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INTRODUCTION: Social animals recognize familiar conspecifics and assign 
valence based on prior social interactions. This ability allows individu-
als to promote adaptive social interactions while minimizing the cost  
of antagonistic encounters. Because social relationships are dynamic, the 
capacity to continuously update the valence attributed to specific 
individuals is essential. Although hippocampal ventral CA1 (vCA1) 
neurons encode social memory, the neural circuit mechanisms that 
selectively update social valence remain largely undefined.

RATIONALE: We hypothesized that valence updating for familiar 
individuals is mediated by circuit-specific interactions between social 
memory representations in vCA1 and downstream valence-processing 
pathways. To test this, we developed a behavioral paradigm in which a 
previously neutral familiar conspecific was transformed into an 
aggressive individual, enabling controlled manipulation of social 
valence. We combined neural circuit–specific manipulation, memory 
engram-based approaches, in vivo calcium imaging, and synaptic 
physiology to examine how valence updating is implemented across  
the vCA1–basolateral amygdala (BLA)–nucleus accumbens (NAc) circuit.

RESULTS: We found that valence updating is associated with enhanced 
synaptic connectivity and physiological changes within the vCA1–
BLA–NAc circuit. Circuit-specific inhibition demonstrated that both 
the vCA1–BLA and the BLA–NAc pathways are required for specific 
social avoidance, whereas the direct vCA1–NAc pathway associated 
with social familiarity is not. Engram-specific manipulations revealed 
that projections from vCA1 social memory engram neurons to the 
BLA are both necessary and sufficient to drive valence updating, and 

optogenetic induction of synaptic depression abolished the updated 
avoidance. Consistently, synaptic strengthening in the vCA1–BLA 
pathway was confirmed by increased AMPA/NMDA (α-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid / N-methyl-D-
aspartate) ratios in BLA fear neurons.

At the population level, BLA fear neurons exhibited elevated 
responses to the aggressor without changes in the proportion of 
responsive cells, whereas downstream dopamine receptor D2– 
expressing neurons in the NAc showed both amplified responses 
and recruitment of additional responsive cells, accompanied by 
synchronous activity within neural ensembles. These results reveal  
a stepwise transformation of neural coding schemes along the 
vCA1–BLA–NAc pathway, from stable identity representation in 
vCA1 to dynamic population-level reorganization in downstream 
regions. Despite representational drift across sessions, valence 
assignment increased the stability of neural representations.

CONCLUSION: Our findings reveal a circuit mechanism that links 
stable social memory representations in vCA1 to flexible valence 
updating in downstream regions through the vCA1–BLA–NAc 
pathway. This organization enables animals to selectively update 
valence assigned to specific individuals without disrupting identity 
representations. This study provides a framework for investigating 
biologically relevant mechanisms underlying the formation of 
emotions toward specific individuals within a social context. 
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Social memory engram neurons in vCA1 
maintain stable representations of 
individual identity. Following social 
defeat, synaptic connectivity from 
vCA1Trpc4 neurons to BLARspo2 neurons 
(fear neurons) is strengthened, leading to 
increased responses of BLA neurons to 
the aggressor. Downstream, NAcD2R 

neurons exhibit amplified and synchro-
nized population activity, enabling the 
updating of negative valence and the 
selective avoidance of harmful individuals 
(specific social avoidance).
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Neural circuits for valence 
updating in social memory
Narutoshi Suto1,2†, Mu-Yun Wang1,3†, Shota Morikawa4,  
Myung Chung1,2, Kentaro Tao1, Ziyan Huang1,2, Yuji Ikegaya5,6,7, 
Haruki Takeuchi4, Shinichiro Kira8,9, Teruhiro Okuyama1,2* 

Social animals recognize familiar conspecifics and selectively 
avoid harmful ones. As social relationships shift, continuous 
updating of social valence is essential, yet the underlying neural 
mechanisms remain unclear. Here, by artificially transforming a 
previously neutral conspecific into an aggressive one, we show 
that valence updating depends on enhanced synaptic 
connectivity and physiological changes within the hippocampal 
ventral CA1 (vCA1)–basolateral amygdala (BLA)–nucleus 
accumbens (NAc) circuit. Following defeat, social memory 
engram neurons in the vCA1 strengthened their connections 
with BLA neurons carrying negative valence. The vCA1–BLA–NAc 
neural circuit flexibly regulates adaptive social behaviors.

Social memory encompasses not only the recognition of familiar individu-
als, but also the capacity to assign specific valences based on prior social 
interactions (1). This capacity, which is observed across a wide range of 
animal species, including humans, is crucial for minimizing the costs 
associated with agonistic competition (2, 3) and fostering stable coopera-
tion (4) within social contexts and hierarchies (5, 6). Given the dynamic 
nature of social relationships, the ability to continuously update the va-
lence attributed to others is essential for adaptive social behavior.

Accumulating evidence indicates that animals subjected to social 
defeat by unfamiliar individuals indiscriminately avoid social interac-
tions, regardless of whether negative valence is associated with prior 
encounters (7, 8). This generalized social avoidance is a hallmark phe-
notype of depression (9) and social anxiety (10); its underlying neural 
mechanisms have been extensively studied using the social defeat para-
digm, which is a widely utilized behavioral assay (9, 11, 12). By contrast, 
when socially defeated experiences are tied to the social memory of a 
specific familiar individual, subjects selectively avoid that particular 
harmful individual (13–15). We refer to this phenomenon as “specific 
social avoidance,” which presumably arises from updating negative va-
lence associated with social memory. Hippocampal representations of 
social stimuli can be artificially associated with negative or positive 
valence (16, 17). However, the precise neural circuits and dynamic mech-
anisms that mediate valence updating during social interactions remain 
largely undefined.

A series of previous studies has revealed the hippocampal neural 
mechanisms underlying social memory (18–24). Specifically, the ven-
tral CA1 (vCA1) neurons in the hippocampus encode social information 
about the target individual during social interactions and store the 
corresponding social memory engram (22–24). Upon retrieval, these 
activated social memory engram neurons drive social discriminatory 
behavior through their projections to the nucleus accumbens (NAc) 

and medial prefrontal cortex (22, 25, 26). In parallel with the vCA1–
NAc circuit for social familiarity, vCA1 neurons project directly to the 
basolateral amygdala (BLA) (27), a region for emotional processing 
(28, 29) that in turn projects to the NAc (fig. S1).

Here, we artificially altered the social valence of a familiar indi-
vidual, thereby allowing us to examine how the brain updates a newly 
assigned valence. We demonstrated that the vCA1–BLA–NAc circuit, 
but not the vCA1–NAc circuit, is essential for specific social avoidance 
through the valence updating of social memory.

Valence updating for specific individuals requires preformed 
social memory
To examine the neural mechanisms that enable a subject mouse to 
update the valence of social memory, we modified the social defeat 
paradigm in which the subject was defeated by familiar individuals 
who were previously neutral (Fig. 1, A to C). In a social discrimination 
test (SDT), the subject explored a chamber containing two neutral-
stimulus mice, each confined to a wire cup cage placed at opposite 
ends of the chamber (Fig. 1B). To induce aggression, we chemogeneti-
cally activated progesterone receptor (PR)–expressing neurons in the 
ventrolateral part of the ventromedial hypothalamus (vMHvl) of one 
of the two mice (designated as the aggressor) by inducing hM3DGq 
expression and administering a deschloroclozapine (DCZ) injection 
within a specific time window (Fig. 1, A and C, and fig. S2A) (30, 31). 
The subject was subsequently defeated by this aggressor and interacted 
with the other mouse (the nonaggressor), which did not exhibit ag-
gression. Following these interactions, we conducted 10-min social 
recall trials to assess the updated valence of social memory for both 
the aggressor and nonaggressor (Fig. 1, B and C) (22).

The modified social defeat paradigm induced avoidance of the ag-
gressor only when the social memory of both stimuli was formed prior 
to aggression (Fig. 1, D to F, blue bars; fig. S2B), indicating that pre-
formed social memory is necessary for specific social avoidance. By 
contrast, subjects lacking preformed social memory avoided both ag-
gressors and nonaggressors equally (Fig. 1, D to F, red bars; fig. S2C), 
exhibiting a typical depression-like phenotype. Defeat reduced total 
social interaction regardless of preformed social memory (fig. S3); 
however, preformed social memory determined the specificity of avoid-
ance toward the aggressor (Fig. 1D). Additionally, subjects that had 
never experienced defeat by the aggressor showed no avoidance of 
either stimulus (Fig. 1, D to F, gray bars; fig. S2D). The extent of specific 
social avoidance toward the aggressor was positively correlated with 
the total duration of defeat and was not accompanied by increased 
general anxiety (fig. S4). Together, these findings indicate that valence-
updating for specific individuals requires prior encounters and famil-
iarization with these mice.

