc
(NM_019361.1) Forward primer: CCCTGCAGCCCAAGT
TCAAG, Reverse primer: GAAGGCTCAGCTGCCTGCTC;
Becnl (NM_053739.2) Forward primer: TTGGCCAATA
AGATGGGTCTGAA, Reverse primer: TGTCAGGGACTC
CAGATACGAGTG; Lc3b (NM_022867.2) Forward primer:
AAGAGTGGAAGATGTCCGGC, Reverse primer: TGCAG
GCGCCTTCTAATTATCT; Sgstml (NM_175843.4) Forward
primer: AGGCTTTCAGGCGCACTACC, Reverse primer:
TGGCCATTGTCAGTTCCTCATC; Lampl (NM_012857.2)
Forward primer: TCTTCAGTGTGCAGGTCCAG, Reverse
primer: TGGACCAGAGATTCCCTTTG; Gapdh (NM_0170
08.4) Forward primer: GAACATCATCCCTGCATCCA,
Reverse primer: CCAGTGAGCTTCCCGTTCA.

Data analysis: The total amount of immunoprecipitated
RNA was divided by the amount of RNA obtained from the
input unit (fold-enrichment; ACt value, IP/Input). IP/input of
each pRPS6-immunoprecipitate was normalized against the
IP/input of its control IgG-immunoprecipitate (AACt value).
Mean AACt values * s.e.m. of trained relative to untrained
rats provided the fold-enrichment index reported in figures.

Translating Ribosome Affinity Purification (TRAP)

Rats were bilaterally injected with AAV-hSyn-EGFP-RPL10A,
1 ul per side, at a concentration of 9.72 x 10'> Vg/ml in their
dorsal hippocampi. The rats remained in their home cages for
three weeks to allow viral expression of the EGFP-RPL10A.
Three weeks after infection, rats were euthanized, and immu-
noprecipitations were performed using monoclonal EGFP
antibodies clone 19C8 and 19F7 antibody (purchased from
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Memorial Sloan Kettering, NY, core antibody facility) as pre-
viously described [43].

Preparation of hippocampal extracts for immunoprecipita-
tion: Rats were euthanized, and their hippocampi were
rapidly dissected in ice-cold dissection buffer (1x HBSS,
4 mM NaHCO;, 2.5 mM HEPES pH 7.4, 35 mM glucose,
100 pg/ml cycloheximide). Dorsal hippocampi from both
sides of the brain were pooled for each animal and used as
one sample. The pooled hippocampi were transferred to
a glass homogenizer (VWR, KT886000-0020), and resus-
pended in 1.0 ml of tissue-lysis buffer (10 mM HEPES pH
7.4, 150 mM KCl, 5 mM MgCl,, 100 nM calyculin A, 2 mM
DTT, 100 U/ml RNaseOUT, 100 pg/ml cycloheximide, pro-
tease and phosphatase inhibitor cocktail). Samples were
homogenized with 10 strokes of the glass homogenizer at 4°
C. Homogenates were transferred to a microcentrifuge tube
and centrifuged at 2000 x g for 10 min at 4°C. The low-speed
supernatant was transferred to a new tube on ice, and to this
solution was added 1/9 sample volume of 10% NP40 and 1/9
sample volume of 300 mM 1,2-diheptanoyl-sn-glycero
-3-phosphocholine (DHPC: 100 mg/0.69 ml). This solution
was mixed and then centrifuged at 17000 x g for 10 min at 4°
C. The resulting high-speed supernatant was transferred to
a new tube. A 20 pl aliquot of this solution was removed,
transferred to a new tube containing 350 pl buffer RLT
(supplied with Qiagen RNeasy Micro Kit), and stored at
—-80°C as input RNA. The remainder was used for immuno-
precipitation, to which 200 pl of beads (50% slurry) loaded
with Protein L/Ab was added.

