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Overlapping memory trace
indispensable for linking, but not
recalling, individual memories
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Memories are not stored in isolation from other memories but are integrated into
associative networks. However, the mechanisms underlying memory association remain
elusive. Using two amygdala-dependent behavioral paradigms—conditioned taste aversion
(CTA) and auditory-cued fear conditioning (AFC)—in mice, we found that presenting the
conditioned stimulus used for the CTA task triggered the conditioned response of the AFC
task after natural coreactivation of the memories. This was accompanied through an
increase in the overlapping neuronal ensemble in the basolateral amygdala. Silencing of
the overlapping ensemble suppressed CTA retrieval-induced freezing. However, retrieval
of the original CTA or AFC memory was not affected. A small population of coshared
neurons thus mediates the link between memories. They are not necessary for recalling

individual memories.

emories are often stored in intercon-

nected networks of the brain to associate

with one another (7-5). The simultaneous

retrieval of two independent memories

sometimes links the original memories,
generating a qualitatively new memory. Memory
is encoded in a specific cell ensemble that is
activated during learning (6-9), and individual
memories are generally represented by different
cell ensembles. Acquisition of a new memory can
be modified by the simultaneous and artificial
reactivation of a specific neuronal ensemble cor-
responding to that prestored memory, generat-
ing synthetic or false memories (10, 11). When
an association is formed between conditioned
and unconditioned stimuli (CS and US, respec-
tively) in Pavlovian conditioning, cell ensembles
corresponding to each stimulus overlap, and this
is thought to link these stimuli (4, 12-14). We
investigated the nature of these overlapping
neuronal ensembles in the association of mem-
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ories governed by repeated and simultaneous
retrieval.

Mice were trained independently on two be-
havioral tasks: conditioned taste aversion (CTA)
on days 5 and 6 and auditory-cued fear condi-
tioning (AFC) on day 10 (Fig. 1A). After each mem-
ory was formed, animals received synchronous
and repetitive copresentations of the CS for
CTA (saccharin solution as CS1) and that for
AFC (tone as CS2) during repeated coretrieval
sessions (RCSs) in which the tone was presented
as soon as mice licked the nozzle that provides
the saccharin solution. The CTA and AFC mem-
ories in these mice were comparable with those
in control animals throughout the entire session,
which did not receive the CS2 (tone) during the
RCS (Fig. 1, B and C). After the RCS, within the
first several minutes of licking the saccharin so-
lution during the subsequent CTA test, mice in
the coretrieval group showed a long latency to
move from the corner of the CTA chamber, de-
creased mobility, and freezing behavior (test 1)
(Fig. 1, D to F, and fig. S1). Thus, CS1 (saccharin)
triggered a freezing response after the RCS
(saccharin-induced freezing). Mice in the un-
paired group, which received CS1 and CS2 at
30-min intertrial intervals during the RCS, showed
freezing behavior upon saccharin-licking compa-
rable with that in the coretrieval group (fig. S2,
A to D). Thus, a group of mice that received only
CS1 during the RCS served as a control group.
The link between CS1 and CS2 was not formed
without acquiring the CTA memory (fig. S2, E
to H) and did not depend on the order of the
training (fig. S2, I to L).
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We analyzed c-Fos expression as a marker of
neuronal activity in brain areas shown to be im-
portant for the performance of CTA and AFC,
including the basolateral amygdala, medial pre-
frontal cortex, and insular cortex (73-2I). The
number of c-Fos-positive cells in the basolateral
amygdala was significantly higher in the core-
trieval group than in the control group (fig. S3).

Disrupting the CTA memory in mice sub-
jected to the RCS rendered the AFC memory la-
bile (Fig. 1, G to K) (22). We infused either the
protein synthesis inhibitor anisomycin or vehi-
cle bilaterally into the basolateral amygdala of
mice immediately after the CTA retrieval test
(test 1) that followed the RCS (Fig. 1G). Reten-
tion of the CTA memory was disrupted in the
anisomycin group compared with control (Fig. 1H).
This disruption was accompanied by an impair-
ment in the original AFC memory, although the
AFC memory had not been directly reactivated
during the anisomycin infusion (Fig. 1I). A sec-
ond nonreactivated group of mice that had not
received the RCS (no RCS, home cage group) also
showed the CTA memory impairment, but their
AFC memory recall was intact (Fig. 1, J and K).

