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AC: Auditory cortex
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ML: Medial-lateral

mTOR: mammalian target of rapamycin
NMDAR: N-methyl-D-aspartate receptor

NS: Non-shock
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PI13K: phosphatidylinositol-3-monophosphate kinase
PP: Perforant pathway

PTSD: Post-traumatic stress disorder

tBC: Tat-beclin

TFP: Trifluoperazine

TRE: Tetracycline responsive element

tTA: Tetracycline transactivator
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ABSTRACT:

Throughout the life, our brains form several memories that are encoded in specific neuronal
ensemble, called engram cells. Some of these memories are associated and stored in shared
ensemble. However, brain machinery that underlies memory storage and defines certain
memory identity amidst numerous humber of memories stored in the same ensemble is poorly
understood. Here we show that autophagy contributes to fear memory destabilization through
inhibiting autophagy activity in the amygdala. Then, we showed that autophagy induction can
overcome a boundary condition of a resistant auditory fear memory which depended on
AMPAR endocytosis. In contextual fear conditioning, autophagy induction in the amygdala,
enhanced fear memory destabilization and when combined with anisomycin, complete
retrograde amnesia was attained. Moreover, using auditory fear conditioning and c-fos-TetTag
system, optogenetic stimulation of the activated ensemble terminals of auditory cortex (AC)
and medial geniculate nucleus (MGm) in lateral amygdala (LA) after complete retrograde
amnesia, failed to induce memory recall at recent and remote time points, indicating that
memory engram no longer exists in that circuit. This result was correlated with the resetting of
plasticity and functional connectivity between the engram assemblies. Furthermore,
potentiating or depotentiating the plasticity at synapses specific to a given memory did not
affect the linked memory that is encoded in the same ensemble, suggesting that memories are
stored in specific synapses. These findings demonstrate that when two associative memories
are encoded in shared ensemble, synapse specific plasticity delineates specific memory identity
and that specific engram plasticity is both sufficient and crucial for information storage.
Moreover, our study sheds light on the capability of selective and integral erasure of memory
trace from the engram network, suggesting a potential way to treat post-traumatic stress disorder

(PTSD).



INTRODUCTION:

Formation of long-term memory (LTM) is experimentally divided into several
processes: acquisition, consolidation, retrieval, and reconsolidation (1, 2). During the
acquisition process, newly acquired memories are kept only for the short term, in an unstable
form. Consolidation is the process of stabilizing memories to be maintained as LTM. Protein
synthesis inhibitors, such as anisomycin (Ani), interrupt memory consolidation and cause
amnesia (3). Retrieval of LTM can induce a destabilization process that returns memories to a
labile state, which is eventually followed by another protein synthesis-dependent
reconsolidation process (4, 5). The reconsolidation process serves to strengthen or renew the
original memory (6-9), indicating the importance of destabilization/reconsolidation processes
in the fate of original memory.

Blocking reconsolidation has been suggested as a therapeutic tool to weaken traumatic
memories in anxiety disorders such as post-traumatic stress disorder (PTSD) (10). However,
these traumatic memories must be sufficiently destabilized in the first place, before their
reconsolidation (restabilization) can be blocked, or even updated. The initial destabilization
step is challenging in cases of PTSD, as memories are formed under extremely stressful
conditions, and it would require pharmacological assistance (6, 10). In memory reconsolidation
research, these conditions that constrain the memory from being destabilized after recall are
called boundary conditions which include the age and strength of the memory and the
reactivation strength (1). Existing evidence indicates that inhibition of synaptic protein
degradation, namely the ubiquitin proteasome system, prevents memory destabilization (5).

Macro-autophagy, hereafter referred to as autophagy, is another major protein
degradation pathway where a newly synthesized isolation membrane sequesters a small portion
of the cytoplasm to form a multilamellar vesicle called an autophagosome. To degrade the

entrapped contents, autophagosomes fuse into the endosome-lysosome system (11, 12). The



process of autophagosome synthesis is orchestrated by molecular machinery consisting of the
autophagy-related genes (Atg) found in yeast, and their mammalian homologs (13, 14). Since
the discovery of autophagy, diverse physiological and pathological roles of autophagy have
been demonstrated in several body organs (11). In the brain, autophagy plays role in the
elimination of misfolded-protein aggregates; hence it plays an important role in
neurodegenerative diseases (12) and is essential for the development of a healthy brain (15-17).

Neurons may have adapted autophagy to suit their complex needs, allowing it to
contribute to their synaptic function (11, 12, 18, 19). In line with this idea, autophagosomes are
found not only in the neuron’s soma and axons, but also in the dendrites (20, 21), and early
evidence indicates that autophagy may function post-synaptically, as reported in the nematode
Caenorhabditis elegans, where endocytosed y-aminobutyric acid receptors (GABAR) are
selectively targeted by autophagosomes (22). Depolarization or N-methyl-D-aspartate
(NMDA)-induced long-term depression (LTD) stimulates autophagy in cultured neurons,
which is accompanied by enhanced degradation of GluA1, an a-amino-3-hydroxy-5-methyl4-
isoxazolepropionic acid receptor (AMPAR) subunit (21). Both GABAR and AMPAR play
roles in the synaptic plasticity models of LTD and long-term potentiation (LTP), which are
causally correlated with memory (23-25), suggesting that autophagy plays a role in synaptic
plasticity and memory. The regulation of protein synthesis intersects with autophagy regulation
at the mammalian target of rapamycin (mTOR) and the phosphatidylinositol-3-monophosphate
kinase (P13K). By careful consideration of the discrepancy in the effects of the mTOR and PI3K
modulators on memory processes, prominently on the reconsolidation process (18, 26, 27),
autophagy is suggested to play a pivotal role in memory destabilization and reconsolidation
after retrieval (18). We hypothesize that autophagy plays a role in synaptic and memory
destabilization. Also, autophagy induction can be utilized to overcome the reconsolidation

boundary conditions.



Memories are stored throughout the brain in specific neuronal ensemble, called engram
cells, which are activated during the corresponding event (28). Although multiple associated
memories can be encoded in the same population of cells (29-32), they may remain distinct and
each memory has its own identity (29). It has been thought that memaories are formed by long
term changes in the synaptic strength, a process known as synaptic plasticity (33-36). Recent
studies demonstrated that synaptic plasticity is essential for the retrieval, but not the storage, of
associative fear memories (37-41). However, the aforementioned studies did not show how the
brain stores and defines a specific memory identity when two memories are encoded in the

same ensemble, leaving the fundamental substrate for memory storage elusive.



RESULTS

To modulate autophagy activity with the time window of reconsolidation, we
pharmacologically targeted the Beclinl protein which is part of the Beclinl-Atgl4L-Vps34
lipid kinase complex that is involved in autophagosome synthesis. Also, this will specifically
modulate autophagy activity without affecting the endocytosis, mTOR, or PI3K activity (45-
49). For autophagy induction, we used the cell-permeable tat-beclinl peptide (tBC), which is
composed of the human immunodeficiency virus-1 transduction domain attached to the
necessary and sufficient peptide sequence of the beclinl protein (47). The tBC peptide induces
autophagy in the brains of mice neonates when systemically injected (47), and induces
autophagy in the amygdala of adult mice when directly infused (Figure 1) as monitored through
the conversion of the light chain protein 3 (LC3), an autophagosome-specific marker, from its
inactive form (LC3-I) to the lipidated active form (LC3-11). For autophagy inhibition, we used
Spautin-1 (Spautin), which promotes the degradation of the Beclin1l-Atgl4L-Vps34 complex
through inhibiting the ubiquitin-specific peptidases that target the beclinl subunit of the
complex (49). Infusion of spautin into the amygdala inhibited both the basal and the tBC-

induced autophagic activity (Figure 1).
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Figure 1. Autophagy modulation in adult mouse amygdala.