The vCA1–BLA–NAc circuit is necessary for retrieving the 
updated social valence
To investigate how individual social memories are dynamically linked 
and updated with social valence, we targeted a direct circuit (vCA1–
NAc), which is related to social familiarity, and an indirect circuit 
(vCA1–BLA–NAc), which we hypothesized would mediate the updating 
of social valence. Using Trpc4-Cre mice (22), in which Cre recombinase 
is expressed in CA1 pyramidal neurons, we expressed halorhodopsin, 
eNpHR-EYFP, in vCA1 pyramidal neurons through Cre-dependent 
adeno-associated virus (AAV) injection and optogenetically inhibited 
their axon terminals from projecting to either the BLA or the NAc 
during the recall session (post-SDT). Because vCA1 neurons send col-
lateral projections to multiple downstream targets (fig. S5, A and B) 
(27), optogenetic inhibition of their axon terminals enables circuit-
specific manipulation. Inhibition of the vCA1Trpc4–BLA pathway im-
paired retrieval of the updated social valence (Fig. 1, G to I, and fig. S2E) 
without affecting freezing behavior (fig. S5C), whereas inhibition of 
the vCA1Trpc4–NAc pathway had no effect (Fig. 1, J to L and fig. S2E). 
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These findings suggest that the vCA1–BLA pathway, but not the vCA1–
NAc pathway, is necessary for the valence updating of social memory. 
Specific social avoidance was reversed when mice were re-exposed to 
the same individual under nonaggressive conditions, and inhibition 
of the vCA1–BLA pathway during re-exposure impaired this reversal 
(fig. S6), suggesting an indispensable role of the vCA1–BLA pathway 
in social valence updating rather than valence assignment.

Next, we examined whether the downstream BLA–NAc pathway con-
tributes to the retrieval of the updated social valence. Previous studies 

have shown that neurons in the BLA associated with negative valence 
(fear neurons) and positive valence (reward neurons) express R-spondin 
2 (Rspo2) and protein phosphatase 1 regulatory inhibitor subunit 1B 
(Ppp1r1b), respectively (32). Thus, using Rspo2-Cre mice, we expressed 
eNpHR-EYFP in BLA fear neurons (32) through Cre-dependent AAV 
injections and optogenetically silenced their axon projections to the 
NAc during the recall session. Inhibiting the BLARspo2–NAc pathway 
during recall impaired the retrieval of the updated negative social va-
lence (Fig. 1, M to O). By contrast, inhibition of the BLAPpp1r1b–NAc 

Fig. 1. The vCA1–BLA–NAc circuit is necessary for retrieving the updated valence of social memory. (A) (Left) schematic of vMHvlPR activation. (Right) a representative 
vMHvlPR image stained with anti-RFP (red for hM3DGq-mCherry) and 4′,6-diamidino-2-phenylindole (DAPI) (blue). Scale bar, 500 µm. (B) Social discrimination test (SDT). A, N, 
and S denote the aggressor, nonaggressor, and subject mice, respectively. (C) Schematic of the behavioral paradigm for the three treatment groups: memory (+) + DCZ (blue), 
memory (–) + DCZ (red), and memory (+) + saline (gray). (D) Total duration spent in the sniffing area of the aggressor or nonaggressor during SDT in the memory (+) + DCZ 
group (n = 15; left), memory (–) + DCZ group (n = 15; middle), and memory (+) + saline group (n = 10; right). (E) Comparison of N minus A sniffing duration, ***P < 0.001, 
two-way mixed analysis of variance (ANOVA). (F) Comparison of total defeat time. *P < 0.05, **P < 0.01, Kruskal–Wallis H test with Steel-Dwass multiple comparisons.  
(G, J, and M) (Left) schematics of bilateral optogenetic circuit inhibition in the vCA1Trpc4–BLA (G), vCA1Trpc4–NAc (J), and BLARspo2–NAc (M) pathways. (Right) representative 
images of the vCA1 and BLA (G), vCA1 and NAc (J), and BLA and NAc (M) stained with anti-GFP (green fluorescent protein) (green for eNpHR-EYFP), anti-TH (red), and DAPI 
(blue). Scale bar, 500 µm. (H, I, K, L, N, and O) Total duration spent in the sniffing area of the aggressor or nonaggressor during SDT with vCA1Trpc4–BLA inhibition (n = 9 for 
inhibition, n = 10 for control), vCA1Trpc4–NAc inhibition (n = 10 for inhibition, n = 10 for control), and BLARspo2–NAc inhibition (n = 18 for inhibition, n = 18 for control). In (D), (H) 
and (I), (K) and (L), and (N) and (O), *P < 0.05, **P < 0.01, ***P < 0.001, three-way mixed ANOVA with Tukey’s HSD multiple comparisons. Data presented as mean ± SEM.
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pathway during recall did not affect avoidance behavior (fig. S7). 
Neither the vCA1–BLA nor the BLA–NAc pathway was essential for 
object fear conditioning (fig. S8), and the vCA1–BLA pathway was not 
required for generalized social avoidance (fig. S9). Together, these re-
sults indicate that the entire vCA1–BLA–NAc circuit, but not the vCA1–
NAc circuit, is necessary for retrieving the updated social valence.

Engram-specific connectivity in the vCA1-BLA circuit drives 
social valence updating.
The c-fos:tTA/tetracycline responsive element (TRE) system has been 
widely used to genetically label memory engram cells expressing op-
togenetic proteins and manipulate their activities (33, 34). Here, we 
used this genetic technique to investigate whether the axonal projec-
tions of vCA1 social memory engram neurons to the BLA encode the 
updated valence of social memory. Specifically, we injected AAV9-
TRE:channelrhodopsin2 (ChR2)-EYFP and implanted optic fibers into 
the BLA of c-fos:tTA mice to label vCA1 neurons that were activated 
by a 2-hour exposure to a familiar neutral mouse A (PR-Cre mouse 
without DCZ administration) with ChR2-EYFP, whereas the c-fos:tTA 
mice were off doxycycline (OFF-Dox) (Fig. 2, A and B). After a 24-hour 
separation, we optogenetically activated the BLA-projecting axons of 
these ChR2-labeled mouse A neurons concurrently with foot-shock 
delivery, which served as a negative unconditioned stimulus (US) 
(Fig. 2A). During the SDT on the following day, the subject mice ex-
hibited specific social avoidance toward mouse A but not toward mouse 
B (Fig. 2, C and D). In addition, when we chemogenetically inhibited 
BLARspo2 fear neurons using hM4Di during both optogenetic activation 
and simultaneous foot-shock delivery (encoding phase) (Fig. 2, E and 
F) and during SDT on the following day (recall phase) (fig. S10), the 
subject mice did not avoid mouse A (Fig. 2, G and H), suggesting an 
essential role of BLARspo2 fear neurons in the artificial social valence 
updating. These results indicate that after updating the valence of 
social memory, the synaptic plasticity of the vCA1 social memory en-
gram to the BLA fear neurons is enhanced, possibly through long-term 
potentiation (LTP). To test this, we recorded the α-amino-3-hydroxy-
5-methyl-4-isoxazolepropionic acid (AMPA) and N-methyl-D-aspartate 
(NMDA) ratio in BLARspo2 neurons in acute brain slices and found that 
social defeat–induced synaptic potentiation of vCA1 social memory 
engram inputs onto BLARspo2 neurons (Fig. 2, I to L). The number of 
vCA1 neurons activated during defeat was comparable to that of social 
memory engram neurons (fig. S11) and showed substantial overlap 
with them (fig. S12), suggesting that the social memory engram neu-
rons were reactivated during defeat.

To confirm whether the enhanced synaptic plasticity of the vCA1 
social memory engram projections to the BLA is necessary for updating 
the valence of social memory, we optogenetically induced long-term 
depression (optical-LTD) (35) at the axon terminals of vCA1 social mem-
ory engram neurons in the BLA. This approach was designed to reduce 
postsynaptic AMPA receptor expression (36, 37) and thereby weaken 
synaptic strength (36). We applied optical-LTD to the vCA1 social mem-
ory engram projection to the BLA by delivering 1-Hz photostimulation 
of ChR2-expressing vCA1 engram axons in the BLA in vivo (fig. S13). The 
optical-LTD procedure abolished the elevated AMPA/NMDA ratio in 
BLARspo2 neurons (fig. S13, C and D). Consistently, the subject mice that 
initially avoided the aggressor before optical-LTD no longer exhibited 
avoidance behavior following optical-LTD (Fig. 2, M to O), suggesting 
that our optogenetic manipulation specifically erased the updated va-
lence. Furthermore, we suppressed synaptic plasticity specifically in BLA 
neurons. Selective expression of the Ca2+/calmodulin-dependent protein 
kinase II (CaMKII) inhibitory peptide, autocamtide-2 inhibitory peptide 
(AIP), in BLARspo2 neurons (Fig. 2P) effectively blocked specific social 
avoidance (Fig. 2, Q and R). These results suggest that the enhancement 
of synaptic connectivity from the vCA1 to the BLA is essential for both 
updating and maintaining valence.

BLARspo2 neurons encode social valence through changes in 
neural activity
Building on our finding that vCA1–BLA plasticity is crucial for updating 
social valence (Fig. 2, I to R), we next investigated how valence updating 
is represented in Rspo2-expressing BLA neurons during this process. We 
recorded calcium dynamics in BLARspo2 neurons by expressing jGCaMP8s 
through Cre-dependent AAV injections and performing microendoscopic 
imaging in freely behaving mice (Fig. 3A). The same Ca2+ imaging protocol 
was repeated across three sessions (Fig. 3B): before familiarization (ses-
sion 1), after familiarization but before defeat (session 2), and after defeat 
by the aggressor (session 3). In each session, the subject mice explored 
both the aggressor and nonaggressor in two 5-min SDT trials, with the 
locations of the aggressor and nonaggressor swapped between trials. 
Distinct subsets of aggressor, nonaggressor, and both-activated neurons 
were identified using a permutation test (Fig. 3, C and D, and fig. S14). 
Aggressor neurons, but not nonaggressor neurons, showed increased ac-
tivity during social interactions with the aggressor, specifically after defeat 
(session 3 in Fig. 3E, fig. S15, and fig. S16A). The baseline firing rates and 
spatial information distribution were comparable among classified neu-
rons across sessions (fig. S17A and fig. S18A). By contrast, neither famil-
iarization nor defeat altered the overall proportions of these cell types 
(Fig. 3F). BLARspo2 neurons exhibiting decreased activity did not show 
changes across sessions (fig. S19). These findings suggest that BLARspo2 
neurons differentiate between aggressors and nonaggressors through a 
selective change in firing activity rather than changes in the proportion 
of responsive cells (Fig. 3G).