Cellular compartment analysis of temporal ac-
tivity by use of fluorescence in situ hybridiza-
tion with Arc and Homer 1a (Arc/Hla catFISH)
(23, 24) revealed a dynamic interaction between
CTA and AFC at the neuronal ensemble level in
all the brain areas analyzed (Fig. 2 and fig. S4).
The population of the Arc/Hla-double-positive
neurons in the basolateral amygdala of the co-
retrieval group was significantly greater than
that in the control and no-reactivation groups,
despite the same-sized population of Arc/Hla-
single-positive cells among the groups (Fig. 2, B
to E, and fig. S4). The percentage of the coshared
neuronal population (overlapping ensemble) in
the amygdala between CTA and AFC to the total
ensembles activated during retrieval was 15.2%
for the coretrieval, 9.1% for the control, and
8.2% for the no-reactivation groups (Fig. 2F).

Coactivity of specific subsets of neurons trig-
gers the association of memories (12, 25). To
test whether ensemble coactivity during RCS is
critical for the CTA-AFC interaction, we used
optogenetic manipulation to suppress the AFC
ensemble activity in the basolateral amygdala
during RCS. We applied to c-fos-tetracycline
(tet)-controlled transactivator (tTA) transgenic
mice (26) a tet-OFF lentiviral vector encoding
enhanced archaerhodopsin-T 3.0 fused to en-
hanced yellow fluorescent protein (ArchT-EYFP)
(Fig. 3, A to C) (4). ArchT-EYFP labeled the AFC
training ensemble in a doxycycline (Dox)- and
AFC training-dependent manner (fig. S5). We
then examined, ex vivo and in vivo, whether op-
tical stimulation suppressed the activity of the
neuronal ensemble that had been labeled during
the AFC training. In ex vivo patch-clamp record-
ings with yellow-light illumination, ArchT-EYFP-
expressing, but not EYFP-expressing, cells elicited
a robust and sustained hyperpolarizing current
that effectively blocked action potentials evoked
by somatic current injections (Fig. 3, D and E,
and fig. S6, A and B). Spontaneous activity was
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Fig. 1. Saccharin-induced freezing is generated through repetitive memory
retrieval. (A) Experimental design. (B and C) Original CTA (B) and AFC mem-
ories (C) examined after the RCS. Aversion index for CTA memory performance
in the RCS and test 1 [t test, n = 12 mice, P > 0.19 (not significant, N.S.), to, =
1.35]. Freezing (%) in test 2 (t test, n = 12 mice, P > 042, to, = 0.81). (D)
Behavioral tracing (left) and occupancy plots (right) during test 1. Yellow arrow
shows longer latency to move from the corner in the coretrieval group. The solid
yellow circles indicate the nozzle positions for water and saccharin. (E) Mouse
motility examined in 3-min intervals during test 1. Two-way analysis of
variance (ANOVA), P > 0.23, F4 110 = 1.42; Wilcoxon rank-sum test 4 to 6 min,
P =0.012, z=-251; 7 to 9 min, P = 0.04, z = -2.04. (F) Saccharin-induced
freezing (%) measured for 5 min (yellow bar) immediately after finishing licking
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Fig. 2. Reorganization of two distinct memory engrams to form an overlap-
ping ensemble. (A) Experimental procedure for Arc/Hla catFISH analysis 24
hours after RCS. (B) Activated ensembles during AFC or CTA memory retrieval
were defined as intranuclear foci (INF) Arc* (green) or INF Hla* cells (magenta),
respectively. Scale bar, 10 um. (C) Images of BLA catFISH imaging in coretrieval,
control (only CTA-CS presentation during RCS), and no-reactivation (No React;
home cage) groups. Yellow arrows indicate INF Arc* and Hla* (double-positive)
cells. Scale bar, 50 um. (D) Percentage of immediate early gene—positive (IEG*)
cells per 4',6-diamidino-2-phenylindole—positive (DAPI™) cells. (E) The proportion
of the Arc™ and Hla* (double-positive) ensemble that was activated twice during
CTA and AFC test sessions (CTA-CS and AFC-CS presentation, respectively) in co-
retrieval, control, and no-reactivation groups (one-way ANOVA Tukey-Kramer post
hoc test; for coretrieval, control, and no reactivation, n = 5, 5, and 4 mice,