Preparation of Dynabeads for immunoprecipitations:
Streptavidin MyOne T1 Dynabeads (200 upl, Thermo Fisher
Scientific, 65601) were incubated with 1 mg/ml of biotinylated
Protein L (Thermo Fisher Scientific, 29997) in 1x PBS, pH 7.4
for 35 min at RT. Beads were washed five times with 1x PBS,
pH 7.4 containing 3% weight/volume of IgG and protease-free
BSA. This was followed by monoclonal EGFP or IgG (control)
antibodies incubations (50 pg each of 19C8 and 19F7; 100 pg
total, in 1 ml total volume) in low-salt buffer (20 mM HEPES
pH 7.4, 150 mM KCl, 10 mM MgCl,, 1% NP40 in RNase-free
water; EDTA-free protease inhibitors [one mini tablet per
10 ml], 0.5 mM DTT, 100 pg/ml cycloheximide, and 10 pl/
ml RNaseOUT) for 1 h using gentle end-over-end rotation.
After this step of antibody binding, Protein L/Ab loaded
Dynabeads were washed three times with low-salt buffer and
suspended in a in a 200 pl volume of low-salt buffer per
condition.

Immunoprecipitations, RNA  elution and  qPCR:
Immunoprecipitations were carried out for 16-18 h at 4°C.
The Protein L/Ab beads were washed four times with high-
salt buffer (20 mM HEPES pH 7.4, 350 mM KCl, 10 mM
MgCl,, and 1% NP-40 in RNase-free water, 0.5 mM DTT and
100 pg/ml cycloheximide). At the third wash, the beads were
transferred to a new tube and kept at RT for 10 min. After the
wash, the RNA was eluted by adding buffer RLT (350 pl,
supplied with Qiagen RNeasy Micro Kit) on ice; finally, the
beads were removed using a magnet, and the immunopreci-
pitated RNA was purified using the RNeasy Micro Kit. The
concentration of RNA was assessed using NanoDrop™
Spectrophotometer, and the entire amount of RNA
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precipitated with monoclonal EGFP antibodies was reverse
transcribed to cDNA using iScript™ Reverse Transcription
Supermix kit. qPCR was performed using the iQ™ SYBR®
Green Supermix. The sequences of primers used for RT-
qPCR analysis are (5" - 3'): Arc (NM_019361.1) Forward
primer: CCCTGCAGCCCAAGTTCAAG, Reverse primer:
GAAGGCTCAGCTGCCTGCTC;  Becnl  (NM_053739.2)
Forward primer: TTGGCCAATAAGATGGGTCTGAA,
Reverse primer: TGTCAGGGACTCCAGATACGAGTG;
Le3b (NM_022867.2) Forward primer: AAGAGTGGAAGA
TGTCCGGC, Reverse primer: TGCAGGCGCCTTCTAATT
ATCT; Sgstml (NM_175843.4) Forward primer: AGGCT
TTCAGGCGCACTACC, Reverse primer: TGGCCATTG
TCAGTTCCTCATC; Lampl (NM_012857.2) Forward pri-
mer: TCTTCAGTGTGCAGGTCCAG, Reverse primer:
TGGACCAGAGATTCCCTTTG; Gapdh (NM_017008.4)
Forward primer: GAACATCATCCCTGCATCCA, Reverse
primer: CCAGTGAGCTTCCCGTTCA.

Data analysis: The total amount of immunoprecipitated
RNA was divided by the amount of RNA obtained from the
input unit (fold-enrichment; ACt value, IP/Input). IP/input of
each GFP-immunoprecipitate was normalized against the IP/
input of its control IgG-immunoprecipitate (AACt value).
Mean AACt values * s.e.m. of trained relative to untrained
rats provided the fold-enrichment index reported in figures.