The BLA is necessary for the representation of social valence in 
NAcD2R neurons
To dissect the downstream representations of the aggressor and nonag-
gressor in the NAc that are shaped by the vCA1–BLA pathway, we per-
formed Ca2+ imaging of dopamine receptor D1- and D2-expressing NAc 
neurons (NAcD1R and NAcD2R, respectively) under identical conditions as 
the BLARspo2 neuronal recordings (Fig. 4, A to D). Similar to the BLARspo2 
neurons, both NAcD1R and NAcD2R neurons contained distinct subsets of 
aggressor, nonaggressor, and both-activated neurons (Fig. 4, B and C). 
Following social defeat (session 3), NAcD2R, but not NAcD1R, neurons 
showed an increase in the proportion of aggressor neurons, whereas the 
proportion of nonaggressor neurons decreased (Fig. 4C). Additionally, 
following defeat, aggressor-evoked activity was increased in the aggressor 
neurons of NAcD2R, whereas nonaggressor-evoked activity remained un-
changed (Fig. 4D and fig. S16B). By contrast, NAcD1R neurons showed no 
changes in cell proportion or aggressor- or nonaggressor-evoked activity 
(Fig. 4, C and D). Optogenetic inhibition of NAcD2R neurons impaired 
specific social avoidance (fig. S20), supporting a pivotal role of NAcD2R 
activity in retrieving the updated social valence.

Given the necessity of the BLA–NAc pathway for specific social 
avoidance (Fig. 1, M to O), we hypothesized that inhibition of BLA 
neurons would impair the updating of aggressor and nonaggressor 
representations in NAcD2R neurons following defeat. Thus, we com-
bined chemogenetic silencing of BLA neurons using hM4Di with 
microendoscopic imaging of NAcD2R neurons expressing jGCaMP8s 
(Fig. 4E). Silencing BLA neurons with DCZ in session 3 prevented 
the defeat-induced physiological changes in aggressor and nonag-
gressor representations within NAcD2R neurons. Specifically, the 
proportions of aggressor and nonaggressor neurons and aggressor-
evoked activity remained stable after defeat (Fig. 4, F to H). The 
baseline firing rates and spatial information distribution were com-
parable among classified neurons across sessions (fig. S17, B to D 
and fig. S18, B to D). NAcD2R neurons and NAcD1R neurons exhibiting 
decreased activity did not show changes across sessions (fig. S19). 
Together, these findings indicate that updating the representations 
of aggressors and nonaggressors in NAcD2R neurons depends on 
BLA activity.
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Fig. 2. The synaptic plasticity of the vCA1-BLA pathway underlies social valence updating. (A) (Left) schematic of the process of labeling social memory engram neurons 
using the tTA/TRE system. (Right) schematic of the artificial valence-updating paradigm. (B) Representative images of engram neurons in the vCA1 and axons in the BLA 
stained with anti-GFP (green for ChR2-EYFP), anti-NeuN (red), and DAPI (blue). Scale bar, 500 µm. (C and D) SDT in pre- and postshock tests of ChR2-EYFP (C) and EYFP (D) 
groups (n = 17 mice, each group). (E) (Left) schematic of the simultaneous activation of vCA1 social engram neurons and chemogenetic inhibition of BLARspo2 neurons. (Right) a 
paradigm similar to (A), except that DCZ or saline was injected 15 minutes before optogenetic activation. (F) Representative images of engram neurons along with hM4Di 
expression stained with anti-GFP (green for ChR2-EYFP), anti-RFP (red fluorescent protein) (red for hM4Di-mCherry), DAPI (blue), and anti-NeuN (blue). Scale bar, 500 µm.  
(G and H) SDT in the pre- and postshock tests of the DCZ- and saline-injected groups [(G) and (H), respectively]; (n = 8 mice per group). (I) Schematic of in vitro whole-cell 
recordings from BLARspo2 neurons receiving input from mouse A vCA1 social engram neurons. (J) Representative images of vCA1 engram neurons and patch-clamped 
(biocytin-filled) BLARspo2 neurons stained with anti-GFP (green for ChR2-EYFP), anti-RFP (red for mCherry), streptavidin (gray), and DAPI (blue). Scale bars, 500 µm (upper left), 
100 µm (upper right), 20 µm (bottom). (K) Representative light-evoked EPSCs recorded from BLARspo2 neurons upon photostimulation of ChR2-expressing mouse A vCA1 
engram axon terminals in the BLA. (L) AMPA/NMDA (A/N) ratio in the DCZ (n = 25 cells from 7 mice) and saline (n = 31 cells from six mice) groups. *P < 0.05, unpaired t test. 
(M) Schematic of the engram-specific optical-LTD protocol (details provided in materials and methods). (N and O) SDT in the pre-SDT, post-SDT, and postoptical LTD tests of the 
ChR2-EYFP (N) and EYFP (O) groups (n = 10 mice per group). (P) (Left) schematic of the AIP injection. (Right) a representative BLA image stained with anti-RFP (red for 
AIP-mCherry) and DAPI (blue). Scale bar, 500 µm. (Q and R) SDT in the pre- and postshock tests of the AIP-mCherry (Q) (n = 9 mice) and mCherry (R) (n = 8 mice) groups. In 
(C), (D), (G), (H), (N), (O), (Q), and (R), *P < 0.05, **P < 0.01, ***P < 0.001, three-way mixed ANOVA with Tukey’s HSD multiple comparisons. Data presented as mean ± SEM.
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Defeat induces BLA-dependent synchronized firing in 
NAcD2R neurons
Next, to systematically quantify how social interactions with both ag-
gressors and nonaggressors contribute to BLARspo2 and NAcD2R neu-
rons, we employed a linear encoding model to predict neural activity. 
The model included predictors such as variables for relative distance 
to the aggressor versus the nonaggressor, spatial position, locomotion, 
and time (Fig. 5, A and B). For each neuron, we evaluated the degree 
to which the activity could be explained by the relative distance. This 
was quantified by the reduction in predictive power, measured as the 
fraction of deviance explained (FDE) when the relative distance predic-
tor was removed from the model (Fig. 5C and methods). The relative 
distance to the aggressor and nonaggressor was encoded across all 
examined brain regions, including NAcD2R, NAcD1R, and BLARspo2 neu-
rons, for all sessions. In session 3, updating the social valence specifi-
cally enhanced the encoding of relative distance in both NAcD2R and 
BLARspo2 neurons (Fig. 5, C and D). By contrast, this enhanced encod-
ing of the relative distance by NAcD2R neurons was diminished when 
BLA neurons were chemogenetically inhibited (Fig. 5D; D2R / BLA 

inh.) These results suggest that BLARspo2 and NAcD2R neurons increase 
their encoding of relative distance after defeat and that this effect in 
NAcD2R neurons requires BLA activity.

To investigate the population-level representational principles, we 
clustered neural activity during aggressor and nonaggressor interactions 
based on the similarity of population vectors and individual cell activity 
using affinity propagation analysis (38) (fig. S21, A and B). Clusters ac-
tivated during intense social interactions with either the aggressor or 
the nonaggressor exhibited a higher proportion of outliers in neural 
activity, indicating distinct representational characteristics (fig. S21, C 
to E). Among all clusters, we identified clusters with neural synchrony 
using cosine similarity, as determined by a permutation test (fig. S21B). 
Within these synchronized clusters of NAcD2R neurons, the positive 
correlation between aggressor selectivity and the proportion of interac-
tion time with the aggressor was higher in session 3 than in sessions 1 
and 2 (fig. S21F). This pattern did not emerge in BLA-inhibited NAcD2R, 
NAcD1R, and BLARspo2 neurons (fig. S21, G to I). These findings under-
score the emergence of stimulus-specific synchronized firing in NAcD2R 
neurons after defeat, which is determined by the BLA activity.

Fig. 3. BLARspo2 neurons update the representation of the aggressor through selective activity changes. (A) (Left) schematic of BLARspo2 microendoscopic imag-
ing. (Right) a representative image of BLARspo2 neurons stained with anti-GFP (green for jGCaMP8s) and DAPI (blue). Scale bars, 500 µm. (B) Experimental paradigm for 
microendoscopic recording. A, N, and S denote the aggressor, nonaggressor, and subject mice, respectively. Agg-zone, aggressor zone; nonagg zone, nonaggressor zone.  
(C) Representative trial-averaged responses of single BLARspo2 neurons classified as aggressor, nonaggressor, both-activated, or neither neurons based on a permutation test 
(materials and methods). Responses are shown across trials aligned to entries into either the aggressor zone (red) or nonaggressor zone (blue); vertical dashed lines (t = 0) 
indicate zone entries. (D) Heatmaps of dF/F responses from individual aggressor, nonaggressor, and both-activated neurons to agg- and nonagg zone entries across all mice  
(n = 4 mice). Vertical dashed lines (t = 0) represent zone entries. Neurons were sorted according to the difference in activity between the last 3 sec and first 3 sec of each 
session. (E) Differences in Ca2+ event rates between agg- and nonagg zones (agg minus nonagg for aggressor neurons; nonagg minus agg for nonaggressor neurons) across 
sessions 1, 2, and 3. **P < 0.01, ***P < 0.001, two-way ANOVA with Tukey-Kramer multiple comparisons. (F) Pie chart illustrating the proportions of aggressor, nonaggressor, 
both-activated, and neither neurons identified in session 1 (before familiarization), session 2 (after familiarization), and session 3 (after defeat). Chi-square test (χ2 = 2.15, p = 
0.34). (G) Schematic summary of the proposed model. Thick arrows indicate enhanced synaptic connections. Data are presented as mean ± SEM. n = 383 cells tracked across 
three sessions in four mice.