saccharin in test 1 (t test, n = 12 mice, P = 0.04, t,, = 2.23). (G) Behavioral
testing schedule for examining the link between CTA and AFC memories.
Anisomycin (Ani) or vehicle (Veh) was bilaterally infused in the BLA im-
mediately after the CTA retrieval test (test 1). (H and I) RCS group. Aversion
index in test 1 and test 2 [t test; test 1 versus test 2 in Ani group, n = 12 mice,
P =0.0075, t;; = 3.27; Ani (n = 12 mice) versus Veh (n = 13 mice) intest 2, P =
0.0015, to3 = 3.59], and freezing (%) in test 3 (t test, P = 0.013, t,3 = 2.68).
(J and K) No RCS group. Aversion index in test 1 and test 2 [t test; test
1 versus test 2 in Ani, n = 10 mice, P = 0.015, tg = 3.01; coretrieval group (n =
10 mice) versus control (n = 11 mice) in test 2, P = 0.0008, t;9 = 3.96], and
freezing (%) in test 3 (t test, P > 0.74, t;o = 0.33). Data are means + SEM.
Significance for multiple comparisons, *P < 0.05, **P < 0.01.
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respectively; P = 0.0012; F513 = 23.07). Red line indicates chance. (F) Scaled Venn diagrams representing the size and proportion of overlap in the activated ensembles
of the BLA. Circle size reflects cell number, and numbers within the diagrams indicate the percentage contributed by each ensemble and the overlap. Data are

means £ SEM. Significance for multiple comparisons, **P < 0.01.
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(G) Proportion of c-Fos™ cells in each group (one-way ANOVA Tukey-Kramer post hoc test; for ArchT ON,
ArchT OFF, and EYFP OFF, n = 6, 5, 5 mice, respectively; P = 0.0055; F,;5 = 14.11). (H) Tone-induced

freezing (%) under light illumination (one-way ANOVA Tukey-Kramer post hoc test; P = 0.0024, F5 15 = 9.90). (I) Correlation between the percentage of c-Fos*
cells and freezing (%) (Spearman’s rank correlation coefficient, P = 0.012, rs = 0.65, z = 2.51). (J) Experimental procedure for disrupting ensemble activity
during RCS by means of optical silencing. (K and L) Aversion index in test 1 for original CTA memory (one-way ANOVA, P> 0.89, F, 1 = 0.12) and freezing (%)
(one-way ANOVA, P > 0.81, F,19 = 0.21) in test 2 for original AFC memory (for ArchT ON, ArchT OFF, and EYFP OFF, n = 6, 8, and 6 mice, respectively).
(M) Saccharin-induced freezing (%) measured for 5 min immediately after finishing the first lick of the saccharin nozzle during test 1 (one-way ANOVA
Tukey-Kramer post hoc test, P = 0.0067, F»19 = 6.82). (N and O) The proportion of IEG* ensembles and the ratio of overlapping ensembles determined with
catFISH staining 24 hours after light illumination (ArchT ON, ArchT OFF, EYFP ON, n =7, 7, 6 mice, respectively; one-way ANOVA Tukey-Kramer post hoc test,
P = 0.00017, F,19 = 15.08). Red line indicates chance. Data are means * SEM. Significance for multiple comparisons, *P < 0.05, **P < 0.01.

suppressed with continuous optical stimulation
for 5 min, with the firing properties subsequently
recovering within several minutes (fig. S6, C
and D). In vivo, optical silencing of the AFC
training ensemble (ArchT laser ON group) sig-
nificantly reduced the percentage of c-Fos™ cells
and tone-induced freezing compared with those
in the ArchT laser OFF (ArchT OFF) and EYFP
laser ON groups (EYFP ON) (Fig. 3, F to H). The
magnitude of freezing correlated well with the
number of c-Fos™ cells (Fig. 31).