(A) Experimental design.

(B) Representative LC3 immunoblot from amygdala lysates. LC3, microtubule associated
protein 1 light chain protein 3, is the mammalian homolog of Atg8 and exists in two forms:
the inactive form (LC3-1) and the lipidated active form (LC3-11). LC3-11 is an AP-specific
marker as it is the only Atg remaining on the AP membrane after maturation.

(C) Quantitation of the signal intensity represented as percentage relative to a Veh/PBS
sample (n = 4 per group; one-way ANOVA, LC3-11/LC3-1: P =0.007 and Total LC3: P =
0.505; Tukey-Kramer multiple comparisons test). For within-group comparison of the
PBS groups, unpaired Student’s t-test was used. * P < 0.05; ** P < 0.01. Center values
represent means. Error bars represent mean + standard error of mean (s.e.m.). PBS:

phosphate buffered saline; tBC: Tat-beclin 1; Veh: vehicle for Spautin.

To examine the effect of autophagy modulation on memory destabilization, we employed
a reconsolidation model of fear conditioning. Fear conditioning is an associative learning
paradigm, in which animals learn to associate a specific auditory cue (auditory fear
conditioning, AFC) or context (contextual fear conditioning, CFC), which is a conditional
stimulus (CS), with a foot shock, an unconditional stimulus (US). When animals are subjected

to the CS, they recall the fear memory, resulting in a freezing response.

When a one tone-footshock pair (1FS-AFC) was used for conditioning in the AFC
paradigm, Ani infusion into the lateral amygdala (LA) after tone retrieval led to a significant
decrease in the tone-elicited freezing response compared with the PBS-infused group (Figure
2A-C), in agreement with previous reports (4, 50, 51). Inhibiting autophagy through spautin
infusion into the LA before retrieval partially blocked the Ani amnesic effect, indicating that

autophagy contributes to the memory destabilization process (Figure 2A-C).
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Figure 2. Autophagy contributes to fear memory destabilization.

(A) Design for the one tone-footshock pair auditory fear conditioning (1FS-AFC)
experiments. For autophagy inhibition, Spautin was injected before T1 or Veh as control.
For autophagy induction, tBC was injected after T1 and there were no injections before
T1. Lime green bars, pre-tone; orange bars, during tone; gray bars, after tone.

(B) Average percentage freezing during tone at T1 and T2 showing that blocking
autophagy significantly decreased the amnesic effect of Ani (Two-way ANOVA, F =4.224,
P = 0.0115; Bonferroni’s post-hoc test, within group comparison; Newman-Keuls test,
between groups comparison).

(C) Average percentage freezing during tone at T2 (as in B) was compared with the pre-
tone freezing levels (n = 10 mice/ group except for Spautin/Ani group (n = 11)); (Two-way

ANOVA,F (3,37) =9.923, P < 0.0001; Bonferroni’s post-hoc test).

Next, we examined the effect of autophagy induction on stronger, boundary condition,
AFC training. We generated a boundary condition by increasing memory strength using three
tone-FS pairs (3FS-AFC). In the 3FS-AFC, Ani infusion into the LA after retrieval did not show
any significant effect on the tone-elicited freezing response in comparison with the vehicle-

infused group. By contrast, Ani+tBC infusion after retrieval reduced the tone-elicited freezing
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response to pre-tone levels, indicating that autophagy induction enhances memory
destabilization beyond a fear memory boundary condition (Figure 3A-C). Without the retrieval
session, Ani+tBC administration in the 3FS-AFC had no effect on auditory fear memory
(Figure 3C), indicating that a retrieval-specific process is necessary for the autophagy-
enhancing effect on memory destabilization. Interestingly, tBC administration alone after
retrieval did not demonstrate any amnesic effect (Figure 3B, C). Collectively, the results
obtained from both the inhibition and the induction of autophagy indicate a causal relationship

between autophagy and memory destabilization.

We attempted to elucidate how autophagy modulates memory destabilization. As
AMPAR are endocytosed after memory retrieval, we hypothesized that the autophagosome may
fuse with endosomes carrying AMPAR and dictate their fate to lysosomal degradation (18, 21,
52). Blocking endocytosis would block the autophagy effect on memory destabilization. The
neural activity-dependent endocytosis of AMPAR relies on the carboxy-tail of GIuA2, and the
use of the synthetic peptide Tat-GluA2zy is well-established in attenuating activity-induced, but
not constitutive, GluA2-dependent synaptic removal of AMPARs (53-56). In the 3FS-AFC,
Tat-GluA23v peptide infusion into the LA before retrieval completely blocked the Ani+tBC
amnesic effect, while the control mutant peptide Tat-GluA23a had no effect (Figure 3A, D, E).
These data indicate that AMPAR endocytosis is upstream to the autophagy induction effect on

enhancing memory destabilization.

12



A + Tat-GluA2 Drug

Context Exploration

TFC TFC  TFC \L T9 Infusion T2

1d 1d =5 & & 1d = J/m S

= | o wt w - > =
C

B
80% - { * *% *k
80% 1 —— PBS | *l ko OPre-Tone
Y * huid e
e BC a0% | r @Tone
o
£ 60% 1 —+—AnittBC 2
N N
V]
:{ ' 0 40% 1 ns.
- [
2 40% A =
20% -
=
20%
T T2 0% 1
“Tpes T Ani tBC 'Ani+BC'Ani+tBC' PBS
No T1
D g E
—8—GluA2,,/PBS ) DOPreTone
—+—GluAz,/anisee S0% 7 [ S BTone
—8— GluA2,,/PBS
o 60% —+——GluA2,,/Ani+tBC 60% A
= o
N £
[ * N
2 :*  40% 1
o 0% w
° R
ke 200’{) 4
20% . .
T T2 0% -

GluAZy, GluAZ,,

Figure 3. Autophagy overcomes a reconsolidation boundary condition that is AMPAR

endocytosis-dependent.

(A) Design for the three tone-FS pairs auditory fear conditioning (3FS-AFC) experiments
as a reconsolidation the boundary condition. The experiment was carried out either with
no injection before T1 or with injection of Tat-GluA2 peptides: GluA2sy, for blocking
AMPA receptor endocytosis, or GluA23a, as a negative control. Lime green bars, pre-
tone; orange bars, during tone; gray bars, after tone.

(B) Average percentage freezing during tone at T1 and T2 showing that autophagy
induction combined with Ani showed significant retrograde amnesia while Ani alone
showed no amnesic effect. PBS (n = 7), Ani (n =9), tBC (n = 8), Ani+tBC (n = 10); (Two-
way ANOVA, F (3, 30) = 3.476, P = 0.0281).

(C) Average percentage freezing during tone at T2 (as in B) was compared with the pre-

tone freezing levels. NoT1 indicates that the drug infusion took place in a separate room
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without T1 (no reactivation). PBS (NoT1) (n = 6), Ani+tBC (NoT1) (n = 8); (Two-way
ANOVA, F (5, 42) = 2.77, P = 0.0299).

(D) Average percentage freezing during tone at T1 and T2 showing that blocking AMPAR
endocytosis abolished the amnesic effect of autophagy induction. GIuA23Y/ PBS (n = 8),
GluA23A/ PBS (n = 9), GIuA23Y/Ani+tBC & GIuA23A/Ani+tBC (n = 11); (Two-way
ANOVA, F (3, 35) =4.787, P = 0.0067).