Hippocampi dissection and western blot analysis

Protein extraction followed by western blot analyses were
carried out as described in Chen et al., 2011 [32]. Rats were
killed by decapitation. Their brains were quickly dissected and
the brain regions of interest, i.e., the dorsal hippocampi were
collected from bregma —2.8 mm to —5.4 mm using a brain
matrix. The collected tissues were snap-frozen on dry ice.
Except for LC3B assessment, for which we used sample buffer
(see below), the tissues were homogenized in radioimmuno-
precipitation assay (RIPA) buffer (150 mM NaCl, 1% Triton
X-100, 0.5% sodium deoxycholate [Sigma-Aldrich, D6750],
0.1% sodium dodecyl sulfate [SDS, Sigma-Aldrich, 436143],
5 mM EDTA [Invitrogen, AM9260], 10% glycerol [Sigma-
Aldrich, G5516], 50 mM Tris, pH 8.0) supplemented with
0.5 mM phenylmethylsulfonyl fluoride (PMSF, Millipore
Sigma, PMSF-RO), 2 mM 1,4-dithiothreitol (DTT, Sigma-
Aldrich, DTT-RO), 1 mM EGTA (Millipore Sigma, 324626),
1 puM microcystin LR (Calbiochem, 475815), 10 mM sodium
fluoride (NaF, Millipore Sigma, 919), 1 mM sodium orthova-
nadate (NaOV, New England Biolabs, P0758L), benzamidine
hydrochloride (Sigma-Aldrich, B6506), protease inhibitor
cocktail (Sigma-Aldrich, P8340) and phosphatase inhibitor
cocktail 2 (Sigma-Aldrich, P5726) and 3 (Sigma-Aldrich,
P0044), 10 uM leupeptin A (Sigma-Aldrich, L2023), 10 uM
pepstatin A (Sigma-Aldrich, P5318) and 10 uM E-64 (Sigma-
Aldrich, E3132).

Several lysis buffers were tested for detecting changes in
the level of autophagy markers using western blot analyses
(shown in Figure S2): (i) RIPA buffer with 0.05% f-
mercaptoethanol as described above [Sigma-Aldrich,
M3148], (ii) SDS lysis buffer with p-mercaptoethanol
(50 mM Tris-Cl, pH 7.5, 150 mM NaCl, 1 mM EDTA,

1 mM EGTA, 50 mM NaF, 1 mM NaOV, 2% SDS [Sigma-
Aldrich, L3771], 10 uM leupeptin A, 10 pM pepstatin A,
10 uM E-64, protease and phosphatase inhibitor cocktail
tablet [Thermo Fisher Scientific, A32959; one tablet per
10 ml], 0.05% p-mercaptoethanol), (iii) RIPA buffer with
5 mM iodoacetamide (IAA) and 2 mM DTT, (iv) SDS lysis
buffer with 5 mM IAA and 2 mM DTT, and (v) HEPES-
sucrose buffer (0.32 M sucrose, 1 mM NaHCO;, 1 M HEPES,
pH 7.5 [Thermo Fisher Scientific, 15630080], 0.25 mM CaCl,,
1 mM MgCl,, 10 uM leupeptin A, 10 uM pepstatin A, 10 uM
E-64, protease inhibitor cocktail tablet [one tablet per 10 ml]).
Protein concentrations were determined by the Bio-Rad pro-
tein assay (Bio-Rad, 500-0006).

Protein extracts for LC3B western blot analyses were
obtained using a modified protocol of Qu et al., 2017 [66,67].
The hippocampal tissue was immediately put into 1 ml of hot
(boiled at 95°C) SDS/Laemmli sample buffer (1:10 wt/vol;
0.125 M Tris-Cl, pH 6.8, 2% SDS, 5% [-mercaptoethanol,
10% glycerol, 0.004% bromophenol blue [Sigma-Aldrich,
B0126]), boiled immediately for 5 min and homogenized
using a dounce homogenizer. The sample was then sonicated
and centrifuged at 18000 x g for 5 min. To detect LC3B, lysates
were diluted 1:10 in 1x sample buffer. Proteins were separated
by 4-20% gradient gel (Bio-Rad, 5671094) and transferred to
0.2 um PVDF transfer membrane (Thermo Scientific, 88520).
After blocking in Odyssey® Blocking Buffer (LI-COR,
927-50000), membranes were incubated with mouse monoclo-
nal anti-LC3B antibody (1:1000; Enzo Life Sciences, ALX-803-
080-C100) at 4°C overnight. Rabbit anti-ACTB/actin antibody
(1:20000; Santa Cruz Biotechnology, sc-1616 R) was used for
loading normalization.