D
ow

nloaded from
 https://w

w
w

.science.org on July 09, 2026



Research Article

Science  9 July 2026 6 of 14

Defeat enhances the stability of social stimulus selectivity
BLARspo2 and NAcD2R neurons dynamically change their representa-
tions of social valence following defeat (Fig. 5, A to D; transition matrix 
in fig. S22). Thus, we examined the temporal stability of social stimulus 
selectivity within (Fig. 5, E to H) and across sessions (fig. S23). First, 
we employed a linear support vector machine (SVM) classifier. SVMs 
trained on the activity of NAcD2R, BLA-inhibited NAcD2R, NAcD1R, and 
BLARspo2 neurons discriminated between aggressors and nonaggres-
sors above chance levels across all sessions (Fig. 5, E and F). We found 
that social defeat enhanced the decoding accuracy in both NAcD2R and 

BLARspo2 neurons, but it did not show the same effect in the NAcD1R 
or BLA-inhibited NAcD2R groups (Fig. 5, E and F). Next, we directly as-
sessed the within-session stability of neuronal selectivity by computing 
within-session correlations of the social-tuning curve on the basis of 
the relative distance to the aggressor versus the nonaggressor (Fig. 5G). 
Correlations of aggressor- or nonaggressor-evoked activities between 
trials (the first 5 minutes versus the last 5 minutes) in the same ses-
sion exclusively showed an increase following defeat in the NAcD2R 
and BLARspo2 “social neurons,” including aggressor, nonaggressor, and 
both-activated neurons (Fig. 5H, and fig. S24, A and B). By contrast, 

Fig. 4. BLA is required for valence updating represented in NAcD2R neurons. (A) (Left) schematic of NAcD1R and NAcD2R microendoscopic imaging. (Right) representative 
images of NAcD1R (top) and NAcD2R (bottom) neurons stained with anti-GFP (green for jGCaMP8s) and DAPI (blue). Scale bar, 500 µm. (B) Heatmaps of the dF/F responses from 
individual aggressor, nonaggressor, and both-activated neurons to agg- or nonagg zone entries in NAcD1R (top) and NAcD2R (bottom). (C) Pie chart illustrating the proportions of 
aggressor, nonaggressor, both-activated, and neither neurons in NAcD1R (top) and NAcD2R (bottom) identified in session 1 (before familiarization), session 2 (after familiariza-
tion), and session 3 (after defeat). (D) Differences in Ca2+ event rates between agg- and nonagg zones (agg minus nonagg zones for aggressor neurons; nonagg minus agg for 
nonaggressor neurons) in the NAcD1R (left) and NAcD2R (right) neurons across sessions 1, 2, and 3. (E) (Left) schematic of NAcD2R microendoscopic imaging with BLA chemoge-
netic inhibition. (Right) representative images of the BLA (top) and NAcD2R (bottom) neurons stained with anti-GFP (green for jGCaMP8s), anti-RFP (red for hM4Di-mCherry), 
and DAPI (blue). Scale bar, 500 µm. (F to H) Similar to (B) to (D), heat maps of the dF/F responses (F), pie chart of the neural proportion (G), and differences in Ca2+ event rates 
(H) in the NAcD2R neurons with BLA inhibition. Chi-square test with residual test (NAcD1R: χ2 = 2.15, p = 0.34; NAcD2R: χ2 = 7.08, p = 0.029; NAcD2R with BLA inhibition: χ2 = 1.59, 
p = 0.45) (C) and (G) and two-way ANOVA with Tukey-Kramer multiple comparisons (D) and (H). Data are presented as mean ± SEM. NAcD1R neurons: n = 354 cells tracked 
across three sessions in four mice; NAcD2R neurons: n = 630 cells tracked across three sessions in five mice; NAcD2R neurons with BLA inhibition: n = 392 cells tracked across 
three sessions in four mice.
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correlations in “neither neurons,” which were not socially modulated 
neurons, remained unchanged across all neuron types following defeat 
(Fig. 5H). These findings indicate that NAcD2R and BLARspo2 social 
neurons display a more stable selectivity to either aggressors or nonag-
gressors after defeat.

Finally, we investigated the stability of social stimulus selectivity 
across sessions, both before and after the defeat, using a cross-session 
decoder. Specifically, we trained an SVM to discriminate between ag-
gressors and nonaggressors in one session and tested its decoding 

accuracy in a separate session. Notably, cross-session decoding accu-
racy remained at chance levels across all cell types (fig. S23, A and B), 
suggesting that social representations dynamically drift in both NAc 
and BLA neurons. To further examine the drift rates in NAcD2R, BLA-
inhibited NAcD2R, NAcD1R, and BLARspo2 neurons, we computed the 
cross-session correlations of the social-tuning curves for both social 
neurons and neither neurons (fig. S23, C and D). Although the social 
representations of both NAc and BLA neurons dynamically drifted 
across sessions, BLARspo2 social neurons showed higher correlations 

Fig. 5. Valence updating stabilizes social stimulus selectivity across the vCA1-BLA-NAc circuit. (A) Schematic of the linear encoding model predicting neural activity from 
behavior variables. (Left) a list of predictors used in the model. (Right) learned weights multiplied by the corresponding predictor sum to estimate the activity. (B) Example 
traces of observed (blue) and model-predicted (red) deconvolved activity. (Left) fit of the full model (red). (Right) fit of the partial model in which the relative distance variable 
was set to zero (red). (C) Representative comparison of model fits (full versus partial model with the relative distance set to zero across sessions 1, 2, and 3). The dots indicate 
individual NAcD2R cells. (D) Encoding profiles (fraction explained deviance for relative distance) of NAcD2R, NAcD2R with BLA inhibition, NAcD1R, and BLARspo2 neurons, shown for 
sessions 1, 2, and 3. Data are presented as mean ± SEM. ***P < 0.001, bootstrap test with Benjamini–Hochberg multiple comparisons. (E) Example confusion matrices for 
NAcD2R decoding aggressor versus nonaggressor in sessions 1, 2, and 3. y axis, true stimulus identity; x axis, predicted identity. (F) Population decoding accuracy of stimulus 
identity across all sessions in NAcD2R, NAcD2R with BLA inhibition, NAcD1R, and BLARspo2 neurons. A linear decoder (SVM) was trained on the deconvolved activity of the 
simultaneously imaged cells.  Data are presented as mean ± SEM based on the bootstrap. (G) Workflow for calculating the social-tuning curve correlation. (H) Social-tuning 
curve correlations (outer quartiles) within a session calculated between the first and last 5 minutes of each session for NAcD2R, NAcD2R with BLA inhibition, NAcD1R, and BLARspo2 
neurons. *P < 0.05, **P < 0.01, ***P < 0.001, bootstrap test with Benjamini–Hochberg multiple comparisons (F); rank-sum test with Benjamini–Hochberg multiple compari-
sons (H). NAcD2R neurons: n = 630 cells tracked across three sessions in five mice; NAcD2R neurons with BLA inhibition: n = 392 cells tracked across three sessions in four mice; 
NAcD1R neurons: n = 354 cells tracked across three sessions in four mice; BLARspo2 neurons: n = 383 cells tracked across three sessions in four mice.
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between sessions 1 and 2, as well as between sessions 2 and 3, in com-
parison with NAcD2R neurons (fig. S23E). Corroborating the findings 
described above (shown in Fig. 3), these results indicate that BLARspo2 
neurons maintain more stable selectivity for specific individuals than 
NAc neurons by selectively modulating the activity of a consistent 
subgroup of neurons.

Although cross-session drift was observed between socially distinct 
sessions, we examined whether the updated representations remained 
stable 24 hours after defeat. The increased activity of aggressor-
responsive neurons observed 2 hours after defeat persisted 24 hours 
later (fig. S25, A to C). Decoders trained on neural activity at one time-
point accurately discriminated the aggressor from the nonaggressor 
when tested at the other (fig. S25, D and E). Cross-session correlations 
of social-tuning curves revealed that BLARspo2 neurons exhibited greater 
representational stability than NAcD2R neurons (fig. S25, F and G). 
Together, these findings indicate that defeat-induced representations 
of social valence remain stable for at least 24 hours.

Discussion
In the present study, we altered the social valence of a familiar indi-
vidual through direct social interaction, enabling us to examine how 
mice update their social valence. This study provides a framework 
for investigating biologically relevant mechanisms underlying the 
formation of emotions toward specific individuals within a social 
context. Combined with comprehensive behavioral identification 
methods (39, 40), this framework may allow a more detailed charac-
terization of social valence updating.

Our previous work showed that hippocampal vCA1 neurons possess 
social memory and drive social discrimination between novel and fa-
miliar individuals through their projection through the vCA1–NAc 
pathway, but not through the vCA1–BLA pathway (22). Whereas neu-
rotensin inputs to vCA1 assign negative social valence (41), we show 
that indirect projection through the vCA1–BLA–NAc circuit plays a 
critical role in updating the negative valence of social memory. The 
vCA1–BLA pathway has been implicated in nonsocial cue–valence as-
sociations in a paradigm-dependent manner (42). Our findings extend 
this role to valence updating of social stimuli. Although multiple neu-
ral circuits targeting the NAc, such as the ventral tegmental area–NAc 
and prefrontal cortex–NAc, are linked to nontargeted social avoidance 
in the social defeat paradigm (43, 44), our findings underscore the fact 
that distinct neural circuits underlie nontargeted and specific social 
avoidance behaviors.