(E) Average percentage freezing during tone at T2 (as in D) was compared with the pre-
tone freezing levels; (Two-way ANOVA, F (3, 35) = 7.616, P = 0.0005). Data are presented
as mean = s.e.m.; * P <0.05; ** P <0.01; *** P <0.001; **** P < 0.0001; Bonferroni’s
post-hoc test was used for within group comparison, while Tukey’s test was used for
between groups comparison, n.s. = not significant. Ani: anisomycin; PBS: phosphate

buffered saline; tBC: Tat-beclin 1.

We further investigated the autophagy induction effect on CFC as another reconsolidation
paradigm. In CFC, the CS is a specific context, and the memory of the details of that context
triggers a freezing response that is greater than that triggered by any other distinct context (57).
Typically, inhibition of protein synthesis after CS retrieval leads to a certain degree of
retrograde amnesia (6, 7). To assess the degree of the retrograde amnesia, we compared it with
that of a reference group exposed to the same contexts without receiving any shock (NoFS).
After CFC, an Ani infusion into the baso-lateral amygdala (BLA) after memory retrieval led to
a decrease in the freezing response in comparison with the vehicle-infused group (Figure 4A,
B) (50, 51). Nevertheless, the freezing response after Ani administration was significantly
higher than that in the NoFS group, in both the specific and distinct contexts, implying that the
resultant retrograde amnesia was only partial. After Ani+tBC administration, the average

freezing response dramatically reduced, reaching no statistical significant difference from the
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NoFS group in both contexts (Figure 4B). In addition, we assessed the complete amnesia for
each mouse. In the Ani+tBC administered group, 5 out of 12 mice were regarded as completely
amnesic, in contrast with only 1 out of 12 mice in the Ani administered group (see Methods for
definition of complete amnesia) (Figure 4C, D). The completely amnesic mice did not differ
from those in the NoFS group regarding the averaged freezing response (Figure 3E). When the
completely amnesic mice were subjected to a reconditioning session, they regained the freezing
response to levels matching the pre-amnesic freezing levels, indicating an intact capacity for
fear expression (Figure 4E). As with AFC reconsolidation, tBC administration alone after
retrieval did not demonstrate any amnesic effect (Figure 4B, C). Altogether, these behavioral
data indicate that induction of autophagy enhanced the amnesic effect of protein synthesis

inhibition after retrieval and resulted in an unprecedented level of retrograde amnesia.
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Figure 4. Autophagy enhances fear memory destabilization in contextual fear

conditioning (CFC) when targeted to amyagdala.
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(A) Design for the CFC reconsolidation and reconditioning experiments.

(B) Average percentage freezing during retrieval (T1), and after the drugs were infused
into the BLA when tested in the conditional stimulus context (T2) and in a distinct context
(T3). Freezing levels at both T2 and T3 showed a significant enhancement of Ani amnesic
effect when combined with autophagy induction. PBS, Ani & Ani+tBC (n = 12 mice /
group), tBC & NoFS (n = 10 mice / group); (Two-way ANOVA, F (8, 102) = 10.19, P <
0.0001; One-way ANOVA, T3: P = 0.0001; Bonferroni’s post-hoc test, within group
comparison; Tukey’s test, between groups comparison).

(C) Plots of individual mice freezing level at T2 against their freezing level at T3, for the
assessment of complete fear amnesia after CFC. The red cross and yellow dashed lines
represent a hypothetical point calculated from double the standard deviation for the
freezing of the NoFS group at T2 and T3, where most of mice received the Ani+tBC
treatment behaved as the NoFS group.

(D) Individual data for the complete and incomplete amnesic mice of the Ani+tBC group
compared with the Ani one. The dashed red line is a complete amnesic mouse in Ani group.
(E) Average percentage freezing for the complete and incomplete amnesic mice of the
Ani+tBC group compared with the NoFS group. The complete amnesic mice showed a
normal freezing response one day after a reconditioning session (T4). Incomplete (n = 7),
complete (n =5), NoFS (n=10); (One-way ANOVA, T1: P<0.0001, T2: P <0.0001, within
Ani+tBC complete: P = 0.0021; Tukey’s post-hoc test). Data are presented as mean *
s.e.m; * P <0.05; ** P <0.01; *** P <0.001; **** P < 0.0001; n.s. = not significant. Ani:
anisomycin; BLA: baso-lateral amygdala; NoFS: no foot shock; PBS: phosphate buffered

saline; tBC: Tat-beclin 1.
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Recently, it has been reported that after retrograde amnesia, memory engram cells,
lacking increased synaptic strength owing to blocking protein synthesis after reconsolidation,
still retain memory as they can retrieve memory upon optogenetic stimulation (43). In our study,
a complete return of rodent to the non-traumatic behavior were only achieved after enhancing
destabilization. It is of interest to know whether the memory engram cells will still retain the
ability to retrieve memories after complete retrograde amnesia, clarifying whether synaptic
plasticity is a crucial component of the memory information storage. We utilized auditory fear
conditioning (AFC) paradigm that employed two different tones (2kHz, 7kHz) to ask whether
engram assemblies still keep the memory trace after the complete amnesia. First, we confirmed
that mice can discriminate between these tones (Figure 5A, B). Mice were subjected to fear
conditioning to 7kHz tone, then they were tested using 7kHz and different tone (2kHz) (Figure
5A). Mice showed higher freezing level in response to 7kHz tone only (Figure B), indicating

that mice can discriminate between the two tones.
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Figure 5. Mice discriminate between 2kHz and 7kHz tones.

(A) Design for the discrimination experiment, wild type mice were exposed to AFC and
then they were divided into two groups, the first one received 7kHz tone in test 1 and 2kHz

tone in test 2, while the second group received the opposite order.

17



(B) Freezing levels before and during the two tones (n = 11 mice / group). Statistical
comparisons are done using paired t-test. * p < 0.05; ** p < 0.01. Data are represented as

mean = s.e.m.

Then, we injected adeno-associated virus (AAV) expressing Cre recombinase under the
control of tetracycline-responsive element (TRE) in combination with AAV encoding DIO-
oChIEF-citrine downstream of human synapsin 1 (hSyn) promoter in the auditory cortex (AC)
and medial geniculate nucleus (MGm) of c-Fos/tTA transgenic mice to label the activated
ensemble with oChlEF (Fig. 6F, G). We confirmed also that 2kHz & 7kHz tones activated
different neuronal populations in AC (Figure 6A-E). Mice were exposed to AFC after
doxycycline withdrawal (OFF DOX) and one day later, they were infused with PBS,
Anisomycin (Ani) and Ani+tBC in lateral amygdala (LA) immediately after test session. Ani
infusion induced partial retrograde amnesia, while combining Ani with tBC accomplished
complete amnesia as the freezing level was comparable to that of non-shock (NS) and unpaired
control groups (Fig. 6H, I). Optogenetic activation of the axonal terminals of AC & MGm
engram cells in LA induced fear memory recall in PBS and Ani groups, which is consistent
with previous study'’, whereas it failed in the Ani+tBC-treated mice (Fig. 6J). These results
indicate that AC-LA & MGm-LA engram circuits no longer store memory information after
complete amnesia.