We then applied tet-tagged optical silencing
to mice subjected to RCS (Fig. 3J). ArchT-EYFP-
or EYFP-tagged mice, whose basolateral amygdala

Yokose et al., Science 355, 398-403 (2017)

cells were labeled during AFC training, received
continuous light illumination during each of three
RCSs. Optical silencing during RCS had no ef-
fect on the retrieval of the original CTA and AFC
memories (Fig. 3, K and L). However, the per-
centage of saccharin-induced freezing during test
1 was significantly attenuated in the ArchT ON
group as compared with the other groups (Fig.
3M). In catFISH imaging analysis conducted
24 hours after RCS (Fig. 3J), the number of Arc-
or Hla-single-positive cells was similar in each
group. However, the overlapping ensemble ratio
in the ArchT ON group was significantly reduced
as compared with that in the other groups (Fig. 3,

27 January 2017

N and O). Therefore, artificial disruption of the
AFC training ensemble activity during RCS led
to a decrease in the proportion of the overlapping
neuronal ensemble and impaired the saccharin-
induced freezing behavior.

Our findings raise a critical question: Does the
neuronal activity of the overlapping ensemble
in the basolateral amygdala mediate the cross-
modal association that leads to saccharin-induced
freezing? We developed a c-fos tTA-tet tag (26)
and lentivirus-based genetic targeting system in
combination with a tamoxifen-inducible Cre-loxP
recombination system (27) that enabled us to
specifically target the overlapping ensemble
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AFC retrieval test. (D) Procedure for targeting the overlapping ensemble
with ArchT-EYFP. (E) Overlapping ensembles expressing the ArchT-EYFP in coretrieval and control groups. Control group received only CTA-CS presentation
during RCS. The yellow arrowheads indicate an ArchT-EYFP*, H2B-mCherry* (double-positive) cell in the overlapping ensemble (insets). Scale bar, 100 um;
inset, 20 um. (F and G) Quantitative population analysis of ArchT-EYFP* cells and mCherry™ cells (F) and ArchT-EYFP*, H2B-mCherry™ (double-positive)
cells (G). Coretrieval, control, test 2(-), n = 5, 4, 5 mice, respectively; H2B-mCherry*, P > 0.36, F513 = 1.13; ArchT-EYFP*, P = 744E-5, F, 13 = 25.47; ArchT-
EYFP*, H2B-mCherry*, P = 0.001, F,13 = 13.36. Red line indicates chance. (H) Procedure for suppressing the neuronal activity of the overlapping ensemble
through yellow-light illumination. Mice received the same treatment until test 2 in (D). (I) Saccharin-induced freezing (%) during test 2, test 3 with light
illumination, and test 5 (CTA-paired and CTA-unpaired, n = 13 and 12 mice, respectively; two-way ANOVA, Tukey-Kramer post hoc test, P = 0.00051, F, 7, = 849).
(J) Aversion index in test 2, test 3, and test 5 of CTA-paired and CTA-unpaired groups (two-way ANOVA, P > 0.64, F> 74 = 045). (K) Tone-induced freezing (%) of
AFC-paired and AFC-unpaired groups with light illumination in the AFC retrieval test (test 3) (AFC-paired, n = 8 mice; AFC-unpaired, n =7 mice; t test, P > 0.78,
t;3 = 0.28). Data are means £ SEM. Significance for multiple comparisons, *P < 0.05, **P < 0.01.

(Fig. 4A). In a first step, the AFC retrieval en-
semble was labeled with CreER™ under OFF-Dox
conditions. In a second step, DIO-ArchT-EYFP un-
der the control of the enhanced synaptic activity—
responsive element (E-SARE) promoter (28) was
transcribed in the cells of the CTA retrieval en-
semble. Last, ArchT-EYFP protein was translated
specifically in those cells that were activated
twice, once during the AFC retrieval and again

Yokose et al., Science 355, 398-403 (2017)

during the CTA retrieval—that is, in the cells of
the overlapping ensemble.

The time-dependent change in the intracellular
localization of CreERT2 was examined to deter-
mine the appropriate interval between the AFC
and CTA tests (Fig. 4, B and C). Five hours be-
fore the AFC test under OFF-Dox conditions,
4-hydroxytamoxifen (4-OHT) was administered.
CreER™? signals initially localized in the nucleus

27 January 2017

are translocated to the cytoplasm (27). This sig-
nal was detected exclusively in the cytoplasm
24 hours after the AFC retrieval test. Thus, Cre
recombination hardly occurs at 24 hours or
later, indicating that the interval between the
AFC and CTA tests should be at least 24 hours.