Although the BLA projects broadly to limbic regions involved in 
motivation and affect, we found that its input to the NAcD2R is essential 
for valence updating. Calcium imaging analysis demonstrated that 
NAcD2R neurons, but not NAcD1R neurons, alter their coding following 
the valence updating of social memory. In the tone-guided Pavlovian 
conditioning paradigm, whereas NAcD1R neurons are crucial for tone 
stimulus generalization, NAcD2R neurons facilitate tone stimulus dis-
crimination (45, 46). Our findings indicate increased NAcD2R activity 
toward the aggressor following defeat, which underpins the discrimi-
nation of social stimuli associated with updated valence.

Distinct coding schemes emerged in upstream BLARspo2 and down-
stream NAcD2R neurons during valence updating. A similar dichotomy 
is seen along the hippocampal circuit, where the upstream dentate 
gyrus neurons represent context changes by adjusting the firing rate 
within a consistent neural population, whereas the downstream CA3 
neurons represent context changes by altering active populations 
(47–49). Such distinctions in coding schemes are likely to refine va-
lence encoding for specific individuals, thus supporting more accurate 
behavioral adaptation.

We observed that most BLA and NAc neurons did not respond con-
sistently to nonaggressor mice across days, exhibiting representa-
tional drift, unlike the relatively stable activity of vCA1 social memory 
neurons (22). This population-level variability is reminiscent of other 

neural systems such as sensory representations in the parietal cortex 
(50) and visual coding in the primary visual cortex (51). The stability 
of BLA and NAc neuronal responses to specific individuals improved 
when valence was assigned to memory, consistent with findings show-
ing that reward expectation enhances the stability of spatial represen-
tation in hippocampal place maps (52). Since the BLA and NAc ensembles 
encode motivational drives (53–55) rather than social memory per se 
(53, 56), their stabilization likely reflects the integration of motivational 
states with social memory.

Collectively, our findings delineate how strengthened synaptic plas-
ticity along the vCA1–BLA–NAc axis underlies the dynamic updating 
of social memory valence, leading to specific social avoidance. This 
study advances our understanding of the neural mechanisms by which 
past social experiences shape emotional responses toward specific 
individuals and highlights how distinct neural circuits govern nontar-
geted versus targeted social avoidance.

Materials and methods
Mice
All procedures were performed in accordance with the protocols ap-
proved by the Institutional Animal Care and Use Committee at the 
Institute for Quantitative Biosciences, the University of Tokyo. All ani-
mals were socially housed under 12-hour (7 a.m.–7 p.m.) light/dark 
cycle conditions, with ad libitum access to food and water. All experi-
ments were performed using male mice aged 12 to 20 weeks (24–30 g). 
The following mice were used in this study: C57BL/6J mice from Japan 
Clea; BALB/cCrSlc and C3H/HeSlc mice from Japan SLC; Drd1-Cre 
(034258-UCD), Drd2-Cre (032108-UCD) and Ppp1r1b-Cre (036659-
UCD) transgenic mice from the Mutant Mouse Resource and Research 
Center; Rspo2-Cre (RBRC10754) and Trpc4-Cre (RBRC10322) trans-
genic mice from RIKEN Brain Science Institute; c-fos:tTA transgenic 
mice generated as described previously (33, 57), by selecting mice car-
rying the c-fos:tTA transgene from offspring between TetTag (57) and 
C57BL/6J mice; PR-Cre mice from the Jackson laboratory (JAX: 017915) 
kept in the BALB/c background. All experiments in this study were 
performed in male mice, as they more reliably exhibit aggressive be-
havior suitable for establishing a defeat paradigm.

Surgery
Mice were anesthetized with an anesthetic mixture (0.75 mg/kg me-
detomidine, 4.0 mg/kg midazolam, and 5.0 mg/kg butorphanol) and 
mounted on a stereotaxic apparatus (Leica Angle Two, Leica Biosystems). 
A glass pipette (World Precision Instruments) attached to a 1-ml mi-
crosyringe (Hamilton) filled with mineral oil was used for microinjec-
tion of virus vector solutions. The injection process was controlled using 
a microsyringe pump (UMP3, World Precision Instruments) to regulate 
both injection speed and volume. The glass pipette was gradually low-
ered to the target site, and the viral solutions were delivered at a speed 
of 2–3 nl/s. The pipette was left in place for 5 min after injection before 
being carefully retracted.

For the behavioral experiments, bilateral virus delivery and optic fiber 
implants (Ø200-μm core, 0.22 NA, Doric Lenses Inc.) were targeted to 
specific coordinates relative to the bregma. The coordinates used were 
as follows: vCA1 injections: anterior-posterior (AP), −3.16 mm; medial-
lateral (ML), ±3.10 mm; dorsal-ventral (DV), −4.70 mm; BLA injections: 
AP, −1.60 mm; ML, ±3.20 mm; DV, −4.90 mm; BLA injections in Ppp1r1b-
Cre mice: AP, −2.00 mm; ML, ±3.40 mm; DV, −4.90 mm; NAc injections: 
AP, +1.42 mm; ML, ±0.60 mm; DV, −4.20 mm; vMHvl injections: AP, 
−1.10 mm; ML, ±0.70 mm; DV, −5.70 mm; vCA1 implants: AP, −3.16 mm; 
ML, ±3.10 mm; DV, −4.60 mm; BLA implants: AP, −1.60 mm; ML, 
±3.20 mm; DV, −4.75 mm; NAc implants: AP, +1.42 mm; ML, ±0.60 mm; 
DV, −4.10 mm.

For the optogenetic inhibition experiments, 300 nl of AAV9-EF1α:DIO-
eNpHR3.0-EYFP (Addgene 26966, 3.8 × 1011 GC/ml) or AAV9-EF1α:DIO-
EYFP (Addgene 27056, 4.0 × 1011 GC/ml) was injected into the vCA1 of 
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Trpc4-Cre mice, the BLA of Rspo2-Cre mice, and the BLA of Ppp1r1b-Cre 
mice. A total volume of 300 nl of AAV9-EF1α:DIO-eNpHR3.0-EYFP 
(Addgene 26966, 3.8 × 1011 GC/ml) or AAV9-EF1α:DIO-EYFP (Addgene 
27056, 4.0 × 1011 GC/ml) was injected into the NAc of D2R-Cre mice. For 
the behavioral engram manipulation experiments, pAAV-TRE:ChR2-
EYFP and pAAV-TRE:EYFP were constructed as described previously 
(33). Subsequently, 200 nl of AAV9-TRE:ChR2-EYFP (packaged in our 
laboratory, 2.0 × 1013 GC/ml) or AAV9-TRE:EYFP (packaged in our labo-
ratory, 2.0 ×1013 GC/ml) was injected into the vCA1 of c-fos:tTA mice. 
For the behavioral engram manipulation experiments combined with 
BLA inhibition, 200 nl of AAV9-TRE:ChR2-EYFP (packaged in our labo-
ratory, 2.0 × 1013 GC/ml) and 200 nl of AAV5-hSyn:DIO-hM4D(Gi)-
mCherry (Addgene 44362, 1.2 × 1013 GC/ml) were injected into the vCA1 
and BLA of Rspo2-Cre × c-fos:tTA mice, respectively. For the histological 
engram labeling experiments, pAAV-cfos:tTA was constructed as de-
scribed previously (58). 200 nl of a 1:1 mixture of AAV9-cfos:tTA (pack-
aged in our laboratory, 1.5 × 1013 GC/ml) and either AAV9-TRE:EYFP 
(packaged in our laboratory, 2.0 ×1013 GC/ml) or AAV9-TRE:HTG 
(Addgene 27437 and packaged by the University of Massachusetts 
Medical School, 2.0 × 1013 GC/ml) was injected into the vCA1 of wild-type 
C57BL/6J mice. For the in vitro whole-cell patch-clamp recordings, 200 nl 
of a 1:1 mixture of AAV9-cFos:tTA (packaged in our laboratory, 1.5 × 1013 
GC/ml) and AAV9-TRE:ChR2-EYFP (packaged in our laboratory, 2.0 × 
1013 GC/ml) was injected into the vCA1, and 150 nl of AAV5-hSyn:DIO-
mCherry (Addgene 50459, 5.6 × 1012 GC/ml) was injected into the BLA 
of Rspo2-Cre mice. For the optical-LTD experiment, 200 nl of AAV9-
TRE:ChR2-EYFP (packaged in our laboratory, 2.0 × 1013 GC/ml) was 
injected into the vCA1 of c-fos:tTA mice. To induce aggression, 100 nl of 
AAV8-hSyn:DIO-hM3D(Gq)-mCherry (Addgene 44361, 2.6 × 1012 GC/
ml) was injected into the vMHvl of PR-Cre mice. For the AIP experi-
ments, pAAV-CaMKII(0.3):DIO-NLS-mCherry-P2A-AIP and pAAV-
EF1α:DIO-NLS-mCherry were constructed as described previously (45). 
300 nl of AAV5-CaMKII(0.3):DIO-NLS-mCherry-P2A-AIP (a gift from S. 
Yagishita, The University of Tokyo, 2.5 × 1013 GC/ml) or AAV5-EF1α:DIO-
NLS-mCherry (a gift from S. Yagishita, The University of Tokyo, 2.0 × 
1013 GC/ml) was injected into the BLA of Rspo2-Cre mice. For labeling 
vCA1 neurons projecting to the BLA, a retroAAV-EF1α:Cre (Addgene 
55636, 2.5 × 1013 GC/ml) was injected into the BLA, and AAV9-EF1α:DIO-
EYFP (Addgene 27056, 4.0 × 1011 GC/ml) was injected into the vCA1 of 
wild-type C57BL/6J mice. For the microendoscopic Ca2+ imaging, 500 nl 
of AAV1-hSyn:FLEX-jGCaMP8s (Addgene 162377, 6.3 × 1012 GC/ml) was 
unilaterally injected into the BLA of Rspo2-Cre mice, while 300 nl of AAV9-
hSyn:FLEX-jGCaMP8s (Addgene 162377, 1.4 × 1013 GC/ml) was unilater-
ally injected into the NAc of D1R-Cre or D2R-Cre mice. For the Ca2+ 
imaging experiment combined with chemogenetic inhibition, 120 nl of 
AAV5-CaMKIIa:hM4D(Gi)-mCherry (Addgene 50477, 9.5 × 1012 GC/ml) 
was bilaterally injected into the BLA of wild-type C57BL/6J mice. 
Immediately following the virus injection, a 500-μm gradient index 
(GRIN) lens (Go!Foton Inc.) was implanted at the injection site. Three 
weeks after the implantation, a baseplate for the microendoscopic cam-
era was attached to the implanted lens.