Since Ani partially disrupts the enhanced synaptic strength in engram cells (43), we
expected that induction of optical LTP in Ani group, but not in Ani+tBC group, would revive
the capability of memory retrieval by natural cue. Indeed, after optical LTP, Ani-treated mice
were completely recovered from amnesia and the freezing level was not significantly different
from PBS-treated mice, whereas Ani+tBC-treated mice showed partial reinstatement in

memory performance as their freezing level was slightly increased, but still significantly lower
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than PBS group. The slight increase in the freezing level of Ani+tBC group after LTP induction
was similar to that of the unpaired group, which did not form associative memory, suggesting
that this increase was due to building an associative memory rather than restoring previously
stored memory (Fig. 6K). To check whether LTP had non-specific effects and would lead to
memory generalization, mice were tested with a different tone and they did not exhibit
generalization (Fig. 6K). Then, we conducted remote memory test to examine the persistence
of memory erasure, and we found that unlike Ani group that showed spontaneous memory
recovery, Ani+tBC group displayed significantly lower freezing than Ani & PBS groups in both
natural cue and optogenetic tests, indicating that memory erasure was long-lasting and the
memory did not undergo spontaneous recovery by time (Fig. 6L, M). Ani+tBC-treated mice
that received LTP showed light-induced freezing comparable to that of PBS group in Test 9,
excluding the possibility of LA damage by Ani+tBC treatment. Furthermore, the previous

results were reproduced when we labelled and manipulated the engram cells in LA (Figure 7).
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Figure 6. Integral and long-lasting erasure of fear memory trace from AC-LA and MGm-

LA engram circuits.

(A) Model showing the ensemble responsive for the 2kHz and 7kHz tones in AC and the
fear-responsive ensemble in LA.

(B) Experimental design to label the 7kHz and 2kHz-responsive ensemble in AC with
citrine and c-Fos, respectively.

(C) Freezing levels before and during 7kHz and 2kHz tones presentation in test session.
(D) Representative images showing two different ensembles encoding different tones.

(E) c-Fos*/ citrine* overlap cell counts (n = 4 mice / group). Statistical comparisons are

done using unpaired t-test. * p < 0.05. Data are represented as mean + s.e.m.
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(F) Labelling strategy for the AFC-responsive ensemble in AC and MGm using c-

Fos/TetTag system.

(G) Expression of oChIEF in AC, MGm neurons and their axonal terminals in LA.

(H) Design for memory engram erasure experiment.

(I-M), Freezing levels before and after drug injection (1), during 10 Hz stimulation (J), in

response to the conditioned and neutral tones after optical LTP (K), at remote time point

(L), during 10 Hz stimulation at remote time point (M). n =20 mice / group (I, J); n =10

mice / group (K-M). I-K, Bottom, statistical significance between groups during test 2 (1),

during light-off and light-on epochs (J), during test 5 (K). Statistical comparisons are done

using one-way ANOVA (I, K, L); two-way ANOVA (J, M). * p <0.05; ** p <0.01. Data

are represented as mean = s.e.m.
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Figure 7. LA engram cells no longer store the memory after complete amnesia.

(A) Left, labelling strategy for the AFC-responsive ensemble in LA using c-Fos/TetTag
system. Right, expression of oChIEF in LA neurons. Scale bar, 100 um.

(B) Experimental design for erasure of memory engram.

(C-H) Top, freezing levels during fear memory recall by 10 Hz stimulation (C), in response
to the conditioned tone (D), during 10 Hz stimulation (E), during 20 Hz stimulation (F),
in response to the conditioned tone and neutral tone at remote time point (G), during 10
Hz stimulation at remote time point (H). Bottom, statistical significance between groups
(n = 10 mice / group). Statistical comparisons are done using one-way ANOVA (D, G);

two-way ANOVA (C, E, F, H). * p < 0.05; ** p < 0.01. Data are represented as mean +

S.e.m.

To confirm that optical LTP protocol was producing the expected synaptic response, we
carried out in vivo recording in the LA of anaesthetic mice. Light pulses at 0.033Hz to the

terminals of AC & MGm engram cells produced in vivo field response which was potentiated

by optical LTP protocol (Figure 8A, B).
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Figure 8. In vivo induction of optical LTP and LTD.

(A) Experimental design.

(B) Top, average of in vivo field EPSP slope (normalized to baseline) before and after LTP
induction (n =4 mice / group). Bottom, representative traces before (black) and after (red)
the stimulation protocol. Scale bars, 2 mV, 4 ms.

(C) Top, average of in vivo field EPSP slope (normalized to baseline) before and after
LTD induction (n =4 mice / group). Bottom, representative traces before (black) and after
(red) the stimulation protocol. Scale bars, 2 mV, 4 ms.

Statistical comparisons are done using two-way repeated measures ANOVA. * p < 0.05;

** p < 0.01. Data are represented as mean * s.e.m.

To examine the mechanism underlying the complete memory erasure, we checked the
synaptic plasticity in the affected network by LTP occlusion experiment in which artificial
induction of LTP is occluded in circuits with potentiated synapses, while it is facilitated in
circuits with unpotentiated synapses (58-60). One day after Test 1 (Figure 9A, B) and drug
injection, in vivo recording was performed and we found that after LTP induction the degree of
potentiated synaptic response in Ani+tBC group was higher than that of PBS and Ani groups
(Figure 9C, D). Remarkably, there was no significant difference in the potentiated synaptic
response between Ani+tBC group and non-shock group. These results suggest that synaptic
plasticity might be totally reset after complete amnesia returning to non-shock level, while it
was partially disrupted in Ani group. Then, we measured the connectivity pattern between
upstream and downstream engram cells after integral memory erasure. Engram cells in LA were
labelled with mCherry, the axonal terminals of AC & MGm engram cells were optogenetically
stimulated and the overlap between mCherry® cells and c-Fos*™ activated cells was counted

(Figure 9E-G). Complete amnesia resulted in significant decrease in the c-Fos*/mCherry*
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overlap as compared to PBS and Ani groups (Figure 9H), which is consistent with the behaviour

data and the total resetting of synaptic strength.
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Figure 9. Resetting of synaptic plasticity and functional connectivity between engram

assemblies as neural correlates of complete amnesia.

(A) Left, labelling strategy. Right, experimental design.

(B) Freezing level during test 1.

(C) Average of in vivo field EPSP slope (normalized to baseline) before and after LTP
induction (two-way repeated measures ANOVA, n = 4 mice / group).

(D) Representative traces before (black) and after (red) optical LTP induction. Scale bars,
2 mV, 4 ms.

(E) Left, labelling of engram assemblies in AC, MGm and LA using double transgenic
mice (c-Fos::tTA/R26R::H2B-mCherry). Right, experimental design.

(F) Freezing levels during test 1, test 2 and test 3 (one-way ANOVA).
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(G) c-Fos '/ mCherryJr overlap cell counts (one-way ANOVA, n = 4 mice / group). DAPI,
4',6-diamidino-2-phenylindole. * p < 0.05; ** p < 0.01. Data are represented as mean +

S.c.m.

(H) Representative images showing c-Fos '/ mCherry+ overlap in LA, indicated by arrows.

