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(LED light stim)

ArchT-EYFP

Ani (12)

Veh (13)

(TEST1 vs TEST2 in Ani group; **p<0.01, 

t11=3.27,

co-retrieval group vs control group in TEST2; 

**p<0.01, t23=3.60,unpaired Student’s t-test)

(*p<0.05, t23=2.68,  unpaired Student’s t-test)

■ Reactivated group ■ No Reactivated group

Ani

Veh

(p=0.74, N.S., t19=0.33,  unpaired 

Student’s t-test)

(TEST1 vs TEST2 in Ani;*p<0.05, t9=3.01, 

co-retrieval group vs control group in 

TEST2; **p<0.01, t19=3.96, unpaired 

Student’s t-test)

Summary

Conclusions

Result ③
Repetitive retrieval-induced plasticity triggers

neuronal convergence in the BLA

Memories are not stored in isolation from other memories but are integrated into associative networks1,2.

Although recent progresses reveal that a specific neuronal ensemble represents a given memory3-5,

mechanisms underlying the memory association remains elusive. Using two amygdala-dependent

behavioural paradigms, conditioned taste aversion (CTA) and auditory-cued fear conditioning (AFC) in mice,

we find that presenting the conditioned stimulus used for the CTA task triggers the conditioned response of

the AFC task, that is, freezing behaviour, after natural co-reactivation of their memory retrievals, which is

accompanied by an increase in the ratio of the co-shared neuronal subpopulation, an overlapping ensemble,

in the basolateral amygdala. Optical silencing of the overlapping ensemble suppresses CTA retrieval-

induced freezing. However, retrieval of the original CTA or AFC memory is not affected. These results

indicate the existence of a small population of co-shared neurons that mediates the link between memories

but is unnecessary for recalling individual memories.

Dox OFF 2d / AFC training (+)

－Chance level

【Original CTA memory test 】

(TEST1; p=0.89 N.S, F2,19=0.12, One way ANOVA)
(TEST2; p=0.81N.S, F2,19= 0.21,

One way ANOVA)

One way ANOVA followed by Tukey-Kramer multiple 

comparisons (ArchT ON vs ArchT OFF, *p<0.05, ArchT 

ON vs EYFP ON, **p<0.01, F2,19=6.82)

One way ANOVA followed by Tukey-Kramer 

multiple comparisons (ArchT ON vs ArchT 

OFF, **p<0.01, ArchT ON vs EYFP ON, 

**p<0.01, F2,19=15.08)

Dox OFF
c-fos tTA

tTATransgenic mouse:

(c-fos tTA Tet-tag)

Lentivirus:

BLA BLA

TRE3G ArchT-EYFP WPRE

tTA

Methodology
A B C

2 3 4 5 6 7 8 9 10 11 12 13 (Days)

TEST1

(CTA)

TEST2

(AFC)

RCSAFCCTA

Repeated Co-retrieval Session
(RCS; Co-retrieval of CTA memory and AFC memory)

5 min ITI ; 1 h

1 session (x 3 times)

5 s

Sync

5 s

Sync

…..

5 s

Sync

Control:

Co-retrieval:

…..

Saccharin sol.

Water

LiCl
(0.15M)

LiCl
(0.15M)

Result ①
Saccharin-induced freezing is generated through repetitive memory retrieval

Co-retrieval

Control

【Unpaired group】

(4-6 min; *p<0.05, z=-2.51, 7-9 min; *p<0.05, z=-2.04,Wilcoxon rank-sum test)

(p=0.53,t19=0.63,

unpaired Student’s t-test)

(*p< 0.05,t21=2.55

unpaired Student’s t-test)

(p=0.53,t20=0.63,

unpaired Student’s t-test)

【AFC to CTA group】 【No CTA-US group】
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Co-retrieval

Control

Co-retrieval

Control

(TEST2: AFC test)

6 min

30s30s30s30s2 min

(12)

(12)

(12)

(12)

9.1

63.427.5

Control

8.2

60.531.3

No React

15.2

59.225.6

Co-retrieval

【Original AFC memory test 】

One way ANOVA followed by Tukey-Kramer multiple comparisons (c-fos analysis: ArchT 

ON vs ArchT OFF, **p<0.01, ArchT ON vs EYFP ON, **p<0.01, F2,15=14.11, Freezing(%): 

ArchT ON vs ArchT OFF, **p<0.01, ArchT ON vs EYFP ON, *p<0.05, F2,15=9.90, 

Spearman’s rank test *p<0.05, rs=0.647, z=2.506)

**

Result ④
Optical silencing of AFC-training ensemble

suppresses freezing response

Result ②
Disruption of CTA memory retrieval by blockade of protein synthesis 

in BLA impairs original AFC memory

Result ⑤
Synchronous activity of distinct neuronal ensembles during the RCS 

generates a link between CTA and AFC memory

N.S.