Behavioral paradigm for updating valence of social memory
Before the experiments, the mice were acclimated to the investigator 
by being handled for several minutes over two consecutive days. 
Habituation to the social discrimination chamber was performed for 
10 min per day over two consecutive days. The social discrimination 
chamber used in these experiments has been described previously (22).

For the memory (+) groups (familiarized groups), subject mice 
(C57BL/6J) were housed with stimulator mice (PR-Cre and C3H) in 
separate compartments within a wire-mesh-divided chamber that al-
lowed sensory interaction while preventing physical contact. Animals 
were monitored daily, and no injuries were observed. This familiariza-
tion period lasted for 72 hours (day 1 to day 4), and the mice remained 
in the familiarization cage until the end of the experiment. On day 4, 

social discrimination test (pre-SDT) was conducted, during which 
stimulator mice were placed in a pencil holder as described previously 
(22). After pre-SDT, the subject mice interacted with PR-Cre (aggres-
sor) and C3H (nonaggressor) mice for 10 min, with interactions ran-
domized and separated by a 2-hour interval. These interactions were 
repeated over three days. At 15 min before the interaction, PR-Cre mice 
were injected intraperitoneally with 0.1 mg/kg deschloroclozapine 
(DCZ, Tocris) for induction of aggression or saline as a control. Aggressive 
behavior during social defeat was defined as attack episodes by the 
aggressor, including biting, wrestling, and chasing. Behaviors were 
manually scored from video recordings using EthoVision XT software 
(Noldus). Total defeat time for each subject was calculated as the cu-
mulative duration of attack episodes across the three days of interac-
tion. Scoring reliability was assessed in a subset of videos (n = 21) 
independently scored by two blinded raters, yielding high inter-rater 
reliability (intraclass correlation coefficient, ICC(3,1) = 0.983, F(20,20) = 
119.87, p < 0.001). Subject mice that received a total aggression time 
of less than 100 s from the PR-Cre mice over three days were excluded. 
On day 6, post-social discrimination test (post-SDT) was conducted 
with the positions of the stimulator mice randomized for each subject 
mouse. For the memory (–) group (nonfamiliarized group), the behav-
ioral paradigm was identical, except that the 72-hour familiarization 
period was omitted. Throughout the experiment, the mice were housed 
individually.

Behavioral recording and tracking were performed using EthoVision 
XT software, an infrared (IR)-sensitive GIG-E camera, and two IR il-
luminators under dark conditions. The interaction zone was defined 
as a circular area centered on the pencil holder with a radius of 7.5 cm 
(1.5 times the holder radius). The pencil holder consisted of a cage-like 
structure with 7-mm gaps between vertical bars, the width of which 
was previously validated to allow reliable detection of nose entries 
(24). The total duration during which the nose position of the subject 
mice was within each sniffing area was measured. For the optogenetic 
inhibition experiments, a 589-nm yellow laser (constant power: 10 mW 
at the fiber tip) was used for eNpHR-mediated inhibition. The laser 
was delivered during post-SDT phase in the memory (+) and memory 
(–) groups.

Bidirectional social valence updating paradigm
The initial social defeat procedure was performed as described above. 
Briefly, subject mice underwent three sessions of DCZ-induced social 
defeat by PR-Cre aggressor mice. Twenty-four hours after the final 
defeat session, the subject mice interacted with saline-injected PR-Cre 
(nonaggressive) and C3H (nonaggressor) mice for 10 min each in a 
randomized order, separated by a 2-hour interval. On day 7, post-SDT 
was conducted with stimulus positions randomized. In the no-updating 
control group, behavioral testing was performed 26 hours after the 
final defeat session. For optogenetic inhibition experiments, a 589-nm 
yellow laser (constant power: 10 mW at the fiber tip) was used for 
eNpHR-mediated inhibition and was delivered throughout the nonag-
gressive interaction period.

Manipulation of BLA projection from vCA1 social memory engrams
Rspo2-Cre × c-fos:tTA and c-fos:tTA mice were used as the subject mice 
in this experiment. c-fos:tTA mice were used in experiments without 
BLA inhibition, whereas Rspo2-Cre × c-fos:tTA mice were used for 
pharmacogenetic inhibition of the BLA. The mouse handling and ha-
bituation procedures were identical to those of the behavioral paradigm 
for updating the valence of social memory. Additionally, they were 
habituated to a fear-conditioning chamber (30 × 35 × 32 cm) for 10 min 
over 2 consecutive days. The mice were raised on a 40 mg/kg doxycy-
cline (Dox) diet two weeks before surgery (ON-Dox). They were famil-
iarized with a pair of PR-Cre and C3H mice through the fence for 3 days 
as described previously. Before labeling, the subject mice were fed 
food without Dox for 48 hours (OFF-Dox). At the end of the 48-hour 

D
ow

nloaded from
 https://w

w
w

.science.org on July 09, 2026



Research Article

Science  9 July 2026 10 of 14

OFF-Dox period, the PR-Cre mouse was introduced into the home cage 
of the test mouse for ChR2 labeling during a 2-hour social interaction. 
Immediately after social interaction and removal of the PR-Cre mouse 
from the home cage, the subject mice were returned to Dox (ON-Dox). 
At 24 hours after social interaction, pre-shock SDT was performed for 
10 min. Subsequently, we applied blue laser stimulation (12 mW, 15 ms 
light pulses, 20 Hz) during four foot shocks (0.75 mA, 2 s duration) 
delivered at 198 s, 278 s, 358 s, and 438 s within a 500-s session. This 
procedure was repeated twice daily with a 5-hour interval for two con-
secutive days. Next, 24 hours later, postshock SDT was performed. For 
pharmacogenetic inhibition of BLA, the paradigm was the same as the 
BLA projection of vCA1 engram activation protocol, except that BLA 
was inhibited with 0.1 mg/kg DCZ. DCZ was administered either 15 min 
before foot-shock delivery or prior to post-SDT.

Optical-LTD
The opto-LTD experiment was performed using c-fos:tTA mice. The 
mouse handling, habituation, and engram labeling procedures were 
identical to those used in previous experiments. After the subject mice 
were returned to Dox (ON-Dox), aggression in the PR-Cre mice was 
artificially induced, and the mice interacted as in the valence-updating 
paradigm. Two hours after the post-SDT test, 900 pulses of 2-ms laser 
stimulation were delivered at 1 Hz (473 nm, 12 mW) as previously 
described (35). Two hours after opto-LTD treatment, post-opto-LTD 
SDT was performed.

In vitro whole-cell patch-clamp recording
For in vitro whole-cell electrophysiological experiments, mice express-
ing ChR2 in vCA1 social memory engram neurons underwent the be-
havioral procedures described above, including social defeat with 
DCZ-injected stimulus mice, control social interactions with saline-
injected stimulus mice, or optical-LTD induction. Brain slices were 
prepared at the same time point as the post-SDT. Acute coronal brain 
slices (300 μm) containing the basolateral amygdala (BLA) were pre-
pared from 8-week-old mice expressing ChR2 in vCA1 social memory 
engram neurons. Mice were anesthetized with isoflurane and trans-
cardially perfused with ice-cold oxygenated modified artificial cere-
brospinal fluid (mACSF: 222.1 mM sucrose, 27 mM NaHCO3, 1.5 mM 
NaH2PO4, 2.5 mM KCl, 0.5 mM ascorbic acid, 1 mM CaCl2, and 7 mM 
MgSO4). Slices were cut using a vibratome (VT1200S, Leica) and incu-
bated for at least 30 min at 35°C in oxygenated ACSF (127 mM NaCl, 
1.6 mM KCl, 1.24 mM KH2PO4, 1.3 mM MgSO4, 2.4 mM CaCl2, 26 mM 
NaHCO3, and 10 mM D-glucose). Whole-cell voltage-clamp recordings 
were obtained from BLA neurons visually identified under infrared 
differential interference contrast microscopy in a submerged chamber 
perfused with oxygenated ACSF (32°C, 3–4 ml/min), as previously 
described (59). Patch pipettes (3–6 MΩ) were filled with internal solu-
tion containing 127 mM CsMeSO4, 8 mM CsCl, 10 mM HEPES, 1 mM 
MgCl2, 10 mM phosphocreatine-Na2, 4 mM MgATP, 0.3 mM NaGTP, 
and 0.2 mM EGTA (pH 7.2–7.3, 280–295 mOsm). Signals were ampli-
fied (MultiClamp 700B) and digitized at 20 kHz using pCLAMP soft-
ware (Molecular Devices). ChR2 was activated with a 10-ms LED pulse 
(LEX2-LZ4, Brain Vision).