Since memories are stored in interconnected networks and the brain can store two
memories in shared ensemble (30, 33), we asked whether memories stored in the same ensemble
would have the same identity, and hence, the same fate after completely erasing one of them.
To answer this question, we tested the selectivity of our manipulation by utilizing two different
auditory fear conditioning paradigms, separated by 5 hours to confirm that they will recruit
overlapping ensembles in LA. First, we confirmed that 5 hours ON DOX were enough to stop
the oChIEF expression (Figure 10). Then we checked the overlapping ensembles in LA and AC
and we found that majority of LA engram cells for the first event (memoryl) encoded the
second event (memory2), whereas both memories were encoded in two distinct populations in
AC (Figure 11A-E). Then, we used c-Fos/TetTag system to label neural ensemble activated in
AC and MGm specifically during memoryl with oChIEF (Figure 11F), after 5 hours ON DOX,
mice were exposed to memory2, then they were divided into two groups, the first one received
PBS after memoryl retrieval and Ani+tBC after memory?2 retrieval (gp1), and the second group
received the vice versa (gp2). In gpl, memory2 only was erased by Ani+tBC while memory1l
was preserved. Although memoryl in gp2 was disrupted, revealed by lower freezing level in
test2, memory2 was not affected, signifying the selectivity of memory erasure (Figure 11G, I).
Moreover, optogenetic stimulation of presynaptic terminals of engram cells corresponding to
memoryl induced freezing response in gpl, but not in gp2 although in both groups, neurons

storing both memories were affected by Ani+tBC treatment (Figure 11H). These results reveal
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synapse specific engram erasure and indicate that memories, stored in shared engram cells, are

synapse specific, and hence, have different fate.
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Figure 10. Five hours ON DOX are enough for stopping the expression of oChIEF.

(A) Experimental design, after 2 days without doxycycline (DOX) in food, mice were put
back on DOX for 5 hours, then they either were exposed to AFC or stayed in their home
cage. One day later, they were perfused.

(B) Representative images showing oChIEF-citrine expression after AFC while mice were
ON DOX chow (1 g kg_l). Scale bar, 100 um.

(C) oChIEF-citrine cell counts (unpaired #-test, n = 4 mice / group). * p < 0.05. Data are

represented as mean =+ s.e.m.
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Figure 11. Synapse specific erasure of fear memory trace.
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(A) Summary model for the neuronal ensemble in LA and AC after two associative

memories encoded at 5 hours interval.

(B) Left, strategy to label engram cells in AC and LA using double transgenic mice (c-

Fos::tTA/R26R::H2B-mCherry), injected with AAV-TRE,-Cre. Right, experimental

design to check the overlapping ensembles between two associative memories that were

encoded at different time intervals.

(C) Freezing level during 7kHz test session in the 7kHz-7kHz group.

(D) Top, representative images for the overlapping ensembles (arrow head) in AC. Bottom,

same as top, but in LA.
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(E) Top, c-Fos'/ mCherryJr overlap cell counts in AC (one-way ANOVA, n =4 mice/ group).
Bottom, same as top, but in LA (unpaired z-test, » = 4 mice / group).

(F) Design for selective memory erasure experiment.

(G, H) Freezing levels for gp1 and gp2 during 7kHz and 2kHz tones before and after drug
injection (G), during light-off and light-on epochs (H) (unpaired t-test, » = 10 mice /
group). T1, test 1; T2, test 2; T3, test 3; T4, test 4. * p < 0.05; ** p < 0.01. Data are
represented as mean + s.e.m.

(I) Model for selective erasure of either 7kHz fear memory (red) or 2kHz fear memory

(green), overlapped ensemble are in yellow.

To test how the associated memories are represented as individual identity within the
shared ensemble and to dissect the fundamental mechanism underlying memory storage, we
depotentiated the plasticity in synapses specific for memoryl by optical long term depression
(LTD) (Figure 8A, C) and then we tested both memories (Figure 12A, B). Mice that received
LTD showed freezing deficits in response to 7kHz tone only, but not 2kHz tone, as compared
to control group that did not receive LTD (Figure 12C). Optogenetic stimulation to the terminals
of the ensemble responding to 7kHz fear memory triggered light-specific freezing in the control
group, while it failed in the LTD group although the 2kHz fear memory in the ensemble was
intact (Figure 12D), indicating that selective depotentiation of synaptic plasticity deconstructed
specific connectivity between engram assemblies. The previous results reveal that affecting
neuron’s synaptic inputs conveying specific memory information doesn’t disrupt other synaptic
memory in the same neuron. Next, gain of function experiment was performed by erasing both
memories with Ani+tBC, then plasticity was restored in memoryl-specific synapses by optical
LTP (Figure 12E, F). Mice that received LTP protocol displayed higher freezing level in

response to 7kHz tone only, while freezing response during 2kHz tone was unaffected (Figure
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12G). Altogether, these findings demonstrate that synapse specific plasticity is necessary and
sufficient for memory information storage and it delineates memory trace uniqueness,
advocating the plasticity as a substrate for fear memory engram. Furthermore, these results
suggest that synaptic plasticity can build specific connectivity within engram assemblies and
that connectivity is a reflection of enhanced synaptic strength rather than an independent

mechanism for memory storage.
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Figure 12. Synapse specific plasticity is crucial for information storage and Kkeeps the

associated memories distinctive.

(A) Summary model for synapse specific loss of function experiment.
(B) Design for loss of function experiment.

(C, D) Freezing levels in response to 7kHz and 2kHz tones before and after optical LTD

induction (C), in response to optical stimulation (D) (» = 10 mice / group).
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(E) Summary model for the gain of function experiment.

(F) Design for gain of function experiment.

(G) Freezing levels before and after complete amnesia and LTP induction (» = 10 mice /
group). Statistical comparisons are done using two-way ANOVA. T1, test 1; T2, test 2; T3,
test 3; T4, test 4; TS, test 5; T6, test 6. * p <0.05; ** p <0.01. Data are represented as mean

+ s.e.m.
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DISCUSSION:

Our results indicate that autophagy contributes to memory destabilization, and that its
induction promotes both synaptic and memory destabilization, which is mediated through the
degradation of the endocytosed AMPAR. Furthermore, autophagy induction overcomes a
boundary condition rendering a fear memory pervious to reconsolidation. Moreover, memory
engram cells no longer store the memory information after complete retrograde amnesia. Our
study sheds light on the capability of selective and integral erasure of memory trace from the
engram network, suggesting a potential way to treat post-traumatic stress disorder (PTSD). The
findings presented here unravel how the brain organizes and stores multiple associative
memories in shared ensemble, underpinning a causal relationship between synaptic input-

specific plasticity and memory identity and storage.

Autophagy induction alone, through tBC administration after reactivation, did not show
any significant amnesic effect in the 3FS-AFC and CFC. This indicates that, regardless of the
degree of destabilization, if the protein synthesis is not compromised within a certain time
window following reactivation, the synthesized proteins have the capacity to regain synaptic
plasticity and memory. This demonstrates the capacity of protein synthesis in the restabilization

of synapses and the reinstating of specific memories.

AMPAR are heterotetrameric complexes composed of various combinations of four
subunits (GluA1-4), with the GIluA1/2 and GIluA2/3 tetramers being the two major subtypes
(61). The amount of synaptic GluA2-containing AMPARs correlates with LTM maintenance
and strength (62-65). Blocking the endocytosis of GluA2-containing AMPARS inhibits the
induction of LTD, but not LTP, without affecting basal synaptic transmission (54, 56, 66, 67).
More relevant is its involvement in memory destabilization, where it does not affect the
acquisition or the retrieval of conditioned fear memory (52, 68). These reports are in agreement

with our hypothesis that autophagy works through dragging endosomes carrying AMPAR to
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lysosomal degradation, as evidenced by our demonstration that GluA2-dependent AMPAR
endocytosis is a prerequisite for autophagy to affect memory destabilization. Additionally,
GluA2-dependent AMPAR endocytosis correlates with the decay of LTP and the natural active
forgetting of LTM (62, 69, 70), which suggests that autophagy plays a role in the forgetting of
consolidated memories through the gradual synaptic loss of AMPAR overtime, and, hence,

memory loss.