Our immunohistochemical analysis revealed an
increase in the number of ArchT-EYFP-positive
cells in the coretrieval group, as compared with
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the control group or the group that did not
receive test 2 [test 2(-)] (13.5 = 1.5%, 8.0 + 1.2%,
and 4.2 + 1.0%, respectively) (Fig. 4, D to F).
Thus, the increase depended on the RCS and
the CTA retrieval at test 2. Moreover, the in-
crease was consistent with that observed for the
catFISH results (Fig. 2E), indicating that the
overlapping population of cells was specifically
labeled with ArchT-EYFP. We found no signif-
icant differences among groups for the number
of H2B-mCherry* cells (Fig. 4F), which repre-
sent the AFC retrieval ensemble, thus showing
an equivalent efficiency in Cre-mediated recom-
bination. The number of ArchT*, H2B-mCherry*
(double-positive) cells in the coretrieval group
was also significantly higher than in the control
and test 2(-) groups (Fig. 4G).

Last, we investigated a causal relationship
between the neuronal activity of the overlapping
ensemble during RCS and the association be-
tween the CTA and AFC memories (Fig. 4, H
to K). Animals labeled with ArchT-EYFP in the
overlapping ensemble in the basolateral amyg-
dala were divided into four groups that received
the same treatments throughout the experiments,
except during test 3 (Fig. 4H). Two groups were
subjected to the CTA retrieval test with or without
optical silencing (CTA-paired or CTA-unpaired,
respectively). The other two groups were sub-
jected to the AFC retrieval test with or without
optical silencing (AFC-paired or AFC-unpaired,
respectively). Optical silencing of the overlapping
ensemble suppressed saccharin-induced freezing
in test 3 (Fig. 41, CTA-paired group). This group
of animals showed saccharin-induced freezing
comparable with that of the control (CTA-unpaired)
group in test 2 and test 5 without optical illumi-
nation. Original memories for either CTA (Fig. 4J)
or AFC (Fig. 4K) were intact even under light
illumination in test 3. When compared with the
respective CTA- or AFC-unpaired group, the
CTA- and AFC-paired groups showed compara-
ble aversion indexes (Fig. 4J, test 2 and test 5,
and fig. S7E), tone-induced freezing (fig. S7, A,
B, D, and F), and saccharin-induced freezing
(fig. S7C, test 2 and test 5) under no light
illumination.

Yokose et al., Science 355, 398-403 (2017)

Our study reveals that repetitive coretrieval
reorganizes two aversive memory traces to gen-
erate an intersectional neuronal ensemble, neu-
rons shared by both prestored CTA and AFC
memories. The overlapping ensemble is respon-
sible for memory association but is dispensable
for the retrieval of original memories. An increase
in overlapping ensembles has been observed
when memories are associated in a variety of
learning paradigms (4, 12-14, 24, 25). Moreover,
memories for events occurring close together in
time generate an interaction that accompanies
an overlap in the cell ensembles of each mem-
ory (13, 14). Memory trace is not always allo-
cated at the primary active neurons and could
be potentially reallocated to the different sub-
sets of neuronal ensembles (7, 9). The increase
in the overlap between CTA and AFC ensembles
suggests that the overlapping ensemble is newly
formed by the RCS. Thus, after the RCS, CTA
and AFC memory traces are reallocated and re-
organized to form a memory linkage. Generating
an overlapping neuronal ensemble is a general
mechanism underlying a linkage between mem-
ories during both acquisition and retrieval. Our
finding of an overlapping ensemble that is re-
sponsible for memory association but dispensable
for retrieval of original memories may provide a
way to dissociate daily memories that relate in
some way to the circumstances of a trauma (29)
from a traumatic event. This could help prevent
flashback in individuals with posttraumatic
stress disorder.
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Editor's Summary

Unrelated memories get blurred together

If one retrieves two memories around the same time, a small number of neurons will become
involved in both memories. Y okose et al. investigated the cellular ensemble mechanisms underlying
the association between two such memories. In mice, a small population of neurons mediates the
association. Memory traces for two independent emotional memoriesin the brain partially overlapped
when the two memories were retrieved synchronously to create a linkage. Suppressing the activity of
the overlapping memory trace interrupted the linkage without damaging the original memories.
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