IHC

Dox + Dox -

Electrophysiology

(ex vivo)

90 min48 h

AFC

habituation
CTA

training

AFC-training

ensemble

labeling

24 h

~~

2w

Laser 

Illumination

(4 min)

◆ catFISH analysis in BLA after the reactivation (RCS)

◆ Suppression of the AFC-training 

ensemble activity during the RCS 

impaired the condition response of 

AFC such as saccharin-induced 

freezing and the increase of co-sharing 

neuronal subpopulation

◆ Schematic illustration of optogenetic experiments

Result ⑥
Overlapping ensemble links two distinct emotional memories
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AFC-retrieval
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Optical silencing

experiments

◆ A critical question: does neuronal activity of the overlapping ensemble mediate the saccharin-induced freezing?
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LV1; TRE3G::CreERT2
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100mm

①． We show a pronounced property of the shared 

ensemble. We provide evidence that its neuronal 

activity is indispensable for the association of two 

emotional memories but is not required for the 

retrieval of the original memories.

②. Generation of the shared ensemble is not 

restricted to the memory acquisition, as shown in 

the aforementioned studies, but is also formed by 

synchronous and repeated retrieval of once-

consolidated memories. 

③． Our findings provide a fundamental 

principle for the basis of dissociating 

unwanted connected memories without 

affecting the individual original memories. yokose@med.u-toyama.ac.jp

◆ Checking for disruption of a single component 

in CTA memory could render labile of the other 

component in AFC memory

Our findings provide new insights 

into the shared neuronal ensemble is 

indispensable for the association of two 

emotional memories but is not required 

for the retrieval of the original memories.

◆ Schematic diagram of the experimental design

(CTA and AFC combination behavioral paradigm)
(TEST1: CTA test)

15 min

Free access to 

DW and saccharin sol.

N.S.◆ ArchT-expressing neuron elicited a robust and 

sustained hyperpolarizing current that effectively 

blocked action potentials evoked by somatic 

current injections (ex vivo)

◆ ArchT-mediated inhibition of BLA neurons 

prevented the c-fos expression and freezing

response (in vivo)

◆ A cross-modal association between CTA and AFC memories as saccharin-induced freezing

5 min
ITI; 30 min

1 session (x3)

5 min

5 s
2 min

5 s 5 s 5 s
40s

CTA-CS AFC-CS

…..

Co-retrieval

【Schematic diagram of  labeling the overlapping ensemble】

【①. Optical silencing procedure during the CTA TEST 】

【②. Optical silencing procedure during the AFC TEST 】
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( AFC-retrieval TEST2:

after light illumination)
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Representative images 

for catFISH staining in BLA. 

The yellow arrows indicate 

the INF Arc+ H1a+ double-

positive cells.

(p=0.189, t22=1.354,

unpaired Student’s t-test)

(p=0.463, t22=0.746,

unpaired Student’s t-test)

One way ANOVA followed by Tukey-Kramer multiple 

comparisons (Co-retrieval vs Control, **p<0.05, Co-

retrieval vs No React, **p<0.05, F2,13=23.07)

**
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▲ Scaled Venn diagrams 

representing the size and 

proportion of overlap in the 

activated BLA ensembles.
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▲ Representative image of overlapping ensemble expressing the ArchT-EYFP with or 

without co-reactivation. Yellow arrow head indicates ArchT-EYFP+, H2B-mcherry+ neuron 

as overlapping ensemble. 
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◆ Behavioral schedule for manipulation of the overlapping ensemble
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Tone: 7kHz, 75db, 30s

Shock: 0.4mA, Last 1s x 4 times

CTA-CS: Presentation of water and saccharin sol.

(A) Combination of two amygdala-dependent behavioral paradigms, conditioned taste aversion task (CTA) and 

auditory cued fear conditioning (AFC).  (B),(C) Both original CTA and AFC memory were not impaired after 

repeated co-retrieval session (RCS). Control mice received no tone when they licked the saccharin solution in 

the RCS session. Aversion index, which was defined as [Water (ml) / Total intake (Water + Saccharin sol.) 

(ml)] x 100, for CTA memory performance in the RCS and TEST1 sessions, AFC memory performance for 

freezing level (%) in TEST2. 

(n=12, *p<0.05, t22=2.23,unpaired Student’s t-test)
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5 min

15 min

For 5 min immediately after 

the mouse finished the first 

lick of the saccharin nozzle 

during the CTA test session 

(TEST1), with the time spent 

in consumption subtracted.

Representative behavioural tracing 

and occupancy plots during TEST1

Yellow arrow shows longer latency to move from 

the corner in the co-retrieval group. The filled yellow 

circles indicate the nozzle positions for water and 

saccharin.
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●: Evoked-response before

light illumination

●: Evoked-response during 

light illumination

○: Evoked-response after

light illumination

Constant light illumination

(5 min)

▲ Long-lasting optical silencing prevents 

spontaneous spiking in the ArchT-EYFP-

expressing cells.
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