D-cycloserine, an NMDAR agonist, prepares resistant memories for destabilization (71).
Noteworthy, d-cycloserine also enhances memory update (fear extinction) by increasing
GluA2-containing AMPAR endocytosis, and augments NMDAR-2B-dependent hippocampal
LTD (72, 73). Therefore, autophagy might be a potential downstream mechanism by which d-
cycloserine facilitates destabilization. We showed here that autophagy destabilizes resistant
memories formed under stressful conditions (Figure 3), suggesting autophagy as a potential
target for clinical applications. Owing to the growing interest in finding autophagy inducers for
several applications, many FDA-approved autophagy inducers already exist, including known
anti-psychotic and anti-depressant drugs, and more specific ones are on their way (74, 75). This
increases the feasibility of using autophagy inducers for future therapeutic applications,

including PTSD treatment.

Recent study demonstrated that engram cells retain the memory after anisomycin-induced
partial amnesia, suggesting that synaptic plasticity is dispensable for memory storage (43).
However, we proved here that synaptic plasticity between engram assemblies is indispensable
for memory storage and that engram network no longer retains the memory after complete
amnesia. Our findings are consistent with a recent study showing that LTP isn’t induced
globally after single fear memory formation (76), nevertheless, they didn’t examine whether
altering an engram-specific plasticity would have comprehensive effects on other engrams

stored in the same ensemble and whether synaptic plasticity is essential for information storage.

32



Brain machinery that stores and distinguishes between several memories encoded in the
same neurons is critically important for organizing the uniqueness of memories. Our study
uncovers the mechanism by which brain can maintain the storage and the uniqueness of a
massive number of associated memories stored in shared cell ensemble. Furthermore, we show
selective and total erasure of fear memory from engram network without affecting other
memories stored in the same ensemble by resetting the plasticity in synapse specific manner,
leading to better understanding of the mechanism of memory storage and giving more insight

into therapeutic ways to treat post-traumatic stress disorder (PTSD).
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METHODS

Animals

Naive male C57BL/6J (purchased from Japan SLC, inc) and c-Fos::tTA transgenic mice
(Mutant Mouse Regional Resource Center, stock number: 031756-MU) were obtained as
described previously (32, 35). The founders of the R26R::H2B-mCherry transgenic mice
(CDB0204K) were described previously (77). The progeny for the c-Fos:tTA and
cFos::tTA/R26R::H2B-mCherry double-transgenic mouse line were generated using in vitro
fertilization with eggs from C57BL/6J mice and embryo transfer techniques. These transgenic
mice were raised on food containing 40 mg kg—1 Dox and maintained on Dox pellets except
for 2 days before the conditioning session. All mice were maintained on a 12 h light/dark cycle
at 24 + 3°C and 55 £ 5% humidity, had access to food and water ad libitum and housed with
littermates until surgery. Mice for behavioral analyses were 12-18 weeks old. All procedures
involving the use of animals were performed in accordance with the guidelines of the National
Institutes of Health (NIH) and were approved by the Animal Care and Use Committee of the
University of Toyama and the Institutional Committee for the Care and Use of Experimental

Animals of Jikei University.

Drugs and peptides

Anisomycin (Sigma Aldrich Japan Co., Tokyo, Japan) was dissolved in a minimum quantity of
HCI, diluted with phosphate buffered saline (PBS), and adjusted to pH 7.4 with NaOH.
Ifenprodil tartrate (Sigma Aldrich Co., Japan) and trifluoperazine dihydrochloride (Sigma
Aldrich Japan Co.) were dissolved in PBS. Spautin-1 (Sigma Aldrich Co., Japan) was dissolved
in DMSO and diluted with equal volume of saline. The retro-inverso Tat-beclin 1 peptide D-

amino acid sequence (RRRQRRKKRGYGGTGFEGDHWIEFTANFVNT; synthesized by

34



GenScript through Funakoshi Co., Ltd., Tokyo, Japan) was dissolved in either PBS (tBC) or
anisomycin solution (Ani+tBC). The Tat-GluA23y peptide L-amino acid sequence
(YGRKKRRQRRRYKEGYNVYG, AnaSpec, Fremont, CA) and its control Tat-GluA23a
peptide L-amino acid sequence (YGRKKRRQRRRAKEGANVAG; AnaSpec), were both
dissolved in PBS (GluA23y or GluA23a, respectively). All peptides were aliquoted into single

experiment volumes and stored at —80°C.

Viral constructs.

The recombinant AAV vectors used were AAV-TREss-Cre and AAV-hSyn1-DIO-oChIEF-
Citrine at 1:10 ratio. pAAV-hSyn1-DIO-0oChIEF-Citrine plasmid was acquired from Addgene
(Addgene plasmid 50973). For pAAV-TRE3c-Cre preparation, we constructed pAAV-TREzc-
CreERT firstly by replacing the PCR-amplified TREsc-CreER™ of pLenti-TRE3s-CreER™
which was described previously (34), with primers (sense,
GCGACGCGTCGAATTCGTCTTCAAGAATTCCTC; antisense,
CAGGCCGCGGGAAGGAAG) into pAAV-EF1a-DIO-EYFP (donated by Dr. K. Deisseroth)
at the Mlul-Sacll restriction sites. Then, inverse PCR was performed using pAAV-TRE3zc-
CreER™ template with primers (sense, GGATCATCCATCCATCACAGTGGC; antisense,
TTAATCGCCATCTTCCAGCAGGCG) to construct pAAV-TREss-Cre. The recombinant
AAYV vectors were produced as described previously (78), and injected with viral titres of 2.8
x 10% vg/mL for AAV9-hSyn1-DI0-0ChIEF-Citrine and 1.4 x 10*® vg/mL for AAV9-TREsc-

Cre.

Stereotactic surgery and drug infusion in mice

35



Mice were 8-10 weeks old at the time of surgery. They were anesthetized with isoflurane, given
an intraperitoneal injection of pentobarbital solution (80 mg/kg of body weight), and then
placed in a stereotactic apparatus (Narishige, Tokyo, Japan). Mice were then bilaterally
implanted with a stainless guide cannula (PlasticsOne, Roanoke, VA, USA). For targeting the
BLA, the guide cannula was positioned 1.5 mm posterior, 3.3 mm lateral, and 3.4 mm ventral
to the bregma. For targeting the LA, the guide cannula was positioned 1.7 mm posterior, 3.4
mm lateral, and 2.6 mm ventral to the bregma. After surgery, a cap or dummy cannula
(PlasticsOne) was inserted into the guide cannula, and mice were allowed to recover for at least
7 days in individual home cages before the experiment. Mice in the NoFS group were not
cannulated. All drug infusions were done under isoflurane anesthesia, using an injection
cannula with a 0.25 mm internal diameter (PlasticsOne), and extending beyond the end of the
guide cannula by 1.5 mm for the BLA and LA. The drug infusion rate was 0.2 pl/minute for
the BLA and LA. Following drug infusion, the injection cannula was left in place for 2 minutes
to allow for drug diffusion. In all of these reconsolidation experiments, 1 pl of drug solution
contained either PBS, 125 pg of anisomycin, 20 ug of tBC, or 125 pg anisomycin + 20 ug tBC.
For autophagy inhibition, 0.5 pl of solution containing 8.3 g Spautin-1 or vehicle was injected
into LA. For blocking AMPA receptor endocytosis, 0.5 pl of solution containing 20 ng of
GluA23v or GluA23a was injected into the LA.