AMPA receptor (AMPAR)-mediated EPSCs were recorded at −80 mV 
and NMDA receptor (NMDAR)-mediated EPSCs at +40 mV in the 
presence of picrotoxin (100 μM). Photostimulation intensity was ad-
justed to evoke AMPAR EPSCs of 50–250 pA. For each neuron, identical 
stimulation parameters were used for AMPAR and NMDAR recordings. 
To calculate AMPA/NMDA ratios, AMPAR EPSCs were recorded before 
and after NMDAR recordings to control for time-dependent changes. 
AMPAR EPSC amplitudes were quantified as the peak amplitude of 
the average of 10 traces recorded before and after NMDAR measure-
ments. NMDAR EPSCs were quantified as the mean current of 5 aver-
aged traces measured between 47.5 and 52.5 ms after stimulation onset, 
when AMPAR currents were absent. The AMPA/NMDA ratio was 

calculated from these measurements. Cells with NMDAR EPSC ampli-
tudes <10 pA were excluded to ensure reliable AMPA/NMDA ratio 
measurements.

Elevated plus maze
Mice were habituated to the testing room for 2 hours before the experi-
ment. Mice were placed at the center of an elevated plus maze (two 
open and two enclosed arms, 55 × 6 cm; enclosed arms with 20-cm 
walls; elevated 50 cm above the floor) facing an open arm. Exploration 
was recorded for 10 minutes, and nose position was tracked with 
EthoVision XT software to quantify arm entries and the time spent 
in each arm.

Object fear conditioning paradigm
The behavioral procedures were identical to those used for the memory 
(+) group in the social valence updating paradigm described above, 
including handling, habituation, housing, familiarization, and pre- and 
post-SDT, except that stimulus mice were replaced with objects and 
valence updating was induced by object–shock pairing. Two objects 
were selected from a set of four (plastic or wood; approximately 10 cm 
high × 5 cm × 5 cm) in a counterbalanced manner across subjects and 
assigned as CS+ or CS−.

During conditioning, subject mice were placed in a foot-shock cham-
ber for 10 minutes. Two objects were positioned in opposite corners 
of the chamber, and foot shocks (0.7 mA) were manually delivered 
upon interaction with the conditioned object (CS+). Object positions 
were swapped after 5 minutes within each session. Conditioning was 
repeated once daily for three consecutive days.

Freezing detection
A frame was classified as freezing when the velocity of the animal’s 
center of mass was below 0.59 cm/s and head angular velocity was 
below 15 deg/s. To reduce falsely fragmented freezing bouts, the binary 
freezing vector was convolved with a 16-frame sliding window, such 
that each timepoint represented the number of freezing frames within 
the window. The convolved vector was then thresholded at 5 frames 
to obtain the final binary freezing vector. Bouts lasting longer than 
0.9 s were classified as freezing. This metric was adapted from a previ-
ously published method (60, 61).

Cell labeling
For Dox-dependent labeling, two weeks after virus injection, mice were 
fed food without Dox for 48 hours (TRE-EYFP) or 24 hours (TRE-HTG). 
At the end of the OFF-Dox period, stimulus mice were introduced into 
the subject mouse’s home cage to label neurons activated by social 
stimuli. The stimulus mice consisted of saline-injected PR-Cre mice 
(nonaggressive), DCZ-injected PR-Cre mice (aggressive), or C3H mice 
(nonaggressive). Following a 2-hour nonaggressive social interaction 
or a 10-min social defeat session, the stimulus mouse was removed, 
and the subject mice were returned to Dox (ON-Dox). Two days later, 
the mice were processed for projection density analysis or double-
labeling experiments.

For double labeling, DCZ-injected PR-Cre mice were introduced as 
a second social stimulus after the initial TRE-based labeling. Mice 
initially labeled with PR-Cre stimulus mice were re-exposed to the 
same individual stimulus mouse, whereas those initially labeled with 
C3H stimulus mice were exposed to PR-Cre stimulus mice. After a 
10-min social defeat session, the stimulus mice were removed, and the 
subject mice were perfused for subsequent immunohistochemistry and 
cell counting.

Histological and immunohistochemical assessments
Mice were transcardially perfused with 4% paraformaldehyde (PFA) 
in phosphate-buffered saline (PBS). Next, 50-μm brain sections were 
then prepared using a vibratome and incubated in 0.3% Triton-X PBS 
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with 5% normal goat serum (Vector Laboratories) for 1 hour at 
room temperature (RT). Primary antibodies were added to the solu-
tion and incubated overnight at 4°C. The primary antibodies used 
were chicken anti-GFP (A10262, 1:1000; Thermo Fisher Scientific) 
for EYFP and jGCaMP8s staining, rabbit anti-RFP (600-401-379, 
1:1000; Rockland) for mCherry staining, mouse anti-NeuN (MAB377, 
1:1000; Millipore) for NeuN staining, and mouse anti-tyrosine hy-
droxylase (MAB318, 1:1000; Millipore) for TH staining. After rinsing 
four times with PBS, brain sections were incubated with secondary 
antibodies, anti-chicken Alexa Fluor-488 conjugated secondary an-
tibodies (A11039, 1:500; Thermo Fisher Scientific), anti-rabbit Alexa 
Fluor-546 conjugated secondary antibodies (A11010, 1:500; Thermo 
Fisher Scientific). Sections containing biocytin-filled neurons were 
additionally incubated with Alexa Fluor 647–conjugated streptavi-
din (1:2000; Thermo Fisher Scientific) to visualize recorded cells. 
Incubations were performed in 0.3% Triton-X PBS with 5% normal 
goat serum for 3 h at RT. The sections were rinsed twice with PBS, 
stained with 4′,6-diamidino-2-phenylindole (DAPI, 1 μg/ml) dissolved 
in PBS, and rinsed again with PBS. Brain sections were mounted onto 
glass slides using VectorShield (Vector Laboratories) or Fluoromount/
Plus (Diagnostic BioSystems) mounting medium. Images were ob-
tained using a confocal laser microscope (FV3000; Olympus, Tokyo, 
Japan) equipped with a 10× objective. Images were post-processed 
using ImageJ software (NIH).

Cell counting and fluorescence intensity analysis
Coronal sections containing the vCA1 or BLA were prepared from mice 
after the cell-labeling experiments. Immunohistochemical staining 
was performed as described above. Single-plane fluorescence images 
were acquired using a microscope equipped with a 10× objective lens 
and analyzed using ImageJ software. For cell counting, positive cells 
were identified using StarDist 2D plugin (model: Versatile; probability 
threshold: 0.40; overlap Threshold: 0.40). For fluorescence intensity 
analysis, area integrated density was measured. Background fluores-
cence was obtained from a nearby unlabeled region within the same 
section. Corrected total fluorescence (CTF) was calculated as:

CTF of the BLA was normalized to the corresponding CTF of the vCA1 
within the same section.

Ca2+ imaging
Following surgery, the subject mice were habituated to the experi-
menters and social discrimination chamber (containing pencil hold-
ers for stimulator mice) in the experimental room for 10 min each 
on two separate days. The behavior and Ca2+ signals of the subject 
mice were recorded in the social discrimination chamber during 
two 5-min sessions (total of 10 min). To counterbalance potential 
side biases, the positions of the aggressor and nonaggressor mice 
were switched after the first 5-min session. Between sessions, the 
social discrimination chamber and the pencil holders were cleaned 
with water. These recordings were performed four times at specific 
intervals: before familiarization (session 1, day 1), after familiariza-
tion but before defeat (session 2, day 4), after defeat by the artifi-
cially induced aggressor (session 3, day 6), and 24 hours after defeat 
(session 4, day 7). Between each session, the subject mice were fa-
miliarized with the aggressor and nonaggressor in a three-chamber 
cage and then defeated by the aggressor for 10 min between ses-
sion 2 and session 3 (Fig. 1C). Behavioral tracking was performed 
using the EthoVision software, and calcium events were captured 
at 20 Hz on a UCLA miniscope. For chemogenetic inhibition micro-
endoscopic imaging, subject mice were injected with 200 μl of 0.1 mg/
kg DCZ and returned to the three-chamber cage for 15 min prior 
to imaging.

Image and signal processing
The recorded calcium imaging movies were aligned and converted 
to TIFF format using Doric Neuroscience Studio software (Doric Lens 
Inc.), followed by preprocessing with minor modifications. Briefly, 
the movies were automatically cropped to extract a round-shaped 
field of view. Motion correction of the movies was performed using 
the Mosaic MATLAB code (correction type, skew, translation, and 
rigidity; reference region by subtracting the spatial mean [r = 16 pixels], 
inverting, and applying the spatial mean [r = 4 pixels]). After pre-
processing, the movies were analyzed using EXTRACT (62) to extract 
the calcium transients. Automatically detected candidate cells were 
carefully validated by manual inspection. The resulting dF/F signals 
were deconvolved using OASIS AR1 (63), which models each fluores-
cence transient as an instantaneous spike followed by an exponential 
decay using a previously reported decay constant (64). The decon-
volved signals were sparse in time and varied in magnitude in units 
of dF/F. At each imaging frame (50-ms bin), the deconvolved sig-
nals were binarized as spikes if their signal magnitude exceeded 
zero. Calcium event rates reported in this study were calculated 
based on these binarized deconvolved spikes. Finally, CellReg (65) 
(a correlation-based model) was used to match cell IDs across dif-
ferent recording sessions.