For all other markers, 20 pg of total protein extract per lane
was resolved in denaturing SDS-PAGE gels, and transferred to
Immobilon-FL transfer membrane (Millipore, IPFL00010).
Primary antibodies: mouse anti-Puromycin antibody (1:2000;
Millipore Sigma, MABE343), mouse anti-ATG7 antibody
(1:2000; R & D Systems, MAB6608), mouse anti-ACTB
/Actin antibody (1:20000; Santa Cruz Biotechnology, sc-
47778). The latter was used for loading normalization.
Secondary antibodies: goat anti-rabbit IRDye® 800CW conju-
gated antibody (1:20000; LI-COR, 926-32211) and goat anti-
mouse IRDye® 680LT conjugated antibody (1:20000, LI-COR,
926-68020). Membranes were scanned on the LI-COR
Odyssey imager (LI-COR, 9120, Lincoln, Nebraska) under
non-saturating conditions. Data were quantified using pixel
intensities with the Image Studio™ Lite Software according to
manufacturer protocols (LI-COR).

TUNEL assay

TUNEL (terminal deoxynucleotide transferase [TdT]-
mediated dUTP-digoxigenin nick-end labeling) staining, con-
focal imaging and cell-death analyses were performed as
described in Sun et al. (2013) [68]. Briefly, 20 um brain
sections were prepared using the same methods described
previously for immunofluorescent staining. These brain sec-
tions were mounted on slides and allowed to dry at 55°C for
5 min. The slides were incubated in 1x PBS, pH 7.4 containing
0.5% Triton X-100 (PBST) in a Coplin jar at 85°C for 20 min



to permeabilize the tissue. The slides were then rinsed three
times in 1x PBS, pH 7.4, and then incubated with the In Situ
Cell Death Detection Kit, Fluorescein (Roche, 11684795910)
at 37 °C for 1 h (reagents prepared according to the manufac-
turer’s instructions) in a humidified chamber protected from
light. After 3 x 10 min washes with 1x PBS, pH 7.4, the slides
were mounted with mounting medium containing DAPI
(Roche, provided with the kit). For positive control, the sec-
tions were incubated with DNase I (3000 U/ml in 50 mM
Tris-HCI, pH 7.5, 1 mg/ml BSA) for 10 min at 15-25°C to
induce DNA strand breaks, prior to labeling.

Two sections at around bregma —3.6 mm and —4.2 mm,
representing dorsal hippocampus, were imaged for analysis.
Two images per subregion (CAl and DG) per side for each
animal were captured as z-stacked series of fluorescent images
on a Leica TCS SP8 confocal microscope (Leica microsystems)
at 40x magnification. Experimenters blind to the experimental
conditions quantified the images using the Image] software
(US National Institutes of Health) and automated custom
macro programs. Briefly, all images in an experiment were
processed using the same parameters to remove background
and outlier noise. The z-stack image was processed to gener-
ate the maximum projection image and the number of
TUNEL positive nuclei were counted in the green channel
(fluorescein) image using “cell count” function of Image]. The
number of TUNEL positive nuclei were expressed as percent
of total DAPI counts in each image. The values obtained from
10 images per subregion per rat were averaged to get mean
DAPI positive cell count for each condition.

A list of reagents used in this study is provided in Table
S2

Statistical analysis

Data were analyzed using Prism 7 (GraphPad Software Inc.).
No statistical method was used to predetermine sample sizes;
sample size was determined based on our experience and the
sample size used in similar studies [32,33,37]. Replications: All
experiments were carried out at least with 2 cohorts of ani-
mals for internal replication. Number of replicas is indicated
in the figure legends. One-way ANOV As followed by Tukey’s
post-hoc analysis were performed when comparing groups for
which a pairwise comparison of each group was required.
Two-way ANOVAs (ordinary or repeated measure) followed
by Tukey’s or Sidak’s post-hoc tests were used when two
factors (such as treatment and testing) were compared.
When two groups were compared, Student’s t-tests were
used. All analyses were two-tailed. The significance of the
results was accepted at p < 0.05.
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