For optogenetic experiments, 500 nl of virus were injected at 100 nl min bilaterally to the AC
(-2.7 mm anteroposterior (AP), £4.4 mm mediolateral (ML), +3.3 mm dorsoventral (DV)),
MGm (-3.1 mm AP, £1.9 mm ML, +3.5 mm DV) and LA (-1.7 mm AP, 3.4 mm ML, +4.1
mm DV). After injection, the injection cannula was kept for 5 min before its withdrawal, then
a stainless guide cannula (PlasticsOne, Roanoke, VA, USA) targeting LA was positioned 3.1

mm ventral to the bregma and fixed on the skull with dental cement. Then, a dummy cannula
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(PlasticsOne) with cap was inserted into the guide cannula. Mice were allowed to recover for

at least 7 days in individual home cages before starting the experiments.

Lysate preparation and immunoblot analysis

Drugs were infused into amygdala of one hemisphere of the C57BL/6J mice, as described above.
Four hours later, their brains were removed and cut into 1-mm slices, placed on ice, and the
amygdala from each hemisphere was dissected under a binocular microscope, rapidly frozen
on dry ice, and stored at —80°C. Samples were then sonicated in RIPA buffer (50 mM TrisHCI,
pH 7.5, 150 mM NaCl, 2 mM EDTA, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, and
50 mM NaF) containing a protease inhibitor mixture (cOmplete ULTRA tablets, Roche
Diagnostics GMBH, Mannheim, Germany) and a phosphatase inhibitor mixture (PhosSTOP
tablets, Roche Diagnostics GMBH). Samples were then centrifuged at 14000 rpm for 15
minutes at 4°C, and supernatants were stored at —30°C until use. Measurement of protein
concentration, immunoblotting for LC3 detection (ab48394; Abcam, Tokyo, Japan),

visualization and quantitation were performed as previously described (3).

Contextual fear conditioning (CFC)

All behavioral sessions were conducted during the light cycle, in a dedicated soundproof
behavioral room (Yamaha Co., Shizuoka, Japan), described here as Room A. The CS context
was a square chamber (Chamber A) with a plexiglass front, off-white side- and back-walls
(length 175 x width 165 x height 300 mm), and a floor consisting of stainless steel rods
connected to an electric shock generator. The distinct context was a circular chamber (Chamber
B) with opaque reddish walls (diameter 235 mm x height 225 mm), and a smooth gray floor.

The light in Room A was adjusted to give ~325 Ix in the center of Chamber A and ~850 Ix in

37



the center of Chamber B. After recovery from surgery, a maximum of six mice were moved
from their home cages on racks in the maintenance room (~ 260 + 70 Ix), to the experimental
room equipped with a covered stainless-steel waiting rack (~60 + 13 Ix). One day before the
experiment, mice were left undisturbed in the waiting rack for 2 h for habituation purposes. On
the day of the experiment, mice were left undisturbed in the waiting rack for at least 30 minutes
before and after each session, and during the experiment. In each session, one mouse in its home
cage was moved into Room A. During the conditioning or reconditioning sessions, mice were
placed in Chamber A and allowed to explore for 148 sec, before receiving one footshock (2 sec,
0.4 mA). They then remained for 30 sec, before being moved back to their home cages and
returned to the waiting rack. During the retrieval session (T1), mice were placed back into
Chamber A for 3 minutes, then immediately subjected to isoflurane anesthesia and drug
infusion. Mice in the NoFS group were manipulated identically, with the exceptions that the
shock generator was turned off and they were not subjected to anesthesia. During the test
sessions, mice were placed back into Chamber A (T2 and T4) for 5 minutes, and 1 h later into
Chamber B (T3) for 5 minutes. Mice remained in the waiting rack during the 1 h interval. In all
behavioral sessions, chambers were cleaned with 70% ethanol and water between each mouse,

and kept odorless to the experimenter.

Auditory fear conditioning

Different chambers were used for each auditory fear conditioning session. Context exploration
and conditioning were performed in Chamber A, using the same light adjustment as in the CFC.
Retrieval sessions were performed in a circular chamber (Chamber C) with opaque black walls
(diameter 215 mm x height 340 mm) and a smooth gray floor. Test sessions were performed in

a circular chamber (Chamber D) with opaque reddish walls (diameter 235 mm x height 310
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mm) and a smooth gray floor. The light in Room A was adjusted to give ~325 Ix in the center
of Chamber A, ~820 Ix in the center of Chamber C, and ~300 Ix in the center of Chamber D.
After recovery from surgery, a maximum of six mice were moved from their home cages on
racks in the maintenance room to a soundproof (Yamaha Co.) waiting room (Room B). Mice
were left undisturbed for at least 15 minutes before and after each session, and during the
experiment. In each session, one mouse in its home cage was moved into Room A. During the
context exploration sessions, mice were placed in Chamber A and allowed to explore for 5
minutes per day for 2 days. During the conditioning sessions, mice were placed in Chamber A
for 2 minutes, and then received one or three tones (30 sec, 65 dB, 7 kHz), co-terminating with
a shock (2 sec, 0.4 mA), with an interval of 30 sec. After the last shock, mice remained for 30
sec, and were then returned to their home cages and to Room B. During the retrieval sessions,
mice were placed into Chamber C for 2 minutes before receiving a tone (30 sec, 65 dB, 7 kHz),
then 30 sec later, mice were subjected to isoflurane anesthesia and drug infusion before being
returned to Room B. For autophagy inhibition or blocking of AMPA receptor endocytosis, mice
were subjected to isoflurane anesthesia and drug infusion 75 minutes prior to the retrieval
sessions. During test sessions, mice were placed in Chamber D for 2 minutes, and then received
a tone (30 sec, 65 dB, 7 kHz).

Auditory fear conditioning with optogenetic manipulation. Different chambers were used
for each auditory fear conditioning session. All chambers were different in shape, lightening
pattern and texture of the floor. The experiments were performed on AAV-injected c-fos-tTA
mice, maintained on food containing 40 mg/kg doxycycline.

Habituation. Three-four weeks after virus infection, mice were allowed to explore the context
for 2 minutes before exposing them to a neutral tone (30 sec, 65 dB, 2 kHz), mice remained for
additional 2.5 minutes before returning to their home cages. After the second habituation

session, doxycycline was removed and mice were maintained on normal food.
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Conditioning. Two days later, mice were placed in the context for 2 minutes, and then received
single presentation of a conditioned tone (30 sec, 65 dB, 7 kHz), co-terminating with a shock
(2 sec, 0.4 mA), mice remained for 30 sec, and were then returned to their home cages. Six
hours later, the food was changed to one containing 1000 mg/kg doxycycline.

Testing. Mice were allowed to explore unfamiliar context for 2 minutes before receiving the
tested tone (30 sec, 65 dB, 7 kHz or 2kHz), then 30 sec later, mice were returned to their home
cages except for Test 1 only, they were subjected to isoflurane anesthesia and drug infusion.