Identification of aggressor, nonaggressor, and both-activated neurons
To identify aggressor and nonaggressor neurons, we performed a permu-
tation test in which the timing of neural activity was circularly shifted by 
a random offset for each mouse (10,000 iterations). For each iteration, we 
calculated the event rate within the aggressor and nonaggressor zones. 
We then computed the p-value of each cell in each zone, corrected for 
multiple comparisons (aggressor and nonaggressor zones) using the 
Holm–Bonferroni method (P < 0.05, one-sided), to detect neurons show-
ing significantly increased activity relative to the shuffled distribution. 
Neurons that showed selective activity only in one zone were classified as 
aggressor or nonaggressor neurons, whereas those with significant activ-
ity in both zones were classified as both-activated neurons. While our 
primary analyses focused on increases in activity, given the limited sen-
sitivity of calcium imaging to reliably detect decreases below baseline, we 
also performed the same permutation-based analysis to identify neurons 
with significantly decreased activity as a supplementary analysis.

Spatial information
Spatial information was calculated as described previously (66). Spatial 
information content (bits per event) was calculated using the follow-
ing equation:

where λi is the mean event rate in the i-th spatial bin, λ is the overall 
mean event rate of the cell, and pi is the probability of the animal 
occupying the i-th bin. Event rate maps were obtained as follows. First, 
events were assigned to spatial bins according to the animal’s nose 
position at the time of each event, using 1 × 1 cm spatial bins. The 
number of events for each bin was then divided by the bin occupancy 
time. The resulting maps were smoothed using a 5 × 5 box window 
filter (24, 67) with a weight of:

CTF = Integrated density − (ROI area ×mean background fluorescence)

∑
i
pi

λi

λ
log2

λi

λ

w =

⎡
⎢⎢⎢⎢⎢⎢⎢⎣

0.0025 0.0125 0.0200 0.0125 0.0025

0.0125 0.0625 0.1000 0.0625 0.0125

0.0200 0.1000 0.1600 0.1000 0.0200

0.0125 0.0625 0.1000 0.0625 0.0125

0.0025 0.0125 0.0200 0.0125 0.0025

⎤
⎥⎥⎥⎥⎥⎥⎥⎦
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Ensemble analysis
To identify synchronized neural clusters, we employed affinity propa-
gation (38) to cluster neurons based on correlated activity and cor-
related population vectors. Pairwise correlations between each neuron's 
activity were calculated to quantify similarity among individual neu-
rons, and the preference parameter was set to –1 times the square of 
the largest pairwise correlation distance (max iterations: 1000). For 
clustering population vectors, pairwise distances in population activity 
were used as the similarity metric, with the preference parameter set 
to –4 times the square of the largest pairwise distance (max iterations: 
1000). Based on these two similarity measures, neurons and popula-
tion activity patterns were assigned to clusters. To evaluate synchro-
nous activity within the resulting clusters, we selected those in which 
at least 80% of the neurons were active in more than 10% of the frames 
for further correlation analysis. For these selected clusters, we calcu-
lated pairwise cosine similarity between activity traces of individual 
neurons and averaged these values across all cell pairs in each cluster 
to obtain a cluster-level synchrony score. A null distribution was gener-
ated by creating 1,000 shuffled raster plots, in which Ca2+ events were 
randomly permuted across frames and neurons. The observed cosine 
similarity values were compared using a null distribution to identify 
significant synchrony. Finally, we calculated the weighted Pearson’s 
correlation between aggressor selectivity (defined as the event rate 
difference between the aggressor and nonaggressor zones) and the 
z-scored proportion of time spent interacting with the aggressor. 
Weights were defined as the product of the number of contributing 
frames and neurons for each cluster.

Outlier detection
We first applied principal component analysis (PCA) to neural activity 
to reduce dimensionality, retaining the first three principal compo-
nents (PCs) that captured the majority of the variance in the dataset. 
To reduce the impact of values distant from the main data distribution, 
we then performed interquartile range filtering within this PCA-reduced 
space. Using the filtered dataset, we fitted a single-component Gaussian 
mixture model (GMM) to characterize the cluster’s central tendency 
and variability. Outliers were identified by calculating each data point’s 
Mahalanobis distance from the cluster center; data points whose 
Mahalanobis distance exceeded a chi-squared threshold (99% confi-
dence level, corrected for the number of PCs) were classified as outliers. 
Finally, we assessed the relationship between the outlier ratio and z-
scored proportion of time spent interacting with the aggressor by fit-
ting a quadratic function.

Generalized linear model
We employed a generalized linear model (GLM) to examine the time-
dependent effects of the experimentally measured task and behavioral 
variables on the activity of each neuron, following methods described 
previously (68, 69).

A schematic diagram of the GLM is shown in Fig. 5A. We selected 
a Poisson GLM because neural activity is nonnegative and frequently 
approximates a Poisson distribution of spike counts. The predictors 
were grouped into two sets: (i) a task-variable set (5 predictors) and 
(ii) a movement-variable set (13 predictors). The task-variable set in-
cluded the relative distance between the aggressor and nonaggressor, 
defined as (dis. A – dis. N) / (dis. A + dis. N), distance from the left 
and right holders, distance from the center of the arena, and time. As 
in a previous study, each holder distance was expanded using single 
cycles of raised two-dimensional cosine basis functions with a width 
of 30 cm (68). The movement-variable set was derived from the center-
of-mass velocity of the mouse, which was z-scored and truncated be-
tween −3 to 3. The velocity tuning was modeled with a single cycle of 
a raised cosine function spanning a width of 1 in the z-scored velocity. 
For each imaging session, the GLM was fitted to the neural activity in 
80% of the data (training set), whereas the remaining 20% served as 

the test set. The fitting was performed using the glmnet package in R 
(v2.0-16) with elastic-net regularization (70).

The model performance was assessed using the FDE on the test 
dataset. The FDE quantifies the performance of the fitted GLM on the 
test data with respect to the null and saturated models.

where D denotes model deviance. An FDE value of 1 indicates that the 
model predictions match those of a saturated model, whereas an FDE 
value of 0 indicates that the performance is no better than that of the 
null model.

Population decoding analysis
We trained L2-regularized linear binary support vector machine (SVM) 
decoders to classify aggressor (0) and nonaggressor (1) behavioral clus-
ters based on neural activity patterns. For each subject, the data cor-
responding to each class (0 and 1) were divided into training and test 
pseudo-trials, where each pseudo-trial was defined by a continuous 
bout of interaction. Bouts longer than 1 s were split into multiple 1-s 
pseudo-trials. We used 80% of these pseudo-trials for training the clas-
sifier and the remaining 20% for testing, applying 5-fold cross-validation 
for prediction at each data point. To control for the population size 
across sessions, 40 cells were randomly subsampled from each simul-
taneously imaged population. This subsampling procedure was re-
peated 100 times to estimate the mean and standard error of the mean 
(SEM) of the population decoding accuracy.

Tuning curve correlation
To assess similarities in the social-tuning curves of individual cells 
within and across sessions, we computed the social-tuning curve cor-
relation for each mouse between pairs of trials in which the positions 
of the stimulus mice were reversed. Correlations were evaluated within 
the same session and across different sessions, following previously 
described methods (71). First, we divided the relative distance range 
(-0.9 to 0.9) into 60 bins, each spanning 0.03. For each cell, we then 
calculated the mean event rate for each bin, weighted by the occupancy 
in that bin. Using these mean rates, we generated a social-tuning curve 
for each cell. Next, we divided this tuning curve into four quartiles. 
The two outer quartiles were combined to form a social-tuning mea-
sure, whereas the two central quartiles were combined to form a con-
trol measure. We then separately calculated the correlations for these 
two measures to quantify the tuning curve similarity.

Data analysis, statistics and reproducibility
No statistical method was used to predetermine the sample size; how-
ever, the sample sizes were consistent with those reported in recent 
studies in the field (22). For behavioral experiments, aggression time 
between PR-Cre and C3H mice was compared using a Kruskal–Wallis 
test. Three-way mixed analysis of variance (ANOVA) was conducted to 
examine the effects of mouse strain, pre- and post-treatment, and treat-
ment type on the time spent sniffing the stimulator mice. Two-way 
mixed ANOVA was employed to analyze the differences in sniffing time 
directed toward the two mouse strains (C3H versus PR-Cre mice) and 
freezing time. Other datasets including patch-clamp, elevated plus 
maze, projection strength, and engram overlap analyses were analyzed 
using unpaired t tests. For Ca2+ imaging, data were analyzed using 
MATLAB (2021b and 2024a) and Python (3.9.12). Hypothesis testing 
involved permutation tests, bootstrap tests, ANOVA, rank-sum tests, 
Kolmogorov-Smirnov tests and chi-squared tests. When multiple sta-
tistical tests were conducted simultaneously, e.g., comparing a given 
parameter across multiple sessions, the Benjamini–Hochberg proce-
dure and Tukey-Kramer were applied to control the false discovery 
rate at 0.05. All statistical results are summarized in Table S1 and were 
two-sided unless stated otherwise.

FDE =
Dnull − DGLM

Dnull
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Editor’s summary
Social relationships shape behaviors in several species, including mice and humans. These bonds are extremely
dynamic and depend on the status of the relationships at any given moment. Suto et al. studied the brain mechanisms
mediating the shift in valence in mice using a behavioral paradigm in which a subject mouse experienced social defeat
by a previously nonaggressive, familiar conspecific. The shift in valence was associated with strengthened synaptic
plasticity in the ventral hippocampal CA1–basolateral amygdala–nucleus accumbens circuit. —Mattia Maroso
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