Optogenetic stimulation (10 & 20 Hz). For the placement of two branch-typed optical fibers

(internal diameter, 0.25 mm) connected to a housing with a cap, mice were anaesthetized with
approximately 2.0% isoflurane and the optic fibers were inserted into guide cannulas. The tip
of the optical fiber was targeted 0.5 mm above LA (DV 3.6 mm from bregma). Mice with the
inserted optic fibers were then returned to their home cages and left for at least for 2 h. The
fiber unit-connected mouse was attached to an optical swivel, which was connected to a laser
unit (8-10 mw, 473 nm). The delivery of light was controlled using a schedule stimulator in
time-lapse Mode. Optogenetic session was 9 minutes in duration consisting of three 3 min
epochs with the first and third epochs were Light-Off epochs while the second one was Light-
On epoch. During Light-On epoch mice received optical stimulation (10 Hz or 20 Hz, 15 ms
pulse width) for the entire 3 min. One hour after the end of the session, the fiber was removed
from the cannula under anesthesia.

In vivo LTP induction. Immediately after Test 4, mice were placed in different home cage and

after 2 minutes exploration, optical LTP was induced with 10 trains of light (each train consisted
of 100 pulses of light, 5 ms each, at 100 Hz) at 90-s inter-train intervals.
Experiments consisting of two overlapping memories (Figure 11, 12)

Habituation, testing and optogenetic stimulation sessions were described above.
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Conditioning. After two days off DOX, mice were fear conditioned to 7kHz tone as described
above. Immediately after the session, mice were put back on food containing 1000 mg/kg
doxycycline. One hour later, mice were injected intraperitoneal with doxycycline hyclate (120
mg / kg) to stop the expression of oChIEF. Five hours or 24 hours after 7kHz fear conditioning,
mice were exposed to 2kHz fear conditioning.

Invivo LTP or LTD induction. Immediately after test session, optical LTP or LTD was applied.

Optical LTP was induced with 10 trains of light (each train consisted of 100 pulses of light, 5
ms each, at 100 Hz) at 90-s inter-train intervals. Optical LTD was induced with 900 pulses of
light, 2 ms each, at 1 Hz.

Two tones discrimination experiment (Figure 5)

Naive male C57BL/6J mice were used. Mice were exposed to the above-mentioned protocol
during the habituation and conditioning sessions. One day after conditioning, mice were divided
into two groups, the first one was tested with 7kHz tone first, then tested with 2kHz tone on the
next day, while the second group was tested with 2kHz tone first, then tested with 7kHz tone.
During test session, mice allowed to explore unfamiliar context for 2 minutes before receiving

the tested tone then 30 sec later, mice were returned to their home cages.

Behavioral analysis

All experiments were conducted using a video tracking system (Muromachi Kikai, Tokyo,
Japan) to measure the freezing behavior of the animals. Freezing was defined as a complete
absence of movement, except for respiration. We started scoring the duration of the FR after 1
sec of sustained freezing behavior. All behavioral sessions were screen recorded using
Bandicam software (Bandisoft, Seoul, Korea). Occupancy plots representing the maximum
occupancy of the mouse center in the defined context space during each session were generated

by analyzing the screen recorded movies using ANY -maze software (Stoelting Co., Wood Dale,
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IL, USA). Mice were assessed as completely amnesic when they: (1) showed at least a 50%
decrease in freezing level after drug infusion compared with the level before treatment, and (2)
showed a freezing level in the CS or distinct contexts within the 95% confidence interval of the
freezing level of the NoFS group (used as a reference for normal mouse behavior). Animals
were excluded from behavioral analysis when showing abnormal behavior after surgery or the

cannula was misplaced in position.

In vivo LTP or LTD induction.

For behavior experiments, optical LTP was induced with 10 trains of light (each train consisted
of 100 pulses of light, 5 ms each, at 100 Hz) at 90-s inter-train intervals. Optical LTD was
induced with 900 pulses of light, 2 ms each, at 1 Hz.

For LTP occlusion experiment, optical LTP was induced with 5 trains of light (each train

consisted of 100 pulses of light, 5 ms each, at 100 Hz) at 3 minutes inter-train intervals.

In vivo recording.

Four weeks after the injection of AAV viral vectors into the MGm and AC, mice were
anesthetized with pentobarbital and then mounted on a stereotaxic frame. The optic fiber was
glued to the recording tungsten electrode so that the tip of the fiber was 500 um above the tip
of the electrode. The optrode was inserted into the LA and the optic fiber was connected to a
473-nm laser unit. The LTP or LTD induction protocol was identical to that used in the
behavioral test. After establishing a stable baseline at the recording site for 20 min (stimulation
frequency at 0.033 Hz), in vivo LTP or LTD was optically induced, which was followed by at
least 20 min of 0.033 Hz stimulation. Data were analyzed using Clampex 10.7 software. All

animals were perfused after the recordings and the position of the recording sites were verified.
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LTP occlusion experiment.

Behavior was done as described above. One day after test session and drug infusion, mice were
anesthetized and the guide cannulas with the dental cement were removed from the skull. Then

we performed in vivo recording as described above.

Immunohistochemistry

One and half hour after the desired session, the mice were deeply anesthetized with
pentobarbital solution, and perfused transcardially with PBS (pH 7.4) followed by 4%
paraformaldehyde in PBS (PFA). The brains were removed, further post-fixed by immersion in
PFA for 12-18 h at 4°C, equilibrated in 25% sucrose in PBS for 36-48 h at 4°C, and then stored
at —80°C. Brains were cut into 50 um coronal sections using a cryostat and transferred to 12-
well cell culture plates (Corning, NY, USA) containing PBS. After washing with PBS, the
floating sections were treated with blocking buffer (3% normal donkey serum; S30, Chemicon
by EMD Millipore, Billerica, MA USA) in PBS containing 0.2% Triton X-100 and 0.05%
tween 20 (PBST) at room temperature (RT) for 1 h. The following primary antibodies were
applied in blocking buffer at 4°C for 24-36 h: rat anti-GFP (1:1000, Nacalai Tesque, 04404-84,
GFO90R), rabbit anti-c-Fos (1:1000, Santa Cruz Biotechnology, sc-7202), goat anti-c-Fos
(1:1000, Santa Cruz Biotechnology, sc-52-G) and rabbit anti-mCherry (1:1000, Clontech,
632496). After three 10-minute washes with 0.2% PBST, sections were incubated in blocking
buffer at RT for 2-3 h with the following corresponding secondary antibodies: donkey anti-rat
IgG Alexa Fluor 488 (1:1000, Molecular Probes, A21208) or donkey anti-rabbit 1gG Alexa
Fluor 546 (1:1000, Molecular Probes, A10040) or donkey anti-goat 1gG Alexa Fluor 647

(1:1000, Molecular Probes, A21447). Finally, the sections were treated with DAPI (1 pg/ml,
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Roche Diagnostics, 10236276001) and then washed with 0.2% PBST three times for 10 min

each before being mounted onto slide glass with ProLong Gold antifade reagent (Invitrogen).

Confocal microscopy and cell counting.

Images were acquired using a Zeiss LSM 780 confocal microscope (Carl Zeiss, Jena, Germany)
with plan apochromat lens using 20x objective. All acquisition parameters were kept constant
within each magnification. To quantify the number of each immunoreactive cell in target
regions after collecting z-stacks (approximately ten optical sections of 10 pum thick), three
coronal sections per mouse (n = 4 mice) were manually counted. Overlaps between the GFP+

and c-fos+ cells as well as mCherry+ and c-fos+ cells were manually counted.

Statistics

Statistical analysis was performed using Prism 6.01 or InStat 3.1 (GraphPad Software, San
Diego, CA, USA). Data from two groups were compared using two-tailed unpaired Student t
tests. Multiple-group comparisons were assessed using ANOVA with post hoc tests.

Quantitative data are presented as mean * s.e.